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Abstract: Background: Antibiotics are widely used in clinics, livestock farms and the aquaculture
industry. A variety of antibiotics in foods and drinking water may lead to important and inadvertent
dietary exposure However, the profile of dietary exposure to antibiotics in humans is not well-ex-
plored. East China is an economically developed area with a high usage of antibiotics and a high
rate of antibiotic resistance (ABR). This study aimed to evaluate the total intake level of antibiotics
in humans via foods and drinking water based on a community population in East China. Methods:
A total of 600 local residents from 194 households were recruited into this study in Deqing County
of Zhejiang Province since June 2019. Each subject was asked to fill a food frequency questionnaire
to report their daily consumption of foods and drinking water. Tap water samples were collected
from ten households and twenty-one antibiotics of five categories were selected to detect in drinking
water. Data of antibiotic residues in animal-derived foods were obtained from the notification of
unqualified edible agricultural products after special supervision sampling inspection in Deqing
County. The human dietary exposure to antibiotics was estimated by combining the data of antibi-
otic contamination in foods and drinking water, and the information of dietary consumption. Re-
sults: Of twenty-one antibiotics selected, subjects were exposed to a total of sixteen antibiotics, rang-
ing from 15.12 to 1128 pg/day via two main dietary routes (animal-derived foods and drinking wa-
ter). The overall dietary exposure level varied greatly in the antibiotics detected and their sources.
Compared with other antibiotics, enrofloxacin made the most contributions in terms of dietary ex-
posure, with a median exposure level of 120.19 pg/day (IQR:8.39-698.78 pg/day), followed by sul-
famethazine (median: 32.95 ug/day, IQR: 2.77-162.55 pg/day) and oxytetracycline (median: 28.50
ug/day, IQR: 2.22-146.58 ug/day). The estimated exposure level via drinking water (at the ng/day
level, median: 26.74 ng/day, IQR: 16.05-37.44 ng/day) was significantly and substantially lower than
those via animal-derived foods (at the pg/day level, median: 216.38 ug/day, IQR: 87.52-323.00
ug/day). The overall dietary exposure level also showed differences in sex and age. Males and
youths were more likely to be exposed to antibiotics via dietary routes than others. Conclusions:
The community population investigated in East China was extensively exposed to multiple antibi-
otics via dietary routes. Long-term exposure to low-dose antibiotics in animal-derived foods was
the primary dietary exposure route, compared with drinking water. Enrofloxacin contributed to the
major body burden of dietary exposure, based on the combination of consumption of aquatic prod-
ucts and considerable enrofloxacin residues in them. Although the human dietary exposure level to
antibiotics via drinking water and animal-derived foods ranged from ng/day to pg/L, their chronic
toxicity and the accumulation and spread of ABR may be potential hazards to humans. Therefore,
long-term monitoring of antibiotic contaminations in foods and drinking water, and human dietary
antibiotic exposure is warranted.
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1. Introduction

Recently, due to overuse and misuse in clinics, livestock farms and the aquaculture
industry, the benefits of antibiotics on disease treatment and/or growth promotion have
been challenged by their hazards for human health and ecological environment, which
has also become a public concern [1]. The risk of antibiotics in human health generally
manifests in the following two ways: adverse drug reaction (ADR) and the potential
spread of antibiotic resistance (ABR) due to selective pressure on bacteria. One of such
ADREs is called chronic toxicity, describing the circumstance under which antibiotics ac-
cumulate in the human body and then cause organ lesions due to low dose consumption
[2].

China produces and uses significant quantities of antibiotics annually [3]. In 2013, the
total amount of antibiotics used was as high as 162,000 tons, of which 48% was consumed
by humans and the rest by livestock [4]. In 2018, the percentage of antibiotics used in in-
patients was up to 40.4% [5]. These antibiotics end up in various waste water and livestock
wastes. However, the limited infrastructure leads to a low treatment rate for sewage in
China, especially in the majority of rural areas [6]. Additionally, unlike domestic
wastewater, China has not yet implemented specific requirements for treating livestock
wastes before discharge. East China is one of the most economically developed regions in
China, housing more than 400 million inhabitants. With the rapid development of the
pharmaceutical industry and intensive breeding industry, and a large number of large-
scale hospitals, East China has become an important region affected by the significantly
increasing consumption of antibiotics [4], and has become the hot spot for controlling an-
tibiotic use and ABR [7,8].

With the inappropriate use of antibiotics in animal husbandry and the aquaculture
industry, antibiotic residues have been frequently detected in drinking water samples and
food samples (including meat, milk and aquatic products) [9,10]. Previous studies among
children and adults in Shanghai have suggested that most of the antibiotics detected in
urines were veterinary antibiotics or were preferred for use in animals, indicating that the
exposure routes to humans by antibiotics is not limited to clinical use, but also derives
from foods and drinking water [11,12]. Antibiotic residues cannot be completely elimi-
nated by traditional Chinese cooking methods [13]. The gradual accumulation of antibi-
otics in the environment has further resulted in the contamination of foods and drinking
water, ultimately transferred to humans during the food chain and accumulate in the hu-
man body.

Considering the potential hazards to human health caused by antibiotic exposure,
the Food and Agriculture Organization of the United Nations (FAO) and the World
Health Organization (WHO) have developed and constantly updated limit standards of
antibiotic residues in foods [14]. The health risks from dietary antibiotic exposure are not
only related to the level of antibiotics in foods and drinking water, but also closely con-
nected with the dietary patterns and daily dietary consumption of Chinese residents. Over
the past decades, China has seen an ongoing shift of dietary patterns, which is mainly
characterized by an increases in the consumption of animal-derived foods, with pork be-
ing most popular [15].

