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Foreword

Toward the end of the 8century, Robert Burns while
ploughing a field accidentally upturned the nest of a field
mouse to the consternation of the hapless creature. Reflecting
on the incident, Burns produced “To a Mouse”, one of the
great English poems written in the Scottish dialect of his
time. “To a Mouse” captures in allegory the plight of society
with respect to pharmaceuticals released to the environment.
The first two stanzas of the eight-stanza poem express pathos
over an unintentional assault on a harmless creature by man
with one of his overpowering technologies:

WEE, sleekit, cow’rin, tim’rous beastie,
O, what a panic’s in thy breastie!
Thou need na start awa sae hasty,
Wi’ bickering brattle!

| wad be laith to rin an’ chase thee,
Wi" murd’ring pattle!

I’'m truly sorry man’s dominion,

Has broken nature’s social union,

An’ justifies that ill opinion,

Which makes thee startle

At me, thy poor, earth-born companion,
An’ fellow-mortal!

The last two impart the insecurity of Burns, a
man who was no stranger to misfortune, in the
face of an unknowable future:

But, Mousie, thou art no thy lane,

In proving foresight may be vain;
The best-laid schemes o’ mice an’ men
Gang aft agley,

An’lea’e us nought but grief an’ pain,
For promis’d joy!

Still thou art blest, compar'd wi’ me
The present only toucheth thee:

But, Och! | backward cast my e’e.
On prospects drear!

An’ forward, tho’ | canna see,

| guess an’ fear!

As we will describe in this review, certain pharmaceutical
agents are among a growing body of anthropogenic chemicals
that, upon release into the environment, are indeed breaking
“nature’s social union”, that symbiosis between man and his
fellow creatures upon which the very life of man itself
depends. Of the three often-overlapping toxicological end-
points for chemicals, namely, the killing of cells, the mutation
of DNA in ways that may lead to cancer, and the disruption
of chemical signaling mechanisms controlling cellular de-
velopment, we understand the least about the third. This last
area of toxicity, called “endocrine disruption”, was first
fathomed by Theo Colborn. Dr. Colborn brought to light new
understanding that, at environmentally relevant concentra-
tions, chemicals can interfere with the hormonal command
of cellular development and the result can be severe
impairment of growing creaturédmpairment by endocrine
disrupting chemicals (EDCs) often follows nonmonotonic
dose-response profiles. This contrasts with chemicals that
kill and chemicals that cause cancer where the risk usually
amplifies with increasing exposures and where there is a
LONEC or “lowest observed no-effect concentration.”
However, with the EDCs, the impairing effects are often
found at low, but not at higher concentrations. A variety of
shapes have been found for nonmonotonic ewssponse
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curves? and in some cases, the most hazardous concentra-on human health. The most important of these relate to the
tions may be the ultralow ones. As with many other classes potential for developmental impairment by trace quantities
of environmental pollutants, this makes endocrine disruption of pharmaceuticals in drinking water, that is, the subject area
the most obvious toxicity issue that we should study with of endocrine disruption.

respect to pharmaceuticals in the environment. The research  gentine| research on frogs is illuminating that mixtures of
that underpins our increasing insight into the threats of EDCs micropollutants may present environmental hazards that are
is catalogued and regularly updated at the website creatediar greater than those for the individual compouhdis

by J. Peterson MyersAnd it is in the solving of the  pighlights an added reason for attempting to understand the
numerous dilemmas that are associated with endocrinepossible health and environmental hazards associated with
disruption effects that we believe green chemistry holds SO trace pharmaceuticals. It is obviously also important to carry
much promise in the Pharmaceuticals in the Environment ot research into the possible health effects that might arise
(PIE) arena. from the synergistic action of mixtures of pharmaceuticals

As discussed throughout the review, we now know that and micropollutants from other sources.

certain pharmaceuticals can persist in the environment and, ¢ js |ikely that concerns over API-induced developmental
either via the food chain or via drinking water, make their gisyption should be highest for cities that recycle sewage

way back to us and, of greatest concern, back to pregnantyaier or take their drinking water or fish from rivers, lakes,
mothers and children. And we also know that some of these , gther water bodies that border highly populated areas

agents are beginning to be associated with adverse develynere we know persistent APIs are present. Smaller com-
opmental effects in aquatic organisms at environmentally o nities with less than state-of-the-art drinking water treat-

releve_mt_ cpnqentrations, concentrations we usually considernant plants (DWTPs) may also be at higher comparative
to be infinitesimal and harmless. Furthermore, we understand gy

that we know almost nothing about the impacts of human
exposure to low-dose mixtures of pharmaceuticals or of low-
dose pharmaceuticals mixed with other low-dose synthetic
pollutants but that the little we do know gives reason for

In this review, we discuss the background of PIE problems
and uncertainties. Our focus is on the APIs themselves rather
than other components of formulated pharmaceuticals. We
SElioUS CONCEM. concentrate on pharmaceutl_cals_ used in human_medlcme,

some of which are also applied in veterinary medicine, but

In %UCh circumstances, Burn's fofreboqhng about(;[hehfuture not on veterinary medicines per se. Occasionally, we include
provides an appropriate stance of soclety toward pharma-i,sqrmation about personal care products because pharma-

ceuticals. It is now simple common sense to “guess an’ fear” ;o ticals and personal care products (PPCPs) are often
that some of the “best-laid schemes” of the pharmaceutical

. . " . - . ; grouped together in the literature where it makes no sense
industry might go “agley”. And it is entirely appropriate 10 ¢4 this review to separate them. Veterinary pharmaceuticals
question whether we can continue to rejoice in the improve- ,ove peen reviewed by Montforts et al. (1998hd Boxall
ment that an environmentally persistent pharmaceutical agenty; o). (2003}, This review is limited to what we currently
might bring to t_he I|ve§ .Of fully dev_e_loped ad_ults whese know to be environmentally important APIs, organized
cannot be certain that it is not impairing deloping humans 5 cqrding to the different drug categories. We describe major
because we ha& not performed appropriate studies 10 oharmaceutical uses in the United States for the relevant drug
establish this to any reasonable degree of certainty classes, because this is tied directly to PIE issues. In section
One goal of this review is to bring out that the chemical 3, we offer considerable background information into the
enterprise needs to work to reduce society’s uncertaintiesdrugs themselves in the hope that this will be helpful for
with respect to the safety of persistent or pseudopersistentreaders who are not pharmaceutical chemists. As part of this,
pharmaceutical agents and to curb and ameliorate the impactsve decribe what the drugs are used for, because this provides
of their release to the environment. A further goal is to begin a good mechanism for introducing the chemical structures
to examine an entirely new set of questions concerning how and emphasizes to the reader the great benefits. But a subtext
green chemists might contribute to reducing hazards associof the review is that these benefits sit on one pan of a scale.

ated with pharmaceutical pollutants in water. The known negatives, of which PIE problems are one class,
sit on the other pan. Most of us would presently consider
1. Introduction that the positives decidedly outweigh the negatives. But the

negatives pan is becoming increasingly heavy as our
Pollution from pharmaceuticals in surface and ground- understanding advances concerning the unforeseen downsides

waters is becoming recognized as an environmental concerrbased upon feedback from nature where human impairment
in many countries leading to the area of study labeled “PIE” is one of the possible outcomes. At various stages, we point
for “Pharmaceuticals in the Environment”. The pharmaceuti- out that certain drugs have had to be withdrawn from the
cal industry is attaining more effective active pharmaceutical market as startling hazards to human health have come to
ingredients (APIs) by designing for increased potency, light. We do this to emphasize that from time to time, the
bioavailability and degradation resistance. APIs show a wide full impacts of drugs are not understood at the time of
range of persistence in aquatic environments, and some areommercialization. PIE problems are like this. Metabolic
highly persistent. In such cases, the pharmacologically conversions of APIs may produce bioactive derivatives. The
valuable properties of degradation resistance and bioavail-transformations themselves offer clues into how APIs
ability return as hazards because they translate into unwel-degrade under oxidative and hydrolytic stress. Therefore we
comed exposures of humans and the environment to bioactiveconsider that knowledge of the metabolism of environmen-
anthropogenic compounds. In addition, at current environ- tally relevant APIs is important for understanding this review,
mental concentrations, some APIs are beginning to be and we have incorporated this. We examine the reasons for
associated with adverse developmental effects in aquaticthe current trend to design metabolic stability into APIs, and
organisms. Questions naturally arise about negative impactswe consider the relationship of this to environmental
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persistence and its associated consequences. The occurrentlee first synthetic dye, mauveine, has resulted in the potential
of APIs in the environment has been widely reported and for release to the environment of approximately 80 000
reviewed already. Thus, we have not covered this area inxenobiotic compoundghat are not natural components of
detail. But we do highlight what is known about APIs making the organisms exposed to them. These alien compositions
their way into drinking water. We assess the current status have worked their way into our lives, usually as uninvited
of PIE knowledge derived from ecotoxicological studies on guests and too often with deleterious effects, from a variety
aquatic organisms. of technology sources, including pesticides, personal care

