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Abstract

With improving health care andan aging population the consumption ofhuman
pharmaceuticals in China has been increasing dramatigailironmental riskposed by rany
active pharmaceutical ingredienfsH(s) are still unknownThis study used apatially-explicit
dilution-factor methodology to modgdredicted environmental concentratioffdEECs)of 11
humanuse APIsin surface watefor a preliminary environmentalrisk assessmer(ERA).
Median PECs irsurface wateacross China ramgetweer0.01-8.0x1C ng/L for the different
APIs, under a moderatpatientuse scenario Higher ewvironmental risks of APIs in surface
water are inregions with high water strese.g. northern ChinaLevonorgestrelestradiol,
ethinyl estradiohndabiraterone acetateere predicted tpotentialy posea high or moderate
environmental riskn Chinaif consumption levels reathose inEurope Relative risks of these
four APIshave the potential to be amongst those chemicals with the highest impacfame
water in Chinavhencomparedo the risks associated with otlregulated chemicalicluding
triclosan and some standard water quality parameters inclBdibg (5-day bblogical oxygen
demand) COD (chemical oxygen demand}u, Zn and Hg andhlear alkylbenzene sulphonate.
This method couldupport the regulation of this category of chemicaid risk mitigation

strategiesn China.

Introduction

Phamaceuticalsare a class of chemicals used in prevention or treatment of human and animal
diseasesAs a middleincome country witha very largepopulation, Chinaepresents market

with alarge potential in humanse pharmaceutical consumption due to improving healti
andanaging populatiort.Chinahasalreadybecome the second largest pharmaceutical market
in the world with a forecasted market growtlcaf 55%from US $108 billion in 2015 to $167
billion by 20202 After drugadministrationmanyactive pharmaceutit ingredientsAPls) are
excretedn an unaltered forrin urine or faecesf treated patientith relatively high rates O
40%3 Pharmaceutical residues thenterthe environmentlirectly without treatment or in
effluents from wastewater treatment plants (WWTa&®r partial removal* ®> The populéon
weighted national average wastewater treatment rate is estitodtednly ca.57% in 2016n
Chinabased on the reported urban and rural 8i&teerefore thereleaseof humanuseAPIsto
aguatic environmertouldbe highin Ching especially as pati¢éaccess to healthcare grows in
future yearsSomeAPIs have beembiquitouslydetected in the environment and wastewater

treatment effluents acro&hinal 78

Given that many drug targets are conserved acros$taias reasonable to expect that some
APIs could exhibit unintended posttherapeutic effects to nemrget organisms in the

environment, if the exposure concentration is high enoAghkerse effect®f APIs on non
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targetorganismshavealreadybeenobservedat environmentdy relevantconcentrationsFor
example naturalor synthetichormonesanact as endocrine disruptdrsthe environmenand
impact wild animals, plants and hunsdf ** Environmental exposure tb-blockess could
possiblycausemorphological abnormalitiesr growth inhibitionin fish.2* *>And concerns have

been raised on cytotoxicipndgenotoxicityof some antcancer APIsn the environment?

However, despite such conceris about their ecdoxicity, the environmental occurrence
distributionand risksof manyAPIs are rarelyinvestigated and assessed in China, especially
a national scaleThere arenearly 1600new molecular entitiethat are currentlyapproved by
US FDA (Food and Drug Administratioim the United Statgsor therapeutic useof which
most are being used in ChilfaMore therapiesare expected to emerge in the futuaad an
assessment of environmental risk is neetteghrotect the natural environmerit is very
resource intensivéo conductnationwide monitoringorogrammesfor each APlin China
Current nationastudiesarelimited andaremostly conducted at aatchment scaJeandwith a
limited range ofAPIs underinvestigaion.'®22 So, he environmental risk of some APhsis
largely beemeglected and developingappropriateenvironmenal regulation on such APIs
takes time It is imperative therefore,to seek efficient solutianto performa nationwide
assessmenand prioritisation of the potential environmental risk of APlsacrossChing to
identify the geographic variatioand the relative riskthat this class of compounds poses
comparedo otherchemicalsand ultimately tadentify the APIsand locationsvith the highest
risks Such & approachs a ley priority to provide a rapid assessment of environmental risk

from pharmaceuticale/hich can be used to develbpure environmentamanagement plarté