In previous studies, the estimation of human exposure to antibiotics was generally
evaluated only by summary prescription information, which ignored other possible ex-
posure routes, including the consumption of contaminated foods and drinking water, so
the actual body burden due to antibiotic exposure might have been underestimated in
humans [16,17]. However, comprehensive assessments on dietary exposure to antibiotics
in humans are limited. In this study, based on a community population located in East
China, we aimed to evaluate the total intake level of antibiotics in humans via dietary
sources, and further identify the main antibiotics in the exposure spectrum.
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2. Material and Methods
2.1. Study Design and Subjects

Based on the population cohort which had been previously established in Deqing
County of Zhejiang Province, which is located in Taihu basin of Yangtze Delta, China, one
community was randomly sampled in this study. A total of 600 local residents from 194
households (aged 18 years or above, living in the study regions for more than 6 months
and having no plan to move out) were recruited in this study in June 2019. Those with
serious body diseases such as cardiovascular and cerebrovascular diseases and liver and
kidney diseases were excluded. Each subject was required to fill out a questionnaire re-
garding their demographic and social-economic characteristics, and was asked to com-
plete a food frequency questionnaire regarding the consumption of drinking water and
common foods. Drinking water samples were collected at the same time. Finally, 523 sub-
jects with the completed data of dietary consumption were eligible for the final analysis.
The response rate was 87.2%. A flow chart of the process is presented in Figure 1. Written
informed consent was obtained from all subjects before data collection. This study was
reviewed and approved by the Institutional Review Board of Fudan University School of
Public Health (number: 2019-03-0733, date: 18 March 2019).

Population cohort previously established in Deqing County of Zhejiang Pronvince

L]

One community of 600 residents from 196 households

Ten representative households based on the
geographic distribution

Special supervision sampling inspection in Deqing
County announced by the Government of Deqing County

Y \/
Collections of drinking water samples, Investigations of foods and Collections of data of antibiotic
Detections of antibiotics in drinking water drinking water consumption residues in foods

21 antibiotics of S categories

v

523 participants with the completed data on dietary consumption

v

Estimates of dietary exposure to antibiotics via foods and drinking water
among a community population in East China

Figure 1. Flow chart for the study.

2.2. Collections for Information of Consumption of Drinking Water and Animal-Derived Foods

According to the antibiotic residues in animal-derived foods reported in the previous
study, in Refs. [10,18], the food frequency questionnaire covered a total of forty-two items
from eleven food categories, including livestock meats (pork, beef, lamb), poultry meats
(chicken, duck, goose), animal offal (gizzard, liver, kidney, heart, lung, blood), processed
meats (bacon, sausage, luncheon meat), freshwater fishes (carp, crucian, chub, weever,
snakehead, catfish, butterfish), marine fishes (hairtail, large yellow croaker, small yellow
croaker), shrimps (river shrimp, small-sized shrimp, prawn, cray), crabs (swimming crab,
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hairy crab), other aquaculture products (loach, swamp ell, bull frog, clam), dairy products
(milk, yogurt) and eggs (chicken egg, duck egg, goose egg, quail egg). A commonly used
unit or portion size was specified for each food. Subjects were asked about how often and
how many units of food they consumed in a day, a week or a month, and they were also
asked about the average volume of water they consumed each day.

2.3. Selection and Analysis of Antibiotics in Drinking Water and Animal-Derived Foods

Based on the amount of antibiotics used or detection frequency in foods, drinking
water and human urine samples in previous studies, as in Refs. [9,10,12], twenty-one com-
mon antibiotics from five categories were selected, including three tetracyclines (tetracy-
cline, oxytetracycline and chlortetracycline), four fluoroquinolones (ciprofloxacin, ofloxa-
cin, norfloxacin and enrofloxacin), five macrolides (azithromycin, roxithromycin, clar-
ithromycin, erythromycin and tilmicosin), six sulfonamides (trimethoprim, sulfadiazine,
sulfamethoxazole, sulfamethazine, acetylated sulfamethoxazole and acetylated sulfame-
thazine) and three phenicols (chloramphenicol, thiamphenicol and florfenicol). Of these,
there were four human antibiotics (HAs) exclusively used in humans, four veterinary an-
tibiotics (VAs) exclusively used in animals and thirteen human/veterinary antibiotics
(H/V As) used in both humans and animals [19].

Data of antibiotic residues in animal-derived foods were obtained from the notifica-
tion of unqualified edible agricultural products after special supervision sampling inspec-
tion in Deqing County in the last three years (from 2019 to 2021) announced by the Gov-
ernment of Deqing County [20]. The detected items included tetracyclines (tetracycline,
oxytetracycline, chlortetracycline, doxycycline), fluoroquinolones (ciprofloxacin, ofloxa-
cin, norfloxacin, enrofloxacin, pefloxacin, sarafloxacin), macrolides (azithromycin, rox-
ithromycin, clarithromycin, erythromycin, tilmicosin, danofloxacin), sulfonamides (sul-
fadiazine, sulfamethazine, sulphamethazine, sulfamonomethoxine, sulfadimethoxine,
sulfamethoxazole, sulfaquinoxaline), phenicols (chloramphenicol, thiamphenicol,
florfenicol), metronidazole, and metabolites of furazolidone and furacillin. The selected
types of antibiotics analyzed in animal-derived foods were the same as those selected in
drinking water.

2.4. Collections of Drinking Water Samples and Detections of Antibiotics in Drinking Water

The concentrations of antibiotics in drinking water were mostly around the magni-
tude of part per billion (ppb), equal to ng/L. Due to the relatively low detection rates of
antibiotics in bottled water and barreled water (the corresponding concentrations were
less than 0.001 ng/L), as explored in Ref. [9], we only collected tap-water samples in the
current study. Based on the geographic distribution, 10 of 194 households were selected
to provide a bottle of 2 L tap water as a sample at around 9 a.m. to 10 a.m. for seven
consecutive days, respectively (Figure 2). All samples were kept in -20 °C and analyzed
within two days.