Pharmaceutical industry design trends essentially guarantegProducts, cleaning materials, building materials, food and
that in the years to come, persistent API-derived pollutants drinks, printed goods, houseware, furniture, electronic goods,
(the APIs themselves and their partial degradation and transportation, sports, laboratory work, education, and phar-
bioactivated byproducts) will increase in their concentrations maceuticals, in fact, essentially every sector of our chemically
and diversity in aquatic systems unless something is donebased economy. Importantly, even in highly developed
to prevent this from happening. It is our belief that green countries, we are only a few generations or less into
chemistry will be able to strengthen nonregulatory ap- Widespread public exposures for many individual xenobiotics,
proaches for ame“orating PIE prob|emsi especia”y by |nC|Ud!ng ph_arma_lceutlcals _aS descr!bEd herein. NEW nanote(:;h
providing more effective methodologies for decomposing materials, biologics, genetic therapies, and genetically modi-
APIs in water. But we also believe that the current regulatory fied foods are more recent newcomers to this anthropogenic
paradigm must be strengthened to better protect society from‘chemical soup” we swim in. The addition to water of a
persistent and pseudopersistent environmentally mobile cocktail of trace quantities of pharmaceuticals, compounds
synthetic compounds, including pharmaceuticals. that are designed to exhibit potent physiological activity,

In exploring the green chemistry context, starting in section is arguably an Important emerging water issue. PIE
4, we begin by reviewing photolytic and oxidative processes Proplems are really just beginning to be understood. As
for degrading and detoxifying different groups of pharma- d€tailed below, some of the APIs had estimated environ-
ceuticals in aqueous media. The executers of this researct{l'"tal persistences of many years, as is often found with
almost invariably did not define it as green chemistry. But xenobiotics!
because green chemistry, as defined by Paul Anastas, is “the
design of chemical products and processes that reduce od.l. Pharmaceuticals: A Perspective
eliminate the use and generation of hazardous substances”,
safe processes that allow us to remove hazardous contami- The pharmaceuticals industry is a critical component of
nants from our water supplies certainly qualify. In this area the chemical enterprise. Pharmaceuticals are a large and
of oxidative degradation, the state of knowledge allows us diverse group of both human and veterinary medicinal
to provide a more detailed analysis of reasonably impressivecompounds, as well as nutraceuticals (i.e., bioactive food
technologies, but we conclude that the development of muchsupplements), which have long been used in significant
more effective degradation technologies is going to be critical quantities throughout the world, small molecule drugs of the
for dealing with PIE problems. In the discussion of what is classical type produced primarily via organic synthesis, and
already available, emphasis is placed upon important aspectdiotech drugs. There are about 4500, including experimental
of degradation technologies including the degree of phar- drugs in development, which comprise about 70% of the
maceutical degradation, the identity and characteristics of total. The number of U.S. Food and Drug Administration
the degradation intermediates and byproducts, and the(FDA) approved small molecule drugs at the end of 2005
possible degradation pathways. Ozonation and ozone-baseavas 109G Drugs, both prescribed and nonprescribed, are
advanced oxidation processes, such as ozone/hydrogetbecoming an increasingly complex component of health care.
peroxide, ozone/ultraviolet irradiation, and ozone/hydrogen These are defined as substances responsible for physiological
peroxide/ultraviolet irradiation, already underpin significant or pharmacological action and used in the diagnosis, cure,
technologies for the treatment of wastewaters. There appearsnitigation, treatment, or prevention of disease or nonfood
to be considerable potential for their expanded use in articles intended to affect the structure or any function of
degrading pharmaceuticals. And finally, the prospective usesthe body of man or other animdlsThey can cure some
of the new catalytic Fe-TAML/peroxide-based processes are diseases (e.g., antibiotics), control symptoms (e.g., analgesics
briefly discussed as these are starting to be known to applyor pain relievers and asthma drugs), replace or supplement
to the facile degradation of pharmaceuticals in water, needed chemicals (e.g., insulin and vitamins), and control
including recalcitrant ones. These technologies have beenthe body’s self-regulating systems (e.g., high blood pressure
developed to provide a platform technology for water and thyroid drugs). Drugs can serve as complements to
purification in our Institute for Green Oxidation Chemistry medical procedures (e.g., anticoagulants during heart valve
at Carnegie Mellon University. replacement surgery), deterrents to disease and disability

Clean water is so basic to human life that water droplets, (€-9-, lipid-lowering drugs that lessen the risk of coronary
bubbling brooks, and waterfalls are enduring symbols of the artery disease), and new treatments where previously there
life force. Obtaining an adequate supply of clean water has Were none (e.g., drugs for HIV). Thousands of tons of drugs
likely always been a challenge for much of humanity. But are used by people yearly to treat illnesses, to prevent
despite the scientific and technological advancements of theunwanted pregnancy, or to face the stresses of moderh life.
modern era and, ironically, sometimes because of them, clean
water is becoming an increasingly scarce and coveted] 2, Population Growth, Inverting Age Structure,
resource. Water security is now a critical environmental issue and Healthcare Spending in the U.S.
that touches the life of every human being.

The rapid expansion of chemical industry since William  With advances in medical technology and growing health-
Henry Perkin discovered and commercialized in 185857 care spending, the consumption and uses of pharmaceuticals
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330 1.3. Entry of Pharmaceuticals into the Aquatic
Environment

w
o
o

United States Population

N
3
o

Pharmaceuticals are generally absorbed by humans or
animals after intake and are then attacked by metabolic
degradation processes. However, significant fractions of the
original substances often are excreted in unmetabolized form
or as active metabolites via urine or feces to be emitted into
raw sewage, which may or may not be treatet. Some
pharmaceutical pollutants escape degradation in waste treat-
ment plants and enter the environm&nt? In addition to
metabolic excretion, disposal by flushing of unused or
expired medication and drug-containing waste from manu-
facturing facilities can also contribute to environmental
contaminatiort® Flushing unused medicines down the toilet
appears to be of minor importance, while patient excretion
following therapy is widely considered to be the primary
Pharmaceutical Sales - pathway to the environmeft Even posthumously, the drugs
(Source: IMS Health) - . . . . .

- administered in the closing phases of our lives likely leach
into cemeteries and groundwatér.

240 In a 2002 nationwide study of “emerging pollutants” in
waters, the U.S. Geological Survey (USGS) tested pharma-
North America ceuticals and personal care products (PPCPs) in several U.S.
160 1 locations in 139 rivers in 30 states and detected a wide range
of biologically active compounds in nearly 80% of these,
2000 2002 2004 2006 2008 2010 even in remote are&$ According to Lynn Roberts of Johns
Hopkins University, compounds that qualify as “emerging
pollutants” are those that are “entering into or being generated
U.S. compounded annual growth rate ~ 8.5% in the environment in appreciable amounts”, that have “a
(2006 North America sales - $290.1 billion) modicum of persistence,” and “exhibit deleterious effects on
organisms™? We consider this to be an appropriate defini-
tion. Certain APIs meet the emergent pollutant criteria and
are candidates for environmental monitorfAglorth Ameri-

can waterways were found to contain traces of APIs from a
has been rising consistently. The use of drugs for somewide spectrum of therapeutic classes, such as, contraceptives,
conditions is increasing dramatically (e.g., cholesterol- painkillers, antibiotics, anticancer drugs, blood-pressure
lowering statins and antidepressants). For other conditionsmedications, antidepressants, and drugs used to treat epi-
such as asthma, some classes of drugs appear to be replacidgpsy?* Antibiotics and hormones were found with greatest
older drugs. In 1999-2000, 44% of Americans took at least ~ frequency?®# Trace amounts of drugs have also been found
one prescription drug, and 17% took at least three. Thosein the tap water of some communities at concentrations
statistics were up from an average use of 39% and 12%ranging between 20 parts per billion (ppb) and less than one
between 1988 and 1994The annual value of pharmaceutical Part per trillion (ppty:*** While these concentrations are
sales in the United States went up over 5 years from 2000Small, drugs are designed to have a physiological effect in
to 2004 by 62%, from $152.8 to $248 billidh.North small quantities. The USGS study has established a baseline

America continues to be the dominant market for pharma- 07 PPCPS as environmental contaminants in the United
ceuticals representing almost half of global saleShe States! It indicates that PPCP ecosystem contamination has
annual value of US sales is projected to reach $330 billion (€ Potential to impact the health and well being of flora
by the year 2010, showing an annual growth rate of nearly anﬁl fauna ?IS. \a"?” as humans. This Q”aﬂt'.C'PaLed sour(]*:e of
8.5%. From 1950 to 2006, the total resident population of plo u“%n.’ VI: ich is expected to grow, is ?'tt'ngt N nee(zqu or
the United States increased from 151 million to 300 million, clean drinking water against our use of modern medicine.