This studyprovides a modellingypproachusing a gridded dilutiorfactor methodologyto
conductanationwideERA of 11 representativeuman medicineis surface water acroshiba

to provide a ranlof relative risk The selectiorof APIs selected for studgoves a range of
pharmaceutical class#isathaveconcermed scientists and policy makers for their ecotoxicity,
sucha s h or mo nl@ockesr ant@rshythmft medication, opioid antagonists, diabetes
medicines, artcancer drugs and nonsteroidal @nflammatores. It also coveréPls with a
wide range of consumption rates ampdotoxi®logical effects withpredcted no effect
concentrations (PNEC#) therange 16-10? pug/L. Most of the selected APIs have not been
extensively studi@in China.European pr capia usage levelsave beempplied in this study
for a conservative risk assessmdmit mainly due tahe lack ofusage data for China and the
expected increasinger capitausage It is highly likely that usage in Chinaill reach levels in
Europe forsome therapiesSpatially explicity deterministic ERAs were usedto predict the
spatial variation irdifferent exposurecenariogo provide ecomprehensive evaluation of risk;
including best and worst casgposure scenarios with respect to waste water treatment removal

The ultimate objective is to raise the attentothoseAPIs and modes of action that may pose
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the highest risko surface waters in China, especially those waltigher ranking thanhemicals

alreadysubject to environmentatgulaion and surveillance

Methods and materials

Target chemicals To consider awide range of pharmaceutical categories, usage and toxic
potency ¢lefined as®NECsin Table J), thefollowing 11 humanuseonly APIs were selected

for study with abbreviations inracketsgestradiol (E2)ethinyl estradiolEE2), levonorgestrel
(LNG), atenolol (ATE), naloxegol (NAL), abiraterone acetate (ABBmiodarone (AMI)
metformin(MET), everolimus (EVE)diclofenad DCF) and ibuprofen (IBP}-E2 and EE2 are
estrogens. LNG is a pharmaceutical progassied for hormonal contraception and in ovarian
cancer t her abbogkerforAcariovascsilar disedseBMI is an antiarrhythmic
medication for treatments or preveantiirregular heartbeats. DCF and IBPF are nonsteroidal
antrinflammatory drugs (NSAIDs). NAL is a commonly used opioid antagonist drug. ABI is
an androgen synthesis inhibitor (enzyme CYP17A1 inhibitor). EVE is ascamtier drug and
currently used to prent rejection of organ transplanEew studieshave beempublishedthat
describe thecotoxicity and environmental risks of NAL, ABI and EME2, EE2, LNG and
ABI are all hormonal drugsthey are generally widely useahdtheir humanexcretion rate
arehigh (>60% Table ) compared with many other AFsvhich maypotentiallylead tohigh
emissiosto theaquaticenvironmentMore information on ecotoxicity and environmental risks

of each of thebove APIs ardescribedn Sl.

Emissionand modelling approach Releasevia domestic sewagdischargeafter patient use
and excretionto surface water was considered in the modelling, whéaterallyis the major
emission and exposure pathwaythumanuse APIs in environmenEmissiondatarelated to
manufacturingoperatiors and associated procesffluentswere not availableand thus not
consideredvithin this assessmenthich may result in underestimation of risk and a failure to
identify certain hotspots, i.e. production sit@scrude nethod forPredided Environmental
ConcentratiofPEQ determinationn surfacewatewa s appl i ed in a previous
thed r ai n o Z2amdnmeipartafdr preliminarfERA of APIs,26 which assumed that00%
patient use of the API with no return to pharmacy, Hd@P6 ofthe population vasconnected

to WWTPs In this study, spatially variegtastewater treatment connection rates (the percentage
of population connected to WWTHPsve been considered for calculating PR@h a spatial

resolutionof 0.5%n Chinafor a more realistic situatiomsingEqg. 1.