A method of ultra-performance liquid chromatography— mass spectrometry (UPLC-
MS/MS) was used to measure 21 antibiotics in 70 drinking water samples. Twenty-one
antibiotic standard materials and six isotopically labeled internal standards (IS), including
tetracycline-d6, ciprofloxacin-d8, azithromycin-d3, sulfamethoxazole-d4, roxithromycin-
d7, and chloramphenicol-d5, were purchased from Dr Ehrenstorfer (Augsburg, Germany).
After 200 mL of tap water was added by six isotopically labeled antibiotics, and adjusted
to pH 6.5-8.5 with formic acid, water samples were passed through 3 mL solid phase ex-
traction (SPE) cartridges packed with 60 mg of hydrophilic-lipophilic balance (HLB) resin
at a flow rate of less than 5 mL/min. The HLB cartridges were preconditioned with 2 mL
methanol and 2 mL of pure water. After extraction, the cartridge was washed with 2 mL
pure water, and then vacuumed for 30 min. The retained antibiotics on the SPE cartridge
were eluted with 4 mL of methanol. The eluate was concentrated to dryness at 40 °C with
a weak nitrogen flow. The residue was reconstituted in 0.5 mL of a 50% methanol water
solution for UPLC-MS/MS analysis. The best separation and organic purge were achieved
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Figure 2. Collection sites of drinking water.

2.5. Assessments of Antibiotic Exposures

Animal-derived foods and drinking water are the main dietary routes for human ex-
posure to antibiotics. In order to best present the information on each exposure route, the
measure unit was considered as pg/day and ng/day for the animal-derived route and
drinking water route, respectively. The overall dietary exposure level to an antibiotic was
calculated using Equation (1):

ADD,, = ADD,, ,,, + ADD x107° )

an—water

where ADDan: the average daily dose of overall dietary exposure to an antibiotic via ani-
mal-derived foods and drinking water, pg/day; ADDanfoa: the average daily dose of expo-
sure to an antibiotic via animal-derived foods, ug/day; ADDan-waer: the average daily dose
of exposure to an antibiotic via drinking water, ng/day.

The exposure level to an antibiotic via animal-derived foods was calculated accord-
ing to the intake frequency and amount of each food and the detected concentration of
this antibiotic in the corresponding food, as Equation (2):

ADDan—faod = Z(F/‘bod—i x M_fbod—i = Can—foodfi x 10_3) (2)
1

where ADDunfood: the average daily dose of exposure to an antibiotic via animal-derived
foods, pg/day; Fro-i: the intake frequency of each food, times/day; Mywdi: the intake amount
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of each food, g/time; Canfoot-i: the concentration of an antibiotic in the corresponding food,
Hg/kg.

The exposure level to an antibiotic via drinking water was according the intake vol-
ume of drinking water and the detected concentration of this antibiotic in tap water, as
Equation (3):

ADD,

an—water

= I/an—water X Can—water (3)
where ADDan-water: the average daily dose of exposure to an antibiotic via drinking water,
ng/day; Van-waer: the volume of drinking water, L/day; Cawwater: the concentration of an anti-
biotic in tap water, ng/L.

2.6. Statistic Analysis

According to the principle of maximum risk control, the maximum detection concen-
tration of each antibiotic was assumed as the contamination level in animal-derived foods
and tap water in the prediction of human dietary exposure, so as to avoid possible under-
estimation [21].

Each category was summed by the contents of antibiotics belonging to this category.
Selected percentiles were described for individual antibiotics and antibiotic categories
from overall dietary exposure, namely, the animal-derived foods exposure route and
drinking water exposure route, respectively.

The Wilcoxon test and Kruskal-Wallis test were used to examine the differences in
the contents of antibiotic exposure among subjects over different sex and age groups. The
top ten antibiotics with a greater body burden were identified according to the median
and interquartile range (IQR) of the contents. All analyses were performed using R (ver-
sion 4.0.4, R Foundation for Statistical Computing, Vienna, Austria), and all figures were
performed using GraphPad Prism software (version 9, GraphPad Prism, CA, USA). The
level of statistical significance was defined as a = 0.05 of a two-side probability.

3. Results
3.1. Dietary Consumption in This Study Population

The mean age of 523 subjects was 55.17 + 17.66 years (ranging 18 to 91 years), of whom
269 (51.43%) were female, 465 (88.91%) had less than twelve education years, and 218
(41.68%) were farmers. The median of daily water consumption was 1.25 L (IQR: 0.75-1.75
L) among all subjects. Eggs, livestock meats and freshwater fishes were consumed more
frequently, with mean daily consumption probabilities of 56.49%, 46.72% and 37.60%, re-
spectively, while processed meats and animal offal were less often consumed (the daily
consumption probabilities were all less than 7%).

3.2. Antibiotic Residues in Selected Derived-Foods and Tap Water

Of the twenty-one antibiotics selected in this study, nine antibiotics (tetracycline, ox-
ytetracycline, ofloxacin, norfloxacin, enrofloxacin, trimethoprim, sulfamethazine, chlo-
ramphenicol, thiamphenicol, florfenicol) were detected in ten kinds of animal-derived
foods, including three livestock meat samples, five poultry samples, one animal offal sam-
ple, one processed meat sample, nine shrimp samples, nine freshwater fish samples, three
marine fishes, four bull frog samples, one swamp eel sample, and eight egg samples (Table
S1).

Seven antibiotics, including five macrolides (azithromycin, roxithromyecin, clarithro-
mycin, erythromyecin, tilmicosin) and two sulfonamides (acetylated sulfamethoxazole and
acetylated sulfamethazine) were detected in tap water samples, with varying detection
frequencies from 2.29% (tilmicosin) to 79.71% (azithromycin). Compared with other anti-
biotics, tilmicosin (VA) had the highest detected concentration of 6.591 ng/L. Among the
three HAs, the maximum detected concentration was 3.993 ng/L for azithromycin, 2.858
ng/L for roxithromycin and 0.849 ng/L for clarithromycin, respectively. Among the three
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H/V As, the maximum detected concentration was 1.804 ng/L for erythromycin, 2.992 ng/L
for acetylated sulfamethoxazole and 2.307 for acetylated sulfamethazine.