: o (i Thus, two cornerstones of the revolutions of public health
reegesentmg an average annual growth rate of 1.2% (F|gurecou|d end up becoming mutually incompatible, unless
1). ;

solutions to water contamination by persistent APIs are
Some of the drivers of this growth are the expand- developed®

ing population and the inverting age structure in the  Tne fates of human and veterinary drugs after urinary and
general population, the rise of new target age groups,fecal excretions are quite different. The excreted human
the discovery of new uses for existing drugs, and pharmaceuticals pass through sewage treatment plants (STP)
the increased per capita consumption partly due to eX- prior to entering rivers or streams. Veterinary drugs are more
piration of patents with resulting availability of less ex- |ikely to directly contaminate soil and groundwater without
pensive genericS. Older people tend to take more any sewage treatment. Manure is an important resource for
drugs than younger people because they are more likelytopsoil dressing (Figure 2). After rainfall, surface waters can
to have chronic disordef8.For example, the prevalences be polluted with human or veterinary drugs by runoff from

of diabetes, hypertension, and heart disease increase witHields treated with digested sludge or livestock slurries. The
age. groundwater can also be contaminatéd.
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N N
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o o

-
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U.S. Yearly population growth rate ~ 1.2%
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Figure 1. Pharmaceuticals sales in North America have been rising
nearly seven times faster than the population growth rate.
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i D | m‘ The likelihood that pharmaceuticals will end up in drinking
- . - water is also increased when treated sewage water is used
[ Excretion | Disposal Excretion to meet drinking water needs in areas of water scaf@ity.
7 1 Water reclamation is becoming increasingly important in the
[ Sewage |- |Domestic waste Manure | arid western states of the U.S.A. For example, Southern
T— ' California imports nearly all of its potable water from the
h | e Colorado River and the Sacrament®an Joaquin River
Treatmsnt pient jCande_L-SFison | Soll | Basin. Sewage treatment plant effluents heavily impact both
e “\ ,/’ of these sources and effluent-dominated streams represent
River, crook > “t »  Ground water —> worse case scenarios for evaluating and predicting aquatic
e S e =t responses to contaminants such as PPEPBe raw and
treated drinking water from water filtration plants in San
S Y . .
. Diego showed the occurrence of several polar organic PPCPs,
_ Drinking water . . . - . . .
. SR including clofibrate, clofribric acid, ibuprofen, triclosan,
Figure 2. Fate of pharmaceuticals in the environment. Modified Phthalate esters, sunscreens, and DEElhe occurrences
from ref 15. and concentrations of these compounds were found to be
highly seasonally dependent, reaching maximums approach-
1.4. Sewage Treatment Plant (STP) Effluents: ing that of reclaimed nonpotable wastewater when the flow
Temporal and Spatial Distributions and the Fate of the San Joaquin River in the summer months was low
of Pharmaceuticals in Environmental Waters and the quantity of imported water was higfhAt the sites

) . where secondary or tertiary treated effluents are used for
Many pharmaceutical compounds pass, at least in part,sypsequent groundwater recharge, soil-aquifer treatment
through sewage treatment plants_ to end up in environmentalgnowed that removal of antiepileptics, carbamazepine, and
waters. STPs were often not designed to handle pharmac_euprimidone did not seem to occur in more than 8 years of
ticals. Nevertheless, a recent study has shown that operating; \psurface travel timé. Although a “toilet-to-tap” program
an STP with longer solids retention times will remove more hag heen proposed as a safe solution to California’s water
pharmaceuticals and other chemicdls. shortage problems, concerns remain about the possibilities

Many studies have determined that the attenuation of o effluent-derived microcontaminants impacting health and
pharmaceutical contaminants occurs in a river with time and safety issue

distance from the source outlet as multiple degradation
processes are at work. Seasonal variation in temperature an
light intensity are considered to be the factors determining
the fate of pharmaceuticals in surface waféfS.Boreal

winter climate conditions with low temperatures and low . . .
daylight hours may lead to decreased bio- and photodegra_(sulfamethoxazole), and a tetracycline (doxycyclitfa)ith

dation of pharmaceuticals compared with summer. These S€Wage treatment, the concentrations of the fluoroquinolones

- P decreased by 8@7% in the effluent. Golet et al.
processes are likely to be even less effective in rivers coveredVere -
by ice and snow. Several reports have described the temporaf2003) have reported similar resutsThe average STP
removal efficiency of sulfamethoxazole was found to be ca.

and the spatial distributions of pharmaceuticals in surface >
b P 42%. A removal efficiency of 60% was reported for a

water systemg*2829 . e g
In the Finnish city of Turku, the effects of seasonal SPanish STP®Antibiotics in Canadian STP effluents show
similar patterns of occurrené&Removal of doxycycline was

variation in climate conditions have been examined on the .
degradation of pharmaceuticals that were released from anfound to be strongly influenced by the treatment process and

STP to the River Aura. The seasonal impacts on natural Other variables at individual STPs, with high amounts
degradation processes were also examined at Turku's drink-0CcurTing in sludge in some cases.

ing water treatment plant (DWTP), which is located down-  Estrogenic activity has been observed in STP effluent
stream from the STPE The occurrence of five pharmaceu- contaminated aquatic systems. This has been attributed
ticals (ibuprofen, naproxen, ketoprofen, diclofenac, and mainly to the presence of steroidal estrog&hs a recent
bezafibrate) in the influent and effluent water of the STP study, the Eysines STP effluent near Bordeaux in France
were followed for winter, spring, and summer, showing that was analyzed for the steroidal compounds estrong; 17
the elimination of the pharmaceuticals decreased significantly estradiol, estriol, 1&-ethynylestradiol, mestranol, progest-
in wintertime (about 25% reduction compared with spring erone, norethindrone, amdnorgestref® Only estrone and,
and summer), leading to-B-fold increases in concentrations on one occasion, estradiol and its metabolite estriol were
of pharmaceuticals in the effluent water. Pharmaceuticals detected in the effluent. These are compounds from the
were also carried longer distances downstream from the STPnatural steroid hormone family, emphasizing that natural
when the river was covered by ice and snow. During contributions to the endocrine disrupting potential of sewage
snowmelting, more rapid transportation of the pharmaceu- effluents, in this case the estrogenicity, are a key part of the
ticals was observed resulting from the increased water flow total story. The receiving Valle D’Eysines River was
rate. The DWTP located downstream from the STP producedexamined to provide both summer and winter temporal and
water that contained about 8 ng/L of ibuprofen and keto- spatial distributions. In summer, the decay rates were high
profen in the winter sample, whereas in spring and summer, such that 50% of the initial amount of estrone, the most
the studied pharmaceuticals were not detected. The resultpersistent of the family, was degraded 1.7 km downstream
showed that cold seasons in boreal areas could severelyirom the effluent discharge. In winter, estrone levels had not
increase the environmental risk of pharmaceuticals and thesignificantly decreased 10 km downstream from the effluent
risk for contamination of drinking wate®. discharge?

g na study conducted in Sweden, screening for antibiotics
in the raw sewage water and final effluent in five STPs
revealed the presence of trimethoprim, fluoroquinolones
(norfloxacin, ofloxacin, and ciprofloxacin), a sulfonamide
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1.5. Pharmaceutical Detection in Drinking Water treatment plants (WTP) in North Carolina that use conven-
tional treatment processé&sBefore treatment, occurrences

Growing populations and increasing intensification of land of fluoroquinolones were the most frequent in the source
and water use for industry and agriculture have increasedwaters, followed by sulfonamides, lincomycin, tetracyclines,

the need to reclaim wastewater for reuse, including supple-and macrolides, all in low nanogram per liter concentrations.

menting the drinking water supply. Concurrently this has |n the finished water, some of these were present in much
increased the risk of water resource contamination. The |ower levels, indicating their partial removal. However, the

contaminants can leach from the contaminated watercoursesncomplete removal of antibiotics, such as ciprofloxacin, is
into the groundwater aquifers and appear at trace-levelof concern due to their unknown health effects if they do
concentrations in drinking water. Because of their polar persist in finished waters even at nanogram per liter levels.
structure, several pharmaceuticals are not significantly ad-Townsand reported the building up of fluoxetine (Prozac)
sorbed in the subsoil, thus reaching the groundwaters, whichin rivers and groundwater used for drinking water supplies
constitute a major source of drinking water. The conventional quoting the British Environment Agendé§ It was believed

process (€ F—S) for drinking water treatment plants consists - that the Prozac found its way into the water table from treated
of the following sequence of treatments: coagulation, the sewage.