0 066 T O pmO O p W™ YTopumlO [

Where A (kg/ea) is the total patient consumption of APEnd P indicates the population
treated by APIs. A/P (kg/cap/yeas)the per capita use of specific APBue to the lack of
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publicly available consumption dafar the selected APls China, per capita usage frdtb-

22 different European countries were adopasé proxydatafor individual APIs(shown in
Table ). Thisacts as a reasonable proxitlas usagef APls and access to medicirnaChina

is expected tdncreaseand could reeh or surpas€uropean levelsHowever, this is an
approximation afor someAPIsthere maybe differences idliseaserevalence susceptibility

and cultural that will affect drug usabetween Europe and Chira refes to excretion rates

of APIsby humars. The values were collected from literatai@a and100% was assumedr

AMI (Table 1), as no excretion rateasreported WWTP_CR refers t@averagevastewater
treatment connection rate for rural area and urban arelasiated byeqg. 2) R is the removal
efficiency of APIsin the WWTPs.Attempts were made to collect measured R values from the
literaturewhere they existedrhe SimpleTreat 3.2 mod€lwas used to predict R kees with
different degradation rates to supplemdatafor APIswithout any measurements available
and to consider the possible range and variaifdRin different scenarios for each Agtom
worst case to rapidly degraded@he physicochemical progers of APIs (molecular weight,

|l ogKow, vapour pressure, water sol ubiaftei ty,
given inTable S2More details are explained below (L/day/cap) referso thedaily volume

of wastewater released per capitsichwas estimated by the total wastewater released divided
by population (esolution ~1 km) for each city in China in 2023 he gridded V (resolution,
0.5°) was calculated with ArcGIS 10.4 by taking the average V in areas covesadhyid

cell. D is the dilution factor calculatagsingEqg. 3.

77402 OOYOO'Y “Yi O 0w YOO'Y p Vi ©0aYE b

D = (Q+a)/q B

Wherein Eq. 26 & "Y06 Y and & "YQO 'Y referto wastewater treatment connection rates

in urbanand ruralareas respectively which were estimated by the volume wéstewater
treated by WWTPs divided by the total volume of wastewater released in urban and ruyal areas
respectivelyin China®"Yi @ ¢Yindicates urbanization rateShese data wertakenfrom a
projection in a previous study for 204 riefly, the Chinese population projectedlgndscan

for 2010 wasutilized (spatial resolution, 1knff anda population density 1000 capitddm?

was used as thresholdo identifyurban populatiomcross ChinaThis population dataset is

the most reliablénigh spatial resolutiomvailable.In Eq. 3,Q is the discharge flow of the
receiving water body (fs) and g isthedischarge flow of the wastewater¥s). Q for China

was extracted from a globally modelled surface water discharge dataset with a resolution of
0.5°%° and g was aggregated to 0.5° bigy level wastewater discharge flow per capita

(projected to-1 km) multiplied by populatioh.?®
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Existing PNEC valuef the selected APlhave beercompiled h Sl Table . To maintain
consistency, the values for most APIs were chosen fhervestel et alstudy,*' asmanyare
derived fromOECD studies used as part of a regulatory marketing applicatioararidwer
than thoseeported in othestudies. For the APIs not includedtime Vestel et al study, the
lowest value from other literatursourcesor databasewereusedin this study Table J. The
risk quotient(RQ) PEC/PNECwas subsequentlyalculated to assessvironmental risks of
APIs in China.A nominal classification oRQ values< 0.1, between 0111, 7' 10 and > 10
predictsinsignificant environmental riskow environmental ris, moderate environmental risk

and high environmental riskespectively??