3.3. Assessments of Dietary Exposure to Antibiotics

The selected percentiles of the predicted overall dietary exposure level to antibiotics,
and those of the predicted exposure level via animal-derived foods or drinking water are
shown in Tables 1 and 2, respectively. Each participant was inevitably exposed to multiple
antibiotic residues via two main dietary routes, with an estimated exposure level to a total
of sixteen antibiotics ranging from 15.12 to 1128 pg/day (Table 1). The overall dietary ex-
posure level varied greatly in terms of the kinds of antibiotics and sources. Compared
with other antibiotics, enrofloxacin contributed to the highest overall dietary exposure
level (median: 120.19 pg/day, IQR:8.39-698.78 ug/day), followed by sulfamethazine (me-
dian: 32.95 ug/day, IQR: 2.77-162.55 ug/day) and oxytetracycline (median: 28.50 ug/day,
IQR: 2.22-146.58 ug/day) (Table 1). All three of these antibiotics were exposed only via the
animal-derived foods route, with the maximum exposure level exceeding 100 pg/day (Ta-
ble 2). In addition, subjects were also simultaneously exposed to five macrolides and two
sulfonamides via the drinking water route, but the estimated exposure level to all antibi-
otics for 50% of subjects was less than 0.03 pg/day (26.74 ng/day) (Table 2).

Table 1. Overall dietary exposure level to antibiotics among subjects.

Overall Dietary Exposure Level (ug/day)

Antibiotics Usage 2 MinimumPercentiles Maximum
25th  5th  25th 50th  75th  95th  97.5th
Tetracyclines ° 3.05 4.57 6.84 24.05 4077 6233 10423 128.18 215.70
Tetracycline H/VA 0.83 0.83 124 415 1189 1783 3567 5855 69.13
Oxytetracycline H/VA 2.22 3.34 501 1733 2850 4478 7071 8285 146.58
Chlortetracycline VA - - - - - - - - -
Fluoroquinolones ® 8.61 8.61 1291 42.67 12335 185.02 369.83 600.65 717.15
Ciprofloxacin H/VA - - - - - - - - -
Ofloxacin H/VA 0.22 0.22 033 074 2.69 3.72 7.28 9.16  18.38
Norfloxacin H/VA - - - - - - - - -
Enrofloxacin VA 8.39 8.39 12.58 4193 120.19 180.28 360.57 591.86 698.78
Macrolides ® <0.01 <0.01 <0.01 0.01 0.02 0.03 0.06 0.06  0.06
Azithromycin HA <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.02 0.02  0.02
Roxithromycin HA <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 0.01  0.01
Clarithromycin HA <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Erythromycin H/VA <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01  0.01
Tilmicosin VA <0.01 <0.01 <0.01 <0.01 0.01 0.01 0.03 0.03  0.03
Sulfonamides ® 3.33 5.89 8.01 20.08 39.79 63.12 10098 123.31 200.25
Trimethoprim H/VA 0.56 0.83 0.83 278 6.61 1196 1920 2272 37.69
Sulfadiazine H/VA - - - - - - - - -
Sulfamethoxazole H/VA - - - - - - - - -
Sulfamethazine H/VA 2.77 5.05 6.78 1777 3295 5147 84.05 1012 162.55
Acetylated sulfamethoxazole H/VA <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 0.01 0.01
Acetylated sulfamethazine H/VA <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01  0.01
Phenicols ® 0.15 0.25 047 1.83 226 4.03 4.66 501  6.04
Chloramphenicol HA 0.03 0.03 0.04 014 037 0.55 1.08 1.70  2.07
Thiamphenicol H/VA <0.01 <0.01 <0.01 0.01 0.01 0.02 0.03 0.03  0.03
Florfenicol VA 0.12 0.12 012 170 1.70 3.39 3.95 395 395
All antibiotics © 15.12 2346 3131 87.52 216.38 323.00 572.68 816.08 1128.00

-: No value or below limit of detection; » Usage: VA, veterinary antibiotic exclusively used in ani-
mal; HA, human antibiotic exclusively used in humans; H/VA, human/veterinary antibiotic used
in both animals and humans. » Sum of contents of all antibiotics in the corresponding category; °
Sum of contents of all antibiotics selected.
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Table 2. Dietary exposure level to antibiotics via animal-derived foods and drinking water among subjects.