addition of coagulant salts and polymers to destabilize

colloidal particles; flocculation, the agitation of coagulated 16. Possible Health Effects of Chronic Exposure

water to promote the aggregation of suspended materialsity Pharmaceuticals

and sedimentation, the stilling of flocculated water to ) ) o

promote settling of suspended solids and floccules. The Although pharmaceutical concentrations characteristically

C—F—S water is then usually chlorinated. For the same measured in water can only lead to human exposures that

reason of polarity, €F—S treatment plants are also not able are much lower than those producing targeted pharmacologi-

to completely remove many pharmaceuticals. cal effects, whether there are any human developmental
Several studies have identified APIs in finished drinking Q'SFUP“O” outcomes of 'Of‘g't.e”“ exposures to low doses of

water®-42 A number of reservoirs tapped for drinking water individual drugs or combinations thereof, as well as com-

were monitored along the Lergue River dalt watershed) ~ Pinations of drugs with other common micropollutants, have
in Southern France, where were found pharmaceuticals and?€t tptbefgi’(gge(r)Thlned. Some dru dgs (e'g"t arl:‘,'_ep'lﬁ?t'ctsh) are
other wastewater-related dominant contaminants such ad>€rsiStent. ers are ‘pseudopersistent;; while they

paracetamol, diclofenac, and carbamazeffi@ofibric acid ~ degrade in the environment at reasonable rates, they are
and diazepam were detected in treated drinking water in COntinuously being replaced by ongoing widespread'#ise.

Milan, Italy. 8 Heberer and colleagus* have reported the Some drug compounds dissolve readily in water, but about

presence of clofibric acid, propylphenazone, and diclofenac 30% have high fat solubility, which enables them to engage

in the drinking water of Berlin in the concentration range of N (e reverse-entropy process of bioaccumulation by entering
several hundreds of nanograms per liter. Berlin tap waterfeltlsdandtk:novmg li% food chains becoming more concen-
samples were found to contain clofibric acid in concentra- &€d IN (€ Process. _ _ _

tions up to 165 ng/L. A correlation was found between  Multiple unanswered questions are associated with the
clofibric acid concentrations in tap water samples with the health and environmental impacts of chronic exposures to

proportion of groundwater recharge used in drinking water low levels of multiple bioactive substances. Other recent
productior? studies have shown a combination of multiple chemicals to

have an additive effeé®%® These studies used the yeast
estrogen screen (YES), which detects the ability of chemicals
to bind to the alpha human estrogen receptor and implicates
binders as chemicals that can affect reproductive endpoints.
The investigators tested mixtures of eight such chemicals,
each at a concentration below the level of observable effects.
In combination, their effects were additive and produced a
detectable effec®

Frick detected three widely used nonprescription drugs,
caffeine, cotinine, and acetaminophenone, in samples of
potable water collected near Atlanta, GeorYjistackelberg
and colleagues identified 17 organic contaminants including
carbamazepine (0.258g/L) in the finished water of a
drinking water treatment plant using the-€E—S proces$?
Loraine and colleagues identified and quantified ibuprofen
(0.93 ug/L) and ibuprofen methyl ester (4.9&g/L) in

finished water, but DEET, clofibrate, and clofibric acid, . . )
which were present in the raw water, were not foéhd. 2. Pharmaceuticals of Environmental Concern:

Tauber detected carbamazepine and gemfibrozil in point- Their Pharmacodynamics and Pharmacokinetics

of-use drinking waters in ten cities in Canada that were (Metabolism)

examined for a 44-drug subset consisting of commonly used | our reading to understand what is known about the
neutral and acidic pharmaceuticals; sulfonamide, quinolone,impact of PIE on human health and the environment, we
tetracycline, and macrolide antibiotics; and various trans- pad to learn a great deal about the drugs themselves as neither
Institute (NWRI) and Health Canada surveyed 20 southern gng 3 summarize background material that was helpful to
Ontario drinking water facilities for nine acidic pharmaceu- ys and are intended to assist the nonspecialist reader with
ticals. They detected trace amounts of these drugs (notpackground knowledge that is key to the PIE area. Pharma-
specifically named) in the drinking water of four Canadian ¢odynamics describes the therapeutic effects of drugs, their
communities, including Montreal and Hamilton where the sjqe effects, the site and mechanisms of drug action and the
water sources from lakes, rivers, and groundwater were rg|ationship between drug concentration and effect. Sum-
contaminated with wastewater effluerits. marily stated, pharmacodynamics is the study of what a drug
Ye and colleagues detected several antibiotics from the does to the body. Pharmacokinetics involves what the body
finished water samples collected from five drinking water does to a drug, including the processes of absorption,
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Table 1. Selected Pharmaceutical Groups and Their Environmental Risk Indicators

drug examples risk indicator refs
painkillers nonsteroidal anti-inflammatory very high prescription and OTC volumes; 66
drugs (NSAIDS, e.g., ibuprofen); detected in the environment
other analgesics (e.g., acetaminophen)
antibiotics penicillins, sulfamethoxazole high volumes; 206, 210, 364

detected in the environment;
concerns over toxicity and
anti-bacterial resistance

beta blockers propranolol, metoprolol high volume; detected in the environment 17
antiepileptics carbamazepine, phenobarbital high volumes; 285

long-term prescriptions;

persistent
lipid regulators statins (e.g., atorvastatin, clofibrate) long-term prescriptions; 76, 365

commonly detected
antidepressants fluoxetine, risperidone subject of toxicity testing 366
hormones contraceptive pill, &i7ethinylestradiol most extensively studied treatments; 186, 367, 368, 369

toxicological properties;
hormone replacement;
widely detected

antihistamines loratadine, cetirizine commonly held nonprescription
medicine

. . . . . . CH;
distribution, metabolism, and elimination and how long these — el o Phasell
processes will také& HaC COH ; COH
CHz

. . O *cH
Pharmaceuticals are a large and varied class of com- °

pounds with diverse properties and applications. To facilitate Ibuprofen louprofen-OH (9%)

their study, they are often grouped according to their H
therapeutic action. Eight therapeutic groups have been HOG i€ COH
identified in our research as being particularly significant Hdwo CHy

for PIE, namely, nonsteroidal anti-inflammatory drugs, oH

- . . . .. > Conjugate (17%)
antibiotics, beta-blockers, antiepileptics, blood lipid-lowering igure 3. Ibuprofen and metabolites conjugate with glucuronic
agents,lantldepressants, hormones, and antihistamines. MorgCi d to enhance their polarity to excretion.
categories may become important as PIE research unfolds.
Various criteria have been used in the selection of the a Hoxc a
therapeutic classes and specific drugs, including the volume "< CHS/O/ __Phasen Ho% s HJO
of prescription, the toxicity, and the evidence for presence %0 on
in the environment. The environmental occurrence of a Clofibric acid Clofibric-0-b-acylglucuronide (>90%)
pharmaceutical is a function of many variables including, Figure 4. Metabolites of clofibric acid excreted by humans.
the quantity manufactured, the dosage amount and frequency,
the environmental persistence, the compound’s metabolism,necessarily, a result of phase | reactions. Many pharmaceu-
and the effectiveness of STPs in degradintp-#. Table 1 ticals are conjugated with glucuronic acid or suifate to make
summarizes risk indicators according to Bound and Voul- the whole molecules more polar, which are then readily
voulis presented with examples of pharmaceuticals within filtered through the kidneys to be eliminated from the body

the different group§? through renal excretioff.
. . Acidic pharmaceuticals, such as the anti-inflammatories
2.1. Metabolic Transformations ibuprofen and acetylsalicylic acid and the lipid regulators

APIs, which are mostly lipophilic organic molecules clofibrate metabolite clofibric acid and bezafibrate are

undergo two principal metabolic biotransformation phases Negatively charged at neutral pH, because their carboxylic

in mammals$® Phase | transformations proceed by oxidative, moieties are deprotonateq. Ibuprofgn, for example,. is first
reductive, and hydrolytic pathways, leading to the introduc- Nydroxylated and then conjugated (Figure 3). Approximately
tion of a functional group, such asOH, —SH, (>C),0 15% of ibuprofen is excreted unchanged or as its glucuronide.