Deterministic study of environmental risks and scenario description Both deterministic
and probabiktic assessmentsvere usd to provide information on different aspeat$é
environmental concentrations and ri$ks*® Deteministic approaches arwidely used in
environmental modellingith prescribedralues for each parametdihe approach was uséal
predictthe geographic distribution ehvironmentatoncentrations and risks surface waters
acrosChina fordifferentscenariosin contrastMonte Carlo simulation was conducted in the
probabilistic methodwhich shows therobabilistic environmentabccurrence and riskis
Chinaconsideringherange frequencyand all possible combinatisof parametersncluding
percapita usage, excretion rates and removal efficiencies in WWTPs of individualTAlels
probabilistic assessmedbes not reflecspatial informatiorbut revealsthe probabilityof risk
across China

Table 1Statistical data of APBdaily usageper capitahumanexcretion rateand PNEQf
individual APIs

PNEC per capita use of APIs (ug/cap/ddy)  Eycretion
(MOL)  Mean STD Median Max  Min rates

Chemicals

Abraterone 0013 381 236 384 801 076  93%
Acetate

Amiodarone 0.12 4547 2711 416.2 1038 26.3 100%
Estradiol 0.0003 9.6 8.5 7.1 326 0.76 60%
Ethinylestradiol 0.00003% 1.5 094 15 4.4 0.25 10094
Levonorgestrel 0.00002 2.2 2.1 1.6 8.9 0.27 7799

Atenolol 148¢ 3928 261.8 369.3 9995 474 90%'
Naloxegol 200 0.066 - 0.066 0.066 0.066 84%°9
Metformin 100 53117 11761 539% 75872 33370 90%°
Everolimus 0.0014 0.31 0.12 0.32 0.53 0.072 85%91‘
Diclofenac 32z 1579.3 679.6 1411 31# 411 1009
Ibuprofen 68 21673 13994 17896 53907 4335 95%

Notes a, Vestekt al. (2016}

b, the Swedish Environmental Classification Systdass.sgaccess date: 30 November 2p17
¢, Pharmaceuticals in the Environment, AstraZeriéca.

d, the per capita use of AP¥gasfrom IMS Health38
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e, Sternberg et al. 2013

f, Stanczyk et al. 2@L;*°

g, DrugBank*?

h, Haro et al. 2017

i, Williams and Buvanendraii

Four scenarioswere defined fotthe deterministic studyto consider the full range of input
parametergsummarized ifmable 3. Scenario 1 (Scl) was teeorstcase in which the APIs
taken by humaswere assumed to mempletelyexcreted (E = 100%) ane®PIwas removed
by WWTPs (R = 0)Maximum per capita usage was applied in Sdenaris 2-4 (Sc24)
consideredreducedexcretion rates by humgndifferent per capita usage for each Afpid
different R valuesfor WWTPs. Three firstorder biodegradation rate constaifk) were
considered to predict R for each API by using SimpleTreatThe k of 0.1, 0.3 and fr?
represers the chemicalbeing finherently biodegradable but fulfilling specific critefia
fireadily biodegwdada wli andfieaify biodagratiabl@respedtidely
which indicatdow, moderate and higR valuesn WWTPsand were adopted by scenarios 2,
3 and 4(Table S3)* More detailson model input data foSimpleTreat andhiodegradation
ratesare provided irsl. Whenavailable anaverage measured Rlvafromtheliteraturewould
beusedinstead of the predicted valifat wasbeyond the range gqirediction or closeto the
moderate predicted R for individual chemicals (as shown in badl@lite S4). The maximum
and minimumEuropearper capita uskevelsof individual APIs Table ) were applied in Scl
and Sc4 respectively. The median per capita use was applied ian8i8.ddenticalexcretion
rates were used iBc2, 3 and4 as shownn Table 1

Table 2The summary of the assumptions for the four scenarios

Scenario: Usage Removal efficiency Excretion rate

Scl Maximum 0 100% for all APIs
Sc2 Median  Low (predictions when k = 0.1) as shown in Table 1
Sc3 Median  Moderate (Predictions when k = 0. as shown in Table 1
Sc4 Minimum High (predictions when k = 1) as shown in Table 1

Notes: k is the firsbrder biodegradation ra{®etails are in the Sl and Table S4.)