Derived-Foods Drinking Water
Antibiotics Usage » Exposure Level (p.g/d'ay) Exposure Level (ng{day)
Minimum Percentiles Maximum Minimum Percentiles Maximum
2.5th 5th 25th  50th 75th  95th  97.5th 2.5th 5th 25th 50th 75th 95th 97.5th
Tetracyclines b 3.05 4.57 6.84 24.05 40.77 62.33 104.23 128.18 215.70 - - - - - - - - -
Tetracycline H/VA 0.83 0.83 1.24 4.15 11.89 17.83 35.67 58.55 69.13 - - - - - - - - -
Oxytetracycline H/VA 2.22 3.34 5.01 17.33  28.50 44.78 70.71 82.85 146.58 - - - - - - - - -
Chlortetracycline VA - - - - - - - - - - - - - - - - - -
Fluoroquinolones 8.61 8.61 1291 4267 12335 185.02 369.83 600.65 717.15 - - - - - - - - -
Ciprofloxacin H/VA - - - - - - - - - - - - - - - - - -
Ofloxacin H/VA 0.22 0.22 0.33 0.74 2.69 3.72 7.28 9.16 18.38 - - - - - - - - -
Norfloxacin H/VA - - - - - - - - - - - - - - - - - -
Enrofloxacin VA 8.39 8.39 12.58 4193 120.19 180.28 360.57 591.86  698.78 - - - - - - - - -
Macrolides ° - - - - - - - - - 4.02 4.02 4.02 12.07 20.12 28.17 6197 64.38 64.38
Azithromycin HA - - - - - - - - - 1.00 1.00 1.00 2.99 4.99 6.99 15.37 15.97 15.97
Roxithromycin HA - - - - - - - - - 0.71 0.71 0.71 2.14 3.57 5.00 11.00 11.43 11.43
Clarithromycin HA - - - - - - - - - 0.21 0.21 0.21 0.64 1.06 1.49 3.27 340 340
Erythromycin H/VA - - - - - - - - - 0.45 0.45 0.45 1.35 2.26 3.16 695 722 722
Tilmicosin VA - - - - - - - - - 1.65 1.65 1.65 4.94 8.24 11.53 25.38 26.36 26.36
Sulfonamides ° 3.32 5.88 8.01 20.07 39.79 63.11 100.97 123.30 200.24 1.32 1.32 1.32 3.97 6.62 9.27 20.40 21.20 21.20
Trimethoprim H/VA 0.56 0.83 0.83 2.78 6.61 1196 19.2 22.72 37.69 - - - - - - - - -
Sulfadiazine H/VA - - - - - - - - - - - - - - - - - -
Sulfamethoxazole H/VA - - - - - - - - - - - - - - - - - -
Sulfamethazine H/VA 2.77 5.05 6.78 17.77  32.95 51.47 84.05 101.2 162.55 - - - - - - - - -
Acetylated sulfamethoxazole H/VA - - - - - - - - - 0.75 075 075 224 374 524 1152 1197 11.97
Acetylated sulfamethazine H/VA - - - - - - - - - 0.58 058 058 173 288 4.04 883 923 923
Phenicols ® 0.15 0.25 0.47 1.83 2.26 4.03 4.66 5.01 6.04 - - - - - - - - -
Chloramphenicol HA 0.03 0.03 004 014 037 055 1.08 170 2.07 - - - - - - - - -
Thiamphenicol H/VA <0.01 <0.01 <0.01 0.01 0.01 0.02 0.03 0.03 0.03 - - - - - - - - -
Florfenicol VA 0.12 0.12 0.12 1.70 1.70 3.39 3.95 3.95 3.95 - - - - - - - - -
All antibiotics ¢ 15.12 2346 31.31 87.52 21638 323.00 572.68 816.08 1128.00 5.35 5.35 5.35 16.05 26.74 3744 82.37 85.58 85.58

-: No value or below limit of detection; @ Usage: VA, veterinary antibiotic exclusively used in animal; HA, human antibiotic exclusively used in humans; H/VA,
human/veterinary antibiotic used in both animals and humans. ® Sum of contents of all antibiotics in the corresponding category; <Sum of contents of all antibi-
otics selected.
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3.4. Owverall Dietary Exposure to Antibiotics over Different Sex and Ages

The top ten kinds of antibiotics with the highest median of overall dietary exposure
level included enrofloxacin, sulfamethazine, oxytetracycline, tetracycline, trimethoprim,
ofloxacin, florfenicol, chloramphenicol, thiamphenicol and tilmicosin, and the majority of
these antibiotics showed differences in exposure level by sex and age (Figures 3 and 4).
Male participants were more likely to be exposed to antibiotics via dietary routes than
female participants, with a median overall dietary exposure level of 290.62 pg/day (IQR:
143.43-470.36 pg/day) and 178.03 pg/day (IQR: 70.87-252.09 pg/day) for males and females,
respectively (Figure 3A). The overall dietary exposure levels decreased with age, with a
median level of 305.30 pg/day (122.96-360.81 pg/day), 252.10 pg/day (IQR: 117.74-331.40
pg/day) and 182.12 pg/day (IQR: 79.38-289.80 pg/day) for those younger than 35 years,
aged 35-60 years and more than 60 years, respectively (Figure 4A). In addition, compared
with other kinds of antibiotics, enrofloxacin resulted in a greater body burden of dietary
exposure to antibiotics among all subgroups (Figures 3B and 4B).
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Figure 3. Comparison of the dietary exposure contents to antibiotics between male and female: (A).
the five categories of antibiotics and the sum of all antibiotics; (B). the top ten kinds of antibiotics
with the highest median contents (EFX: Enrofloxacin; SMZ, Sulfamethazine; OTC: Oxytetracycline;
TCN, Tetracycline; TMP: Trimethoprim; OFX: Ofloxacin; FLN: Florfenicol; CLP: Chloramphenicol;
TPN, Thiamphenicol; TMC, Tilmicosin.). ** 0.05 < p < 0.01; *** p < 0.001.
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Figure 4. Comparison of the dietary exposure contents to antibiotics between subjects less than 35
years, 35-60 years and more than 60 years: (A). the five categories of antibiotics and the sum of all
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antibiotics; (B). the top ten kinds of antibiotics with the highest median of contents (EFX: Enroflox-
acin; SMZ, Sulfamethazine; OTC: Oxytetracycline; TCN, Tetracycline; TMP: Trimethoprim; OFX:
Ofloxacin; FLN: Florfenicol; CLP: Chloramphenicol; TPN, Thiamphenicol; TMC, Tilmicosin.). ** 0.05
<p<0.01; *** p <0.001.

4. Discussions

Generally, humans are exposed to antibiotics via three main sources: medicine use
(direct utilization), food consumption and water drinking (contamination by antibiotics).
Compared with a short-term exposure to high-level of antibiotics from medicines, humans
are more likely to suffer from a long-term but low-level exposure mode in daily diets,
which leads to potential health risks [22,23].