(epoxide), —NH,, or —COOH, with a usually modest The remaining percentage is allocated to further metabolites
increase in hydrophilicity. Common API phase | oxidative SUch a@s hydroxy-ibuprofen, carboxy-ibuprofen, carboxy-
enzymes include the cytochrome P450 family of hemo- Nydratropic acid, and their respective conjuget¢Bigure
proteins, the flavoproteins, the flavin monooxygenases 3): Portions of which are also excreted.
(FMOs), the monoamine oxidases (MAOs), the heme- Clofibric acid, the principal and active metabolite of the
containing peroxidases such as myeloperoxidase (MPQ), anccholesterol-lowering drug clofibrate, is conjugated to clofibric-
cyclooxygenases, such as the prostaglandin synthases, COX-0-3-hydroxyglucuronide and excreted (Figure 4).
and COX-22® Many pharmaceuticals are excreted mainly as metabolites.
Phase Il conjugations involve the attachment of a generally However, phase Il metabolites are likely cleaved during
polar, readily available in vivo molecule to a susceptible sewage treatment to yield the nonmetabolized pharmaceu-
functional group to form O- and N-glucuronides, sulfates, ticals and hence may increase the relevant environmental
and acetate esters, carboximides, and glutathionyl adductsconcentrationg Examples include the natural hormongs17
all with increased hydrophilicity relative to the unconjugated estradiol (&)>"%®and 1%-ethinylestradiol (EB), the synthetic
metabolite. Reactive functional groups are often, but not steroid hormone of the contraceptive pfll.
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2.2. High Volume Drugs ¢ CHs

J? _OH - Na*
As a first approximation, the occurrence of a blockbuster ii /O/ H\@ é\fo N

drug that generates huge dollar annual sales could give an He” g H,CO
indication that relatively large quantities are entering the
environment. Unlike bulk drugs such as antibiotics and over- A B
the-counter painkillers, blockbuster drugs are often patented Ibuprofen (Advil) Naproxen (Aleve)
new drugs or a family of drugs used to treat a common illness
for which there are no effective alternatives. From 1991 fr@
2000, there were 32 blockbuster drugs launched by 15 o™ N
pharmaceutical companies. In 2006, there were more than Lo
101 drugs that had sales exceeding $1 billion per year, 35
of these had sales exceeding $2 billion, 16 surpassed the $3
billion mark, and the top selling drug, Pfizer's Lipitor,
became the first drug to have annual sales exceeding $12 Diclofenac (Voltaren)
billion.®° Several health conditions have been the target of
multiple blockbusters including cholesterol and triglyceride

lowering statins (HMG-CoA reductase inhibitors), anti- e yrine with<10% unchanged ibuprofen. Approximately
ulcerants (gastric acid production reducing and heartbum ggoy, of diclofenac is eliminated as the glucuronide and the
soothing proton pump inhibitors), antidepressants (selectivegiate conjugates of the hydroxylated metabolites in the
serotonin reuptake inhibitors or _SSRIS), and antihistamines ,rine and approximately 35% via the bile to the feces as
(histamine H1 receptor antagonists). _ conjugates of diclofenac plus metabolites.

Another indicator is the use of a pharmaceutical to treat |, 1991 two different isoforms of the enzyme cyclo-
major geriatric diseases. The prevalence of many chronic oxygenasé (COX) were discover@dCOX-1 enzymes are
conditions and diseases increases with age, as does the Usgyolved in the production of prostaglandins that protect the
_of medications deS|gned to treat them. Prescription drug usegtomach lining and play a crucial role in reducing blood
is greater among middle-aged and older adults than amongg|otiing. COX-2 enzymes create prostaglandins that trigger
younger individuals for conditions such as, arthritis, diabetes, jnflammation and contribute to pain. NSAIDs inhibit both
high bloo_d pressure, and elevated cholester_ol. In_adplition t0cOxX-1 and COX-2 enzymes. Consequently inflammation,
the cardiovascular diseases, drugs for pain relieving andpain and fever are reduced, but inhibition of COX-1 enzyme
hypoglucomia are consumed in very large quantiti#he ¢4 result in gastrointestinal ulcerogenic effects that can be
general population in the United States is growing older with life-threatening.
the +65 population increasing from 35 million in 2000 to 2.2.1.2. Coxibs (COX-2 Inhibitors; Antiarthiritics).
an anticipated 54 m|II|on in 2020, requiring the_ expanded Recognition of the two distinct cyclooxygenase (COX)
use of pharm_aceqncals used for treating chronic and acutejgaforms prompted development of newer drugs (coxibs) that
health conditions in the elderfy. _ _ selectively block the activity of COX-2, thus providing pain
_ In the following sections of the review, we introduce the yg|ief and reducing inflammation while sparing COX-1, the
individual drugs belonging to high volume use categories enzyme where NSAID interference is apparently able to
and emphasize their therapeutic uses that are so valuable fog5,se ulceré® The blockbuster drugs rofecoxib (Vioxx),
human health maintenance. Information on the different cejecoxib (Celebrex), and valdecoxib (Bextra; Figure 6) are
pharmaceuticals and the related pharmacological informationse|ective COX-2 inhibitors that have been popular arthritis
have been obtained from various sources, but we have re“eddrugs. The sulfonamidophenyl structural group is a key
significantly on the Merck Manual of Medical Informatin  teature of these compounds that bind in a side-pocket of the
and the Internet drug indéxWe also indicate where drugs  enzyme's active site formed by conformational change. These
have been withdrawn from the market over toxicity concems, gygs were/are marketed as safer alternatives to the general
because these incidents emphasize that toxicity surprisescoX inhibitors and traditional pain relievers and took over
hgppen from time to time when carefully executed clinical 4q04 of the market share from the first year of inception.
trials have been conducted. However, Vioxx, which had sales of $2.55 billion in 2003,
A - was withdrawn from the market in September 2004 because
2.2.1. Analgesic—Antipyretic Agents of cardiovascular side effects.

2.2.1.1. Nonsteroidal Anti-inflammatory Drugs Celecoxib, which ended up with sales of $3.3 billion in
(NSAIDs). NSAIDs are a class of pain relievers that work 20047° has also been reported to pose significant risks of
by blocking cyclooxygenase (COX) enzymes, which catalyze heart attacks in cancer patients. Celecoxib, a diaryl-
the synthesis of different prostaglandins from arachidonic substituted pyrazole with a sulfonamide moiety, is excreted
acid®® Among the traditional NSAIDs, the most widely used primarily as its carboxylic acid metabolite in the feces
are ibuprofen and naproxen (Figure 5) in the U.S. and

diclofenac in Europé&* Ibuprofen is also one of the top-ten HeC
drugs sold worldwide. Although it has been shown that only O 0 _ O .
e =N

Figure 5. Nonsteroidal anti-inflammatory drugs (NSAIDs).

the S enantiomer has the desired biological activity, it is I »

currently sold as the racemate. Diclofenac has been reported O O/ N {

to partially degrade in artificial river biofilm& Diclofenac, M M HAN Q o

ibuprofen, and metabolites have been detected in surface ™o L o

waters® A B c
Ibuprofen is metabolized through oxidation and glucuronic Refecobix (Vioxx) Celecobix (Celebrex)  Valdecobix (Bextra)

acid conjugation of the inactive metabolites and excreted in Figure 6. COX-2 inhibitors.
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(~57%) and urine {27%) with low amounts of the
glucuronide appearing in the urine, both metabolites being
inactive as COX-1 or COX-2 inhibitor&.

Another variant of cyclooxygenase enzyme named COX-3
was discovered in 2002. It plays a role in the alleviation of
pain and possibly fever, but unlike COX-1 and COX-2, it
appears to have no role in inflammatiGnAspirin and
acetaminophen, the two major drugs often distinguished from
the NSAIDs, are known to be reversible active site inhibi-
tors8” Acetaminophen or paracetamol (Tylenol), the most
widely used over-the-counter common pain reliever, inhibits
COX-3, but it has little effect on the other two COX

enzymes. Acetaminophen has been identified as one of the
most frequently detected anthropogenic compounds in a

survey of 139 streams in the United Statkf.is excreted
as labile sulfate and glucuronide conjugates.

2.2.2. Cardiovascular Drugs

Chronic cardiovascular disease represents a huge propor-

tion of human illness (30% of projected total worldwide
deaths in 2005). It has led to the world’s largest therapeutic
drug sector with annual sales of about $70 billion (IMS
Health report 2006).

2.2.2.1. Cholesterol and Triglyceride ReducersLipid
abnormalities are among the key risk factors for cardio-

Khetan and Collins

Hac™

Mevacor (Lovastatin) Pravachol (Pravastatin)

Merck - 1987 Bristol-Myers Sqibb - 1991

Zocor (Simvastatin)

Merck - 1992
Figure 8. Natural statins, Merck’s Mevacor and Zocor and Bristol
Myer’s Pravachol, are all produced in fermentation by fungal
microorganismg?8

vascular disease. It has been shown that interventions that

lower low-density lipoprotein (LDL) cholesterol concentra-
tions can significantly reduce the incidence of coronary heart
disease (CHD) and other major vascular events in a wide
range of individuals. In the decade 1998005, the rate of
cholesterol-lowering drugs prescribed by physicians to men
in the 55-64 years age group almost tripléd.

2.2.2.1.1. FibratesFibric acid derivatives are a class of
drugs that has been shown to inhibit the production of very
low-density lipoprotein (VLDL) and reduce levels of plasma
triglycerides. Many analogues of clofibrate, such as gemfi-

brozil and fenofibrate, have been developed and marketed

in the U.S.