Probabilistic study of environmental risks. The uncertaintyassociated with thparameters
describedabove,were considered in th@robabilisticapproachMonte Carlo simulationwas
appliedto Eq. 1andrun 10,00Qimesto generate probabilistic PE@r each APIThese PECs
werethen divided by the PNEC for inddual APIs to obtain R Values of & & "Y06 'YV

and D wergandomlytaken fromthe original datasets of these parameters projected for China
by Eq. 23 andthemethods stated aboveognamal distribution for R and ARber capitause

per dayand normal distribution for E wenesedto generate random values for tthegee
parameters fousethe Monte Carlo simulatioff: “° The nmeanandstandard derivationSTD)

for generatingrandom valueghat align to the corresponding statistical distributsoare

containedn Tables 1 andS4 For R,measurements were used as the medme probabilistic



219 study and if not availabléhe predicted value based on the moderate removal effici€éabje(
220 2)was appliedAn STD of 30%and 20%wasassumed for R when one R value (either measured
221  or predicted) and two measured R valueme avalable, respectivel§® 4’ STD of human

222  excretion rates was assumed to be 36f@ll chemicalsas onlya singlevalue was foundh

223 theliterature(Table J.

224  Comparing API risks with other regulated chemicals To determine the relative
225 environmental risk of pharmaceutical exposureghat of other chemicalsof concern the
226 medianRQs derived from Sc3 inthe deterministicstudy were compared with thseof some
227 regulated chemicals. The regulated chemicals include triclgg@s)® and standard water
228 quality parameters, such &0ODs (5-day biochemical oxygen demgndCOD (chemical
229 oxygendemand, linear alkylbenzene sulphate LAS) and heavy metals including Cu, Zn and
230 Hg.PECs of TCS®stimatedising the present method with the usdigenm a previous studfor
231 2012° were used in the comparisaieasured environmental concentrations (ME@fshe
232 standard water quality parametelected fom over 500@augingstationsacross Chindor
233  2013were acquired frorMinistry of Envronmental Protection Chin&he median RQ of these
234  chemicals was estimated by dividing median MEQSPECS) bytheir PNEGs (or guideline
235 valuesfor COD andBOD:s) in China Thelowest value ofivailablePNECswastaken if more
236 than one PNEC valuegasfound from literature fothese chemicallable %).

237 Results and discussion

238 Dilution factors, wastewater discharge flow and wastewater treatment connection rate
239 The distribution of dilution factercanbe indicative othe spatial pattern of water abundance.
240 The default dilution factois setat 10 by EMA (European Medicines Agency) farrying out
241 ERAsin Europe® Keller et al.calculated dilution factors for eaclatchment in China, which
242 range from<10 to over 10*.5° In this study, a spatiallgxplicit dilution factorwascalculated
243  (Eq. 3 whichrangel from 1to 5.7x10 with a median 096 across Chinalhe range is broader
244  thanthat estimated by Keller et al., didution factos wereaveragd acrossach catchment in
245 theKel I er et al :gridsesautogensiord aspatidiyerdin@d.difution factorin
246 this study There are higher dilution factorstime south and northeast of Chiaadthe Yellow
247  River catchment, where thesge more abundantvaterresourcesand higher discharge flow
248 ratesthanin otherregions(Fig. 1A). The regios with a dilution factor of laredisplayedin
249 red, as it potentially indicates a higkposurdevelwith zerodilution. Howeverwestern China
250 and regions in western Inner Mongolia displayed in red are sparsely populated compared to
251 many other regions in China, therefore, the release of APIs might b&dowhe volume of
252  wastewater releaseddefaultvalueis set to b&00 L/capday bythe EMA for Europe.n this

253 study,the volume of waste water per person perwag estimated tcangefrom 0.01to 439
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L with a median of 38 Lin ca. 0.6% grid cells, the estimated wastewater released is below 0.8
L/cap/day, which is the lowesimated24-hour urine volumef taking 2 L of fluid daily.>!
These regions are around Gansu, west Xinjiang, west Siemabhibet, which are all dry and
economically deprivedreas. Pit toilets are usually used in thesal or dry areas, so excreta

of many peoplemay neither enterthe aquatic environment directlin these areasor be
accountedor in the yearbooksFrom Fig. 1B, most regions in China hawedaily volume of
wastewater per capita belothe Europeandefault level. Figure S1 showshe average
wastewater treatment connection réde each 0.5° gridcell across Chinawhich ranges
0.00206-99%with a median ota. 20%.