In this study, we estimated the daily dietary exposure level to common antibiotics in
humans based on a community population in East China. Of the twenty-one antibiotics in
the five categories selected, subjects were exposed to a total of sixteen antibiotics, with
their amounts ranging from 15.12 to 1128 pg/day via two main dietary routes, including
animal-derived foods and drinking water. Consistent with a previous study in Shanghai,
presented in Ref. [10], enrofloxacin was listed as the top antibiotic exposed to the study
population, of whom 50% were exposed to more than 120 pg/day and a maximum of
698.78 ug/day via daily diets. Enrofloxacin was frequently detected in aquatic products
(including freshwater fishes, shrimps, swamp ell, bull frog) in Deqing County with higher
detection concentrations, while subjects in this study were more likely to consume fresh-
water fishes. Recently, enrofloxacin has been widely used in the breeding and production
of aquatic products in East China and is considered to an important contaminant to the
aquatic environment [24]. Additionally, subjects were exposed to a considerable level of
sulfamethazine and oxytetracycline, with 50% of them exposed to more than 32.95 pg/day
and 28.50 pug/day via daily diets, respectively.

Given that the median and IQR of the daily exposure level to antibiotics via animal-
derived foods was well-matched with those in the overall estimates presented in Table 1,
the long-term exposure to low-dose antibiotics in animal-derived foods was inferred to be
the primary dietary exposure mode in humans. Consistently, the estimated exposure lev-
els to all antibiotics via drinking water (at the ng/day level, median: 26.74 ng/day, IQR:
16.05-37.44 ng/day) were significantly and substantially lower than those in animal-de-
rived foods (at the pg/day level, median: 216.38 ug/day, IQR: 87.52-323.00 pg/day). Such
findings indicated that drinking water was an inevitable source of some antibiotics, but
played a limited role in the total dietary exposure to antibiotics [6]. Moreover, the overall
dietary exposure levels of antibiotics showed differences by sex and age, which might be
related to dietary habits and the levels of antibiotic residues in animal-derived foods and
drinking water. Younger people were more likely to be exposed to antibiotics via the die-
tary route than other age subgroups, mostly due to their higher level of food consumption
[25].

Relatively few studies have assessed human exposure to antibiotics in daily diets.
Two studies in Shanghai estimated the daily exposure of adults to antibiotic residues in
animal-derived foods, and the daily exposure of children to antibiotic residues in tap wa-
ter, respectively, using Monte Carlo Simulation to estimate the consumption of foods and
water due to a lack of accurate consumption data [9,10] One of these studies reported that
the subjects were exposed to 15 of 20 selected antibiotics, and the estimated exposure level
via meats and aquatic products ranged from 0 to 0.111 pg/kg/day for 95% male and ranged
from 0 to 0.125 ug/kg/day for 95% female, respectively, according to Ref. [10]. These ex-
posure levels were far below the results in our study (a range of 0.40 to 14.78 pg/kg/day
for 95% male and 0.27 to 6.71 ug/kg/day for 95% female, respectively), if based on the
similar distribution of body weight, for which we had a mean of 63.8 kg (SD 9.9 kg) for
male and 56.5 kg (SD 9.1 kg) for females according to the data provided by Group of China
Obesity Task Force [26]. By contrast, another study reported that the subjects were ex-
posed to only 2 of 21 selected antibiotics, and the estimated exposure level via tap water
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was less than 1 ng/kg/day in 95% children, which can be found in Ref. [9]. These exposure
levels were comparable to the results in our study (a range of 0.1 to 1.5 ng/kg/day for 95%
male and 0.09 to 0.9 ng/kg/day for 95% female, respectively).

Antibiotic residues in animal-derived foods, such as meats, aquatic products and
dairy products, result from their applications as veterinary drugs and feed additives in
animal husbandry and the aquaculture industry, especially in the intensive cultivation
circumstances [27]. A substantial level of antibiotic residues were detected in animal-de-
rived foods in Deqing County, as well as some human antibiotics or veterinary drugs
banned according to relevant regulations [28]. There is no doubt that an inappropriate use
of antibiotics in animal husbandry and the aquaculture industry is common. Humans are
therefore likely to consume these animal-derived foods that contain substantial residues
of these antibiotics.

The primary source of antibiotics in aquatic environments is the excretion of antibi-
otics from humans and animals, via untreated sewage [29], medical waste [30] and aqua-
culture discharge [31]. Fluoroquinolones, phenicols, sulfonamides and macrolides have
been frequently detected in the surface water of Yangtze River and Taihu Lake [32,33]. In
our study, we found three macrolides (azithromycin, roxithromycin and erythromycin)
and two sulfonamides (acetylated sulfamethoxazole and acetylated sulfamethazine) in
tap water samples, which is somewhat consistent with a few studies [34]. Two phenicols
(florfenicol and thiamphenicol) have been previously found in terminal tap water in
Shanghai, which also relies on the Yangtze River as a source of drinking water [9]. Such
evidence suggested that water-treatment processing in East China should be improved to
remove some antibiotic residues to reduce potential health risks, although all detected
antibiotics were under the standard limits for tap water in China.

To the best of our knowledge, this study was the first to comprehensively assess daily
dietary exposure to antibiotics in humans in East China. Human dietary exposure to an-
tibiotics in this study was more accurately estimated by combining the data of antibiotic
contaminations in foods and drinking water, and the information of daily dietary con-
sumption, compared to estimates in others studies, which studied either a single source
(from either foods or drinking water) or used an estimate of dietary consumption. How-
ever, some limitations should be highlighted. First, we assumed the same contamination
level in tap water as that in drinking water, and failed to consider the degradation of an-
tibiotics due to some cooking processes, all of which would mean we overestimated the
true exposure contents. Second, the data of antibiotic residues in animal-derived foods
were obtained from the official website of the People’s Government of Deqing County,
instead of via our own testing, therefore, the contamination level of antibiotics in the foods
reported may be inconsistent with those consumed by our subjects, so there might be
some systematic errors. Third, dietary consumption was self-reported by subjects, which
means the study may suffer from report bias.