Gemfibrozil (GEM; Figure 7B) is oxidized in the liver to
four main metabolites including formation of hydroxymethyl-
and carboxyl-GEM by oxidation of the ring methyl gro(fp.
Fenofibrate is hydrolyzed to fenofibric acid, subsequently
undergoing carbonyl reduction to result in reduced fenofibric
acid. Both fenofibrate and reduced fenofibric acid are active
pharmacologically* Gemfibrozil was detected in 4% of
monitored stream&. Unmodified GEM is reported at con-
centrations as high as 2ug/L in treated wastewaters and
0.5 ug/L in surface waters. Reports on the amount of

CH,
al
HaC CHa
C2Hs0.
Hs

HsC” CH,
A B
Clofibrate (Atromid-S) Gemfibrozil (Lopid)

Parke-Davis

Fenofibrate (Tricor)

Figure 7. The fibrates available in the United States.

unmodified GEM excreted in human urine range widely from
5% to 70%7+75

Clofibric acid, the main metabolite of clofibrate, is one
of the most frequently detected chemicals in environmental
monitoring of pharmaceuticals. It has been found in waste-
waters, surface waters, groundwater, and seawatéit.has
been found in a groundwater reservoir being tapped for
Phoenix’s drinking watef! having arrived there in treated
sewage water that is used by the city to replenish the aquifer.
Clofibric acid is regarded as one of the most persistent drug
residues with an estimated persistence in the environment
of 21 yearg876

2.2.2.1.2. StatinsThe statins are a class of lipid-lowering
drugs that primarily lower plasma levels of low-density
lipoprotein (LDL) cholesterol and triglycerides to consider-
ably reduce the risk of cardiovascular events. All statin drugs
inhibit the enzyme 3-hydroxy-3-methylglutaryl-coenzymeA
(HMG-CoA) reductase, a key enzyme in the biosynthesis
of cholesterol. HMG-CoA reductase catalyzes the conversion
of hydroxymethylglutaryl-CoA to mevalonic acid, an early
rate-limiting step in cholesterol biosynthesis. When this
enzyme is blocked, the liver manufactures less cholesterol
and blood cholesterol levels fall. As cholesterol production
falls, the liver takes up more cholesterol from the blood, so
levels drop even further. Statins increase levels of high-
density lipoprotein (HDL), or so-called “good cholesterol”.
The normal treatment regimen for these drugs involves daily
intake over a period of many years and this heightens the
potential for PIE problems.

Statins were introduced clinically for their hypolipidemic
effects (or ability to promote the reduction of lipid concen-
trations in the serum) with the launch in 1987 of lovastatin
(Mevacor; Merck). This was followed in 1991 by simvastatin
(Zocor) and pravastatin (Pravachol), in 1993 by fluvastatin
(Lescol), in 1996 by atorvastatin (Lipitor), and in 2003 by
rosuvastatin (Crestor§. There are three natural statins
(lovastatin, pravastatin, and simvastatin), which are products
of fungal fermentation, that contain decalin rings (Figure 8).
The other three statins (fluvastatin, atorvastatin, and rosuva-
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d effluent and surface water near the point of sewage discharge
O into the Little River in Ontario, Canad&.
| o Atorvastatin and simvastatin were the world’s no. 1 and
K no. 5 drugs in 2005, with annual global sales of $12.9 billion
SR e gl (U.S sales $7.4 billion) and $5.3 billion, respectivély.
A Global sales of AstraZeneca’s Crestor in 2005 are reported
Fluvastatin (Lescol) to be $1.3 billior?*
2.2.2.2. Vasodilators: Antihypertensives2.2.2.2.1. An-
giotensin-Comerting Enzyme (ACE) Inhibitord.he angio-
tensin-converting enzyme inhibitors (ACE inhibitors) lower
blood pressure causing blood vessels to dilate by effectively
blocking the conversion of angiotensin | to angiotensin II.
3H0 Currently, there are 11 ACE inhibitors available for clinical
use in the United States, including enalapril (Figure 10A)
and quinapril (Figure 10B), which are used to treat hyperten-
B sion (high blood pressure) and congestive heart failure.
Following absorption, both enalapril and quinapril are
deesterified to their major active metabolites, enalaprilat and
Pfizer -1997 quinaprilat, respectively. Enalapril, which has an oral bio-
availability of about 60%, is nearly all eliminated via the
kidneys either intact or as enalaprilat. Quinaprilat is 3-fold
more potent than the parent compound, and it is eliminated
primarily by renal excretion (up to 969%).

Novartis -1994

Atorvastatin (Lipitor)

oy

o
N
CoH5O" \/J\N
L e CHy o H
HoOC' N
C N Y\/
Hy  CO,CoHs

Rosuvastatin (Crestor) "COH

Astra Zeneca - 2003

. . . . A B
Figure 9. Synthetic cholesterol-lowering statifis. Enalapril (Vasotec) Quinapril (Accupril)
statin) are synthetic APIs that contain aromatic rings (Figure 73(:0H Ve
9). The potency of rosuvastatin, advertised as “superstatin”, Hsc\/\AN ¢
is more than twice that of atorvastatin. It has also been found \_Q
to reverse atherosclerosis, a form of arteriosclerosis charac- o

terized by the deposition of atheromatous plagues containing
cholesterol and lipids on the innermost layer of the walls of
large and medium-sized arteries. Lovastatin, simvastatin, an

Losartan (Cozaar)
dFigure 10. Anti-hypertensive ACE-inhibitor and ACE-blocker

atorvastatin are fat soluble, while fluvastatin, rosuvastain, drugs.
and pravastatin are water-soluble compoufids. 2.2.2.2.2. Angiotensin Il Blockerd.osartan (Cozaar;
Atorvastatin is extensively metabolizeddgho- andpara- Merck; Figure 10C) is the first of a new class of blood

hydroxylated derivatives as well as a glucuronide conjugate pressure medications called angiotensin Il receptor blockers
of ortho-hydroxy atorvastatif? The in vitro inhibition by (ARB). It is also marketed under the name Hyzaar, as a
the hydroxylated derivatives of HMG-CoA reductase is combination drug with hydrochlorothiazide, a low-dose
equivalent to that of atorvastatin. A biotransformation djuretic. Other drugs in this class are irbesartan (Avapro;
pathway reported for all statins ig-oxidation of the  not shown) and valsartan (Diovan; not shown). All three
dihydroxy heptanoic or heptanoic acid side chain, a structural drugs block angiotensin I, a chemical that causes the arteries
feature found in all statins. Metabolites shortened by two- and veins to narrow, from attaching to the arteries and veins.
or four-carbon units to the pentanoic derivatives or propanoic As a result, the arteries and veins dilate, reducing blood
derivatives, respectively, have been observed in vivo for pressure. Valsartan (Diovan; Novartis) sales are reported to
atorvastatin and pravastatin (both contain the same dihydroxyhave crossed $4 billion in 20386.
heptanoic side chain) and analogous metabolites have been |n case of enalapril, approximately 94% of the dose is
found in animals and humans for cerivastatin and fluvastatin. recovered in the urine and feces as enalaprilat, a deesterified
These metabolites have been referred tofasxidation active metabolite (40%), with the remainder as intact
products because they resemble those observed in thenalapril. Similarly, 38% of the quinalapril dose is deesteri-
B-oxidation of fatty acids that are characterized by stepwise fied to the active metabolite, quinaprilat, which is eliminated
oxidation of the carbon chain at two carbons for each primarily by renal excretion. Losartan is converted in part
cycle®®8In clinical trials and postmarketing surveillance, to an active carboxylic acid metabolite. When losartan is
the two statins fluvastatin and pravastatin have been foundadministered orally, about 4% of the dose is excreted
not to be metabolized by the cytochrome P450 3A4 system. unchanged in the urine and about 6% is excreted in the urine
Just about 2% of the dose of atorvastatin is recovered inas active metabolit.
urine following oral administration. Detection of atorvastatin ~ 2.2.2.3. Beta BlockersOne of the most important groups
has been reported in samples of sewage treatment plant (STP)f prescription drugs is the beta blockers. Beta blockers slow
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Figure 11. Heart's adrenaline-responsive beta-receptor blocker
drugs.

the heart rate and check excessive heart stimulation, thu
playing a significant role in the therapy of cardiovascular

diseases. These drugs work on the heart and circulatory

system to lower hypertension, relieve angina (chest pain),
correct arrhythmias (irregular heartbeats), and, in heart attac
patients, help prevent additional heart attacks.