U [C01.481-10953 :
110,954 - 57,320,641 i 300439

Fig. 1 Distribution of the dilution factofA) anddaily wastewater released per cafiB) in

China(0.5%; thewhite aredndicates no wastewater released

PECs of APIs in deterministic study The spatial distribution pattesmof PECsare similar
underthe four scenarios, as they are all determined by the combination of the spatial distribution
patterns of dilution factors, wastewater treatment connection ratepogndiation density
These parameters are identical for the four scendrtasfocus hersvill be on Sc3 adt is a
moderatescenario and might be moreasonabléhan otherextremescenariosThe spatial
variation of PECs across China is haggshown bythe ST and rangeim TableS6. Northern

Ching apart fromthenortheasthas higher PECthan other areg$-ig. 2and Fig. S, such as

river basins in North China PlaitNCP), Shanxi, northern Shaanxi, Gansu, middle of Inner
Mongolia and northwest Xinjiand his generally alignwith the spatial distribution of dilution
factas across ChinaF{g. 1A). These regions are mosttlry regiors with water stress and
limited water resources. Nationallyn aestimated 80% of the 11 APIs ihe aquatic
environment in Chinawill be derived from freshly discharged untreated wastewater. This
proportion will decrease with the urbanization and construction of WWTPs in China. Urban
populatiors may contribute ca. 34% of the 11 APIs in aguatic environment. However, this was
estimated by assumingcanstant per capita usage across China, and per capita consumption of
APIs is probably lower in rural arethan in urban arsaSubstantial differences in PECs exist

between Sclworst caseand Sc4best caseyith up totwo orders of magnitude for sorA®ls
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such as ABI and EZThe difference betweelow (Sc2 and high (Sc4 removalefficiency
scenarioss small The difference between scenanasiesamong chemicals and spatial areas,
as detailed in Sdnd Fig. S2 and S4 and Table S7

Many oftheselected APlIs are rarelycluded inmeasurment campaign®speciallyas part of
large-scalemonitoring programmesn Chinag and limited existingstudiesexist that can be
compared to validate the predictions withtims study.Yao et al. (2018)detectedhigh
concentrations of pharmaceuticals in regions with extreme water, sttuessas northern and
eastern coastal ared§? The spatial distribution pattern is sinilaith thatdescribedn this
study.They measuretbur of the APIsmodelledin this study which exhibited0-3 orders of
magnitudelower medianconcentrations compared &z3 inthis study i.e. E2 (median, 0.26
ng/L), MET (170 ng/L), DCF (3.1 ng/L) an@PF (7.9 ng/L)® ®2 The most likely easonfor
this would be that expectechigher future consumption leval were applied in this study
Additionally, field campaigns providing measurement data do not have widespread coverage
and may not have includedbreareaswith extremelyhigh waterstressedh the northbut those
areas with higérdilution factorsor high wastewater treatment connectivitygleveloped areas
The PEC distribution of MET in Sc@ig. S3)illustratesthis clearlywith similar spatial
distribution to that measurecby Yao et al.but a wider coveragé Meanwhile, Yao et al.
estimatedthat 54% of two groups of pharmaceuticala surfa@ wates originated from
untreated sewag@&heymay have overestimated the percentagesing pincipal component
analysis with multiple linear regressiddased on a future projectiaf urbanization rates and
WWTP constructiori® the averageproportion might reach about 54f4r these APlsaround
the year 2025, althoughritay moderately varfor different APIsZhang et alreported a PEC
range of 4.8x18 - 0.96 ng/Lfor E2 acrossChinaat river-basin scalé? which is within the
rangeof Sc3in this study(TableS6). More comparisosiwith other studies are iheSl. These
comparisongrove thatthe predictive performance of this modelling approaappears to be
adequatéor a preliminary assessmeantd the availability of further monitoring data will enable
model refinements to be made to improve the predictive power further

Fig. 2 PEC spatial distribution adstradiolin Sc1 (A) andSc3 (B)