In conclusion, considering antibiotics residues in foods and drinking water may lead
to an important and inadvertent dietary exposure, our study suggests that it is essential
to implement a rigorous policy to control the use of antibiotics, or explore some alterna-
tives for antibiotics, in order to reduce the residual levels of antibiotics in foods and drink-
ing water. Our study also provides a scientific basis for the market monitoring and risk
management of antibiotics.

5. Conclusions

The community population investigated in East China was extensively exposed to
multiple antibiotics via dietary routes. The long-term exposure to low-dose antibiotics in
animal-derived foods was the primary dietary exposure mode, compared with drinking
water. Enrofloxacin contributed to the major body burden of dietary exposure, based on
the combination of the consumption of aquatic products and considerable enrofloxacin
residues in them. Although the human dietary exposure level to antibiotics via drinking
water and animal-derived foods ranged from ng/day to ug/L, their chronic toxicity and
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the accumulation and spread of ABR may be potential hazards to humans. Therefore,
long-term monitoring of antibiotic contaminations in foods and drinking water, and hu-
man dietary antibiotic exposure is warranted.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/antibiotics11030407/s1, Table S1: Detection concentrations of se-
lected twenty-one antibiotics in animal-derived foods from the notification of unqualified edible
agricultural products after special supervision sampling inspection in Deqing County.

Author Contributions: Conceptualization, N.W., Q.J. and C.F.; Data curation, X.Z,, J.Z. and Y.L,;
Formal analysis, Y.W.; Funding acquisition, C.F.; Investigation, Y W., X.Z.,].Z,, Y.L., X.D., F.]., N.W.
and L.J.; Methodology, Y.W.; Project administration, N-W. and C.F.; Supervision, N.W., Q.]. and
C.F.; Writing—original draft, Y.W., X.Z. and ].Z.; Writing —review and editing, N.W. and C.F. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by National Nature Science Foundation of China (81861138050),
and the Medical Research Council and Newton Fund through a UK-China AMR Partnership Hub
award (MR/S013717/1). The funders had no role in the design, collection, analysis or interpretation
of data or in the decision to submit the manuscript for publication.

Institutional Review Board Statement: This study was reviewed and approved by the Institutional
Review Board of Fudan University School of Public Health (number: 2019-03-0733, date: 18 March
2019).

Informed Consent Statement: Informed consent was obtained from all subjects that were involved
in the study.

Data Availability Statement: The datasets for this manuscript will be made available upon request
pending, further inquiries can be directed to the corresponding author Na Wang, na.wang@fu-
dan.edu.cn or Chaowei Fu, fcw@fudan.edu.cn.

Conflicts of interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Reference

1. Laxminarayan, R.; Duse, A.; Wattal, C.; Zaidi, A.K.M.; Wertheim, H.F.L.; Sumpradit, N.; Vlieghe, E.; Hara, G.L.; Gould, LM.;
Goossens, H.; et al. Antibiotic resistance —the need for global solutions. Lancet Infect. Dis. 2013, 13, 1057-1098.

2. Zheng, B.; Su, S.X. Status, effects and strategies of antibiotic residues. Chin. ]. Anal. Lab. 2010, 29, e285-€287. (In Chinese).

3. Duan, L, Liu, C.; Wang, D. The General Population’s Inappropriate Behaviors and Misunderstanding of Antibiotic Use in China:
A Systematic Review and Meta-Analysis. Antibiotics 2021, 10, 497.

4. Zhang, Q.Q. Ying, G.G.; Pan, C.G,; Liu, Y.S.; Zhao, J.L. Comprehensive evaluation of antibiotics emission and fate in the river
basins of China: Source analysis, multimedia modeling, and linkage to bacterial resistance. Environ. Sci. Technol. 2015, 49, 6772~
6782.

5. National Health Commission of the People's Republic of China. National Report on the Services, Quality and Safety in Medical Care
System; Scientific and Technical Documentation Press: Beijing, China, 2021.

6. Meng, T.; Cheng, W.; Wan, T.; Wang, M.; Ren, J.; Li, Y.; Huang, C. Occurrence of antibiotics in rural drinking water and related
human health risk assessment. Environ. Technol. 2019, 42, 671-681.

7. Cheng, W.; Chen, H.; Su, C; Yan, S. Abundance and persistence of antibiotic resistance genes in livestock farms: A comprehen-
sive investigation in eastern China. Environ. Int. 2013, 61, 1-7.

8. Chen, Y.R,; Guo, X.P.; Niu, Z.S,; Lu, D.P,; Sun, X.L.; Zhao, S.; Huo, L.; Liu, M.; Yang, Y. Antibiotic resistance genes (ARGs) and
their associated environmental factors in the Yangtze Estuary, China: From inlet to outlet. Mar. Pollut. Bull. 2020, 158, 111360.

9. Wang, H;; Wang, N.; Wang, B.; Zhao, Q.; Fang, H.; Fu, C.; Tang, C.; Jiang, F.; Zhou, Y.; Chen, Y.; et al. Antibiotics in Drinking
Water in Shanghai and Their Contribution to Antibiotic Exposure of School Children. Environ. Sci. Technol. 2016, 50, 2692-2699.

10. Wang, H,; Ren, L.; Yu, X;; Hu, J.; Chen, Y.; He, G.; Jiang, Q. Antibiotic residues in meat, milk and aquatic products in Shanghai
and human exposure assessment. Food Control 2017, 80, 217-225.

11. Wang, H;; Yang, J.; Yu, X.; Zhao, G.; Zhao, Q.; Wang, N,; Jiang, Y.; Jiang, F.; He, G.; Chen, Y.; et al. Exposure of Adults to Antibi-
otics in a Shanghai Suburban Area and Health Risk Assessment: A Biomonitoring-Based Study. Environ. Sci. Technol. 2018, 52,
13942-13950.

12. Wang, H.; Tang, C.; Yang, J.; Wang, N.; Jiang, F.; Xia, Q.; He, G.; Chen, Y.; Jiang, Q. Predictors of urinary antibiotics in children
of Shanghai and health risk assessment. Environ. Int. 2018, 121, 507-514.