Some beta blockers, such as propranolol (Figure 11), cross

the blood-brain barrier particularly well. Propranolol is

extensively metabolized and less than 10% is excreted as

the parent drug, mostly in the feces. The net elimination of
propranolol is largely due to oxidative metabolism via side
chain oxidation (41%) and aromatic ring oxidation (42%).
About 90% of propranolol, converted to 12 metabolites, was
recovered in the urin&. The dominant metabolites are
4-hydroxypropranolol and naphthoxylactic acid. In the case
of metoprolol,<5% of an oral dose is recovered unchanged
in the urine. The remainder is excreted via the kidneys as
metabolites that do not have any clinical significance. In
contrast, the hydrophilic atenolol is hardly biotransformed
and almost equal fractions of the parent compound are

excreted via the feces and the urine. The hydroxylated and

conjugated metabolites make up less than 10%.

Beta blockers are not highly persistent, but as a conse-

guence of their high volume of usage, they are likely to have

a constant presence in the aquatic environment, that is, to
be pseudopersistent. Several beta blockers have been ident

fied in wastewater, surface water, and groundw#t&#e°
2.2.2.4. Calcium Channel Blockers. Amlodipine

(Norvasc; Figure 12) is a long-acting calcium channel blocker

drug, which relaxes artery muscles and dilates coronary
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Figure 12. Calcium channel blocker drugs.
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arteries and other arteries of the body. It is used to treat high
blood pressure and angina. The latter arises when the heart
does not get enough blood to the body. Amlodipine is
extensively (90%) converted to inactive metabolites with
10% of the intact amlodipine and 60% of the metabolites
excreted in the urine. Norvasc was the sixth largest selling
drug worldwide in 2004 and 2005 and generated revenues
of $4.8 and $5.0 billion, respectively.

Diltiazem (Cardizem) is another drug in this class, which
is metabolized to desacetyldiltiazem, manifesting-36%
of the activity of diltiazem, and which is excreted through
both the bile and urine. Diltiazem was detected in raw
drinking water samples in the Chattahoochee River watershed
in Metropolitan Atlanta in the U.% It is considered to be
a pharmaceutical of environmental concern because of its
relative persistence<(60% removal in STPY and high
aquatic toxicity (LGo = 8.2 mg/L) for Daphnia magn&*

2.2.2.5. Antiplatelet Clustering Drug (Stroke Prevention
Drug). Plavix (clopidogrel; Figure 13) prevents blood
platelets from clustering and avoids excessive blood clotting
to reduce the risk of stroke or heart attack. It is an inactive

Jrodrug, which requires activation by cytochrome P450 to

a metabolite that inhibits adenosine diphosphate (ADP)-
induced platelet aggregation. However, only a small propor-
tion of administered clopidogrel is metabolized by P450,

while the majority is hydrolyzed to an inactive carboxylic

acid derivative.
o)

1)
S Cl

°H,S0,
Figure 13. Clopidogrel (Plavix) from Bristol-Myers Squibb, 1997.

OCH,

Clopidogrel’'s carboxylic acid and glucuronide derivatives
are observed in plasma and urine. Plavix was the second
largest selling drug worldwide in 2005 generating revenues
of $5.9 billion&

2.2.3. CNS Drugs

Drugs that affect the CNS can selectively relieve pain and
reduce fever and can be used to treat anxiety, depression,
mania, or schizophrenf&:%3

2.2.3.1. Antidepressants and Mood StabilizerDepres-
sive disorders are a leading cause of disability in the United
States, with about 9.5% of the population affected in a given
&7ear?4'95 By 2020, depression is expected to be the second
leading cause of worldwide health care morbidftyThe
pathophysiology of depression is complex and has not been
definitively characterize® Several theories on the cause
involve biological amines such as norepinephrine, serotonin,
and dopamine. One such theory is known as the “permissive
amine hypothesis” and states that decreased levels of
serotonin lead to depression. Another theory involves changes
in the amine receptors on a chronic b&sis.

2.2.3.1.1. Seleate Serotonin Reuptake Inhibitors (SSRIs).
SSRIs are the most commonly used class of antidepressants
for treating depression, anxiety, panic disorder, obsessive-
compulsive disorder, eating disorders, and social phobia. Low
levels of the neurotransmitter serotonin (5-hydroxytryptamine)
can cause clinical depression. SSRIs block the function of
the serotonin transporter on cell membranes leading to
elevated levels of serotonin. Transmission by serotonergic
neurons is increased. The three well-established SSRIs,
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Figure 14. Selective serotonin reuptake inhibitors introduced in
the mid-1980s.

Forest Laboratories, 2002

fluoxetine, Prozac (Figure 14A); paroxetine, Paxil (Figure
14B); and sertraline, Zoloft (Figure 14C), are similar in

efficacy and safety, although Paxil has more extensive
indicators on its label and Prozac has more convenience in

a weekly dosage forrif. Prozac, Zoloft, Paxil, and Celexa
(Figure 14E, a recemic mixture) have been found in low
concentrations in surface water, particularly wastewter.

In 1997, antidepressants led by Prozac held three spots in
the top-ten best-selling U.S. drugs list, and Prozac was the
second highest-selling drug of any kind in the United States.
Prozac is known to transform a patient from a state of sadness

and agitation to one of calm and tranquility, albeit with a
diminished intellectual passion and reduced sex dfive.
Fluoxetine (Prozac) is extensively metabolized in the liver

Chemical Reviews, 2007, Vol. 107, No. 6 2331

desmethylcitalopram §-DCT) and §)-didesmethyl-citalo-
pram (§-DDCT). These metabolites are reported to be
pharmacologically far less active than the parent compound,
suggesting that the metabolites do not contribute significantly
to the antidepressant actions of escitalopt&nilimination
of metabolites occurs primarily in the urine witk10%
unchanged parent compoutdFor escitalopram, the fraction
of unchanged drug an®y-DCT recovered in the urine are
about 8% and 10%, respectively.

2.2.3.1.2. Seleate Serotonin and Norepinephrine
Reuptake Inhibitors (SSNRI&)yeth-Ayerst’s venlafaxine
(Effexor; Figure 15A) became the first agent in a category
of antidepressants known as the SSNRIs. It is a phenethyl-
amine derivative, chemically unrelated to tricyclic, tetra-
cyclic, or other available antidepressant agents. It is thought
to work by inhibiting the reuptake both of serotonin and
norpinephrine, two chemicals for which imbalance in the
brain is linked to depression. It is extensively metabolized
in the liver by O-demethylation. The O-desmethyl metabolite
is active but is conjugated with glucuronic acid and excreted.
Effexor was the 10th largest selling drug worldwide in 2005
yielding a revenue of $3.8 hilliof? Eli Lilly's duloxetine
HCI (Cymbalta; Figure 15B), approved by the FDA in 2004
for the treatment of major depressive disorders, is a new
addition to the SSNRIs. It appears to exhibit a greater balance
in the relative reuptake inhibition of serotonin and nor-
epinephrine.

SHCI

NH\CH:'

C

Duloxetine HCI (Cymbalta)

N(CHs),

Feuer

A
Venlafaxine (Effexor)

O

(o]
Bupropion (Wellbutrin)

CHy
CH3

to norfluoxetine, an N'demethylated metabolite, and other Figure 15. The newer SSNRI class of antidepressants.

unidentified metabolites. Norfluoxetine is also a serotonin
reuptake inhibitor with its pharmacological activity being
similar to that of the parent drug. Norfluoxetine contributes
to the long duration of action of fluoxetine. Fluoxetine was
detected in STP effluent samples in Carfddand in U.S.
streams?
The principle initial pathway of sertraline (Zoloft) me-

tabolism is N-demethylation to N-desmethylsertraline, which
shows negligible pharmacological activity. Both sertraline

Bupropion (Wellbutrin; Figure 15C) is unrelated to other
antidepressants and is unique in that it works by inhibiting
the reuptake of norepinephrine and dopamine. It has no
clinically significant impact on serotonin uptake. It has at
least three active metabolites; hydroxybupropion, threo-
hydrobupropion, and erythrohydrobupropion. These active
metabolites are further metabolized to inactive metabolites
and eliminated through excretion in the urine. The U.S.

and N-desmethylsertraline undergo oxidative deamination revenue for Wellbutrin in 2005 was $1.48 billié#.
and subsequent reduction, hydroxylation, and glucuronide 2.2.3.2. Antipsychotic Drugs.Schizophrenia is a major

conjugation. Biliary excretion of metabolites is significaMt.

health problem worldwide. Antipsychotic drugs such as

Similarly, the majority of paroxetine (Paxil) appears to be olanzapine (Figure 16A), quetiapine (Figure 16B), risperi-
oxidized to a catechol intermediate, which is converted to done (Figure 16C), and aripiprazole (Figure 16D) represent
highly polar glucuronide and sulfate metabolites through a new generation of drugs prescribed for schizophrenia and

methylation and conjugation reactions.
The newest of antidepressants,

delusional disorders. These drugs work by regulating sero-

introduced by Foresttonin and dopamine levels in the brain. Olanzapine was the

Laboratories in 2002, is named escitalopram (Lexapro; Figure world’s seventh largest selling drug in 2005 with a revenue