13. Li, N.; Ho, KW,; Ying, G.-G.; Deng, W.-]. Veterinary antibiotics in food, drinking water, and the urine of preschool children in

Hong Kong. Environ. Int. 2017, 108, 246-252.



Antibiotics 2022, 11, 407 13 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Who. Evaluation of certain veterinary drug residues in food Introduction. In Evaluation of Certain Veterinary Drug Residues in
Food; WHO: Geneva, Switzerland, 2016; Volume 997.

Zhai, F.Y.; Du, S.F.; Wang, Z.H.; Zhang, ].G.; Du, W.W.; Popkin, B.M. Dynamics of the Chinese diet and the role of urbanicity,
1991-2011. Obes. Rev. 2014, 15 (Suppl. S1), 16-26.

Chen, J; Ying, G.-G.; Deng, W.-]. Antibiotic Residues in Food: Extraction, Analysis, and Human Health Concerns. . Agric. Food
Chem. 2019, 67, 7569-7586.

Mulder, M.; Radjabzadeh, D.; Jong, ].C.K.-D.; Uitterlinden, A.G.; Kraaij, R.; Stricker, B.H.; Verbon, A. Long-term effects of anti-
microbial drugs on the composition of the human gut microbiota. Gut Microbes 2020, 12, 1795492.

Liu, X,; Steele, ].C.; Meng, X.-Z. Usage, residue, and human health risk of antibiotics in Chinese aquaculture: A review. Environ.
Pollut. 2017, 223, 161-169.

Ministry of Agriculture of the People’s Republic of China (MOA). Catalogue for Classification Management of Clinical Appli-
cation of Veterinary Antibacterial Drugs in Foodproducing Animals (exposure drafts). 2017. Available online:
http://www.moa.gov.cn/hd/zqyj/201712/t20171219_6109328.htm (accessed on 22 November 2021).

Administration for Market Regulation of Deqing County. Notification of the Unqualified Edible Agricultural Products after
Special Supervision Sampling Inspection in Deqing County in 2020. Available online:
http://www.deqing.gov.cn/art/2021/3/16/art_1229518873_3806237.html (accessed on 22 November 2021).

Feng, L.; Cheng, Y.; Zhang, Y.; Li, Z; Yu, Y.; Zhang, S.; Xu, L. Distribution and human health risk assessment of antibiotic
residues in large-scale drinking water sources in Chongging area of the Yangtze River. Environ. Res. 2020, 185, 109386.
Bréauner, E.V.; Nordsborg, R.B.; Andersen, Z.].; Tjenneland, A.; Loft, S.; Raaschou-Nielsen, O. Long-Term Exposure to Low-
Level Arsenic in Drinking Water and Diabetes Incidence: A Prospective Study of the Diet, Cancer and Health Cohort. Environ.
Heal. Perspect. 2014, 122, 1059-1065.

Subirats, J.; Domingues, A.; Topp, E. Does Dietary Consumption of Antibiotics by Humans Promote Antibiotic Resistance in
the Gut Microbiome? J. Food Prot. 2019, 82, 1636-1642.

Song, C.; Zhang, C.; Kamira, B.; Qiu, L.; Fan, L.; Wu, W.; Meng, S.; Hu, G.; Chen, J. Occurrence and human dietary assessment
of fluoroquinolones antibiotics in cultured fish around Tai Lake, China. Environ. Toxicol. Chem. 2017, 36, 2899-2905.

Abdella, HM.; El Farssi, H.O.; Broom, D.R.; Hadden, D.A.; Dalton, C.F. Eating Behaviours and Food Cravings; Influence of Age,
Sex, BMI and FTO Genotype. Nutrients 2019, 11, 377.

Zhou, B. Predictive values of body mass index and waist circumference to risk factors of related diseases in Chinese adult
population. Chin. J. Epidemiol. 2002, 23, 5-10.

Mund, M.D.; Khan, U.H.; Tahir, U.; Mustafa, B.E.; Fayyaz, A. Antimicrobial drug residues in poultry products and implications
on public health: A review. Int. J. Food Prop. 2016, 20, 1433-1446.

Ministry of Agriculture and Rural Affairs of the People's Republic of China. Criterion of Prescription and Non Prescription
Management for Veterinary Drugs. Available online: http://www.moa.gov.cn/govpublic/gjjs/ (accessed on 22 November 2021).
Lee, J.; Jeon, ].H.; Shin, J.; Jang, H.M.; Kim, S.; Song, M.S.; Kim, Y.M. Quantitative and qualitative changes in antibiotic resistance
genes after passing through treatment processes in municipal wastewater treatment plants. Sci. Total Environ. 2017, 605-606,
906-914.

Pereira, A.L.; Barros, RT.D.V,; Pereira, S.R. Pharmacopollution and Household Waste Medicine (HWM): How reverse logistics
is environmentally important to Brazil. Environ. Sci. Pollut. Res. 2017, 24, 24061-24075.

Martin, K.L.; Emanuel, R.E.; Vose, ].M. Terra incognita: The unknown risks to environmental quality posed by the spatial dis-
tribution and abundance of concentrated animal feeding operations. Sci. Total Environ. 2018, 642, 887-893.

PPan, C.; Bao, Y.; Xu, B. Seasonal variation of antibiotics in surface water of Pudong New Area of Shanghai, China and the
occurrence in typical wastewater sources. Chemosphere 2019, 239, 124816.

Xu, Z.; Li, T; Bi, ].; Wang, C. Spatiotemporal heterogeneity of antibiotic pollution and ecological risk assessment in Taihu Lake
Basin, China. Sci. Total Environ. 2018, 643, 12-20.

Liu, M,; Yin, H.; Wu, Q. Occurrence and health risk assessment of pharmaceutical and personal care products (PPCPs) in tap
water of Shanghai. Ecotoxicol. Environ. Saf. 2019, 183, 109497.