14E). Itis the active9-isomer of citalopram (Celexa, 1998),
a racemic mixture of §- and R)-enantiomers. TheR)-
isomer is totally inactive. Escitalopram is metabolized3p (

of $4.7 billion® Risperidone (Risperdal) was the eighth
largest selling drug with global sales of $4.0 billion, while
guetiapine (Seroquel) and aripiprazole (Abilify) are also
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Figure 16. Antipsychotic drugs for schizophrenia and delusional
disorders.

blockbuster drugs with U.S. 2005 sales of $2.6 and $1.54
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Figure 17. Antihistamine compounds.

balance study for cetirizine indicated that 70% of the
administered radioactivity was recovered in the urine and
10% in the feces. Approximately 50% of the radioactivity
was identified in the urine as unchanged drug. Cetirizine is
metabolized to a limited extent by oxidative O-dealkylation
to a metabolite with negligible antihistaminic activity.
Metabolic studies of loratadine have demonstrated that this
drug is rapidly absorbed and undergoes extensive first-pass
metabolic transformation by human liver cytochrome P450
enzymes to descarboethoxyloratadine, which has2tines

billion, respectively?® Paliperidone (Invega), a 9-hydroxy more pharmacological potency than its parent drug. Schering-
derivative of risperidone developed by Janssen PharmaceuPlough patented this active metabolite and launched it as an
tica, is expected to be another blockbuster drug in this éfass. OTC drug, Clarinex, at the end of 2002.

All the discussed schizophrenia drugs extensively me- 2.2.3.4. Gastrointestinal (Heartburn) Drugs.2.2.3.4.1.
tabolize in the liver. Following a single oral dose ¥€- Acid-Reducing Drugs: Histamine (H2) Blockefsmtagonists
labeled olanzapine and quetiapine, 7% and 1%, respectively for H2 histamine receptors, such as cimetidine (Figure 18A),
of the individual doses were recovered unchanged in the ranitidine (Figure 18B) and nizatidine (Figure 18C), relieve
urine. Quetiapine’s major metabolites are pharmacologically symptoms and promote ulcer healing by reducing the
inactive sulfoxide and carboxylic acid derivatives, and production of stomach acid. They are commonly used in the
olanzapine’s major metabolites are inactive glucuronide and
des-methyl products. On the other hand, hydroxyrisperidone ao ?Hs
and dehydro-aripiprazole, the main metabolites of risperidone NN ”3°,M\®A

4 \( HsC oHCI

and aripiprazole, had pharmacological activities similar to < I\ J K{
the parent compounds Less than 1% of unchanged aripipra- # e
zole was excreted in the urine. Approximately 18% of the
oral dose was recovered unchanged in the feces. A B

2.2.3.3. Antiallergic Drugs. 2.2.3.3.1. Antihistamines
(Histamine H1 Receptor Antagonist&ntihistamines com-
prise a broad class of pharmacologic agents that are used irglaxoSmithKline - 1977
the treatment of patients with allergic disorders. The primary
action of the drugs is to block histamine H1 at the receptor
site. The newer piperidine group of antihistamines, such as
fexofenadine (Figure 17A), cetirizine (Figure 17B), and
loratadine (Figure 17C), are peripherally selective H1-
receptor antagonists that eliminate many adverse effects of
the older drugs.

Human mass balance studies have documented a recovery
of approximately 80% and 11% of*4C-labeled fexofenadine
hydrochloride dose in the feces and urine, respectitfély.
Approximately 5% of the total dose was metabolized. A mass Figure 18.

Cimetidine (Tagamet) Ranitidine (Zantac)

GlaxoSmithKline — 1981

PN
St anes
C

Nizatidine (Axid)

Eli Lilly — 1987
Histamine H-blockers.
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Figure 19. Proton-pump inhibitors (PPIs).
NH,
treatment of peptic ulcer and gastroesophageal reflux disease. c
Ranitidine, developed in 1981 by what is now GlaxoSmith- Gabapentin (Neurontin)

Kline, was the largest selling prescription drug by 1988.
Cimetidine and ranitidine have been regularly detected in
U.S stream&! Proton pump inhibitors such as omeprazole
(Figure 19A) have now largely superseded these antacids.
2.2.3.4.2. Proton-Pump Inhibitors (PPIsproton-pump
inhibitor drugs consist of substituted benzimidazoles that
inhibit gastric acid secretion by blocking the' Ki*-ATPase
in the proton pump. Because the proton pump is the final
pathway for secretion of hydrochloric acid by the parietal
cells in the stomach, its inhibition dramatically decreases the
secretion of hydrochloric acid into the stomach and alters
gastric pH.

The three FDA approved drugs in this class include
omeprazole (Prilosec; Figure 19A), lansoprazole (Prevacid;
Figure 19B), and esomeprazole (Nexium, 2001; Figure 19A,
(9-isomer). Esomeprazole is a sing®-{somer version of
the older drug Prilosec (omeprazol&).Prilosec was con-
ceptually a new pharmaceutical that became the world’s best
selling drug in the late 1990s with sales of about $6 billion . X 10 o
a year. Esomeprezole has been found to be significantly Marker of anthropogenic urban contaminatiéh’® Simi-

superior in terms of higher bioavailability and became the 'arly, gabapentin is not appreciably metabolized in humans;
third highest selling drug in 2005 with $5.7 billion global 75—80% of an oral dose is recovered unchanged in the urine

sales®® Lansoprazole, a 2,2,2-trifluoroethoxy derivative, was 2nd 10-20% in the feces.
ninth in global sales in 2005 with revenues of $4.0 billion. .
Pantoprazole generated U.S. sales of $2.38 hillion in 2805. 2.2.4. Cyrostatics: Cancer Drugs

Esomeprazole is excretedl% unchanged and80% as Cancer is a chronic disease that represents a huge
inactive metabolites in the urine. The remainder is found as proportion of human iliness (13% of projected total world-
inactive metabolites in the feces. Virtually no unchanged wide deaths in 2005). Bristol Myers’ carboplatin (Paraplatin)
lansoprazole was excreted in the urine. A single oral doseis a major cancer drug that is offered for chemotherapy to
of C-lansoprazole resulted in approximately one-third of patients with advanced lung cancer. It is one of the few
the radiation excreted in the urine and two-thirds in the feces, coordination compound drugs, diammineplatin@®'-[(1-
implying a significant biliary excretion of the metabolites. cyclobutane-dicarboxylate)] (Figure 21).
Similarly, administration of*“C-pantoprazole resulted in

Pfizer — 2002
Figure 20. Antiepileptic drugs.

About 3% carbamazepine is excreted unchanged. Thus,
at a daily dosage of 1200 mg, a single patient excretes at
least 36 mg of carbamazepine into the environment every
day1% Carbamazepine is predominantly metabolized into
carbamazepine-10,11-epoxide, which also has strong anti-
convulsant properties. The remainder comprises hydroxylated
and conjugated metabolites, such as 10,11-dihydro-10,11-
dihydroxycarbamazepine. Carbamazepine and its metabolites
have been detected most frequently in wastewaters and in
groundwater and have been found to occur ubiquitously in
rivers in the U.S.A., Canada, and Germafy°7

Carbamazepine has a mean 50% dissipation timedDT
of 82 + 11 days under semifield conditions, making it one
of the most persistent pharmaceuticals detected in the
environment® For this reason, it has been proposed as a

approximately 71% of the dose excretion in the urine and 0, o NHq
18% in the feces through biliary excretion. %, S

2.2.3.5. Antiepileptics Antiepileptics and anticonvulsants Ptg*\
such as carbamazepine (Tegretol; Figure 20A) and o-/ NH;
gabapentin (Neurontin; Figure 20C) are CNS drugs that help o

to quiet the abnormal firings of nerves in the brain and central Figure 21. Cancer drug Carboplatin (Paraplatin), Bristol Myers.
nervous system. Carbamazepine acts by blocking voltage-

dependent sodium channels of excitatory neurons and gaba- Carboplatin produces predominantly interstrand DNA
pentin is a GABA analog that binds to an auxiliary protein cross-links, rather than DNAprotein cross-links, causing
of voltage-gated calcium channels and, as a result, modulatesesions and biological effects. It is not bound to plasma
the action of calcium channels and neurotransmitter release proteins. However, platinum from carboplatin becomes
Gabapentin is approved for treatment of neuropathic pain. irreversibly bound to plasma proteins and is slowly elimi-
Novartis came up with an oxo-analog of carbamazepine in nated with a minimum half-life of 5 days. The major route
2000, a second level improved drug Trileptal (Figure 20B). of carboplatin elimination is through renal excretion. Patients
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excrete about 71% of the dose within 24 h, and the platinum Hoy " S

in 24 h urine is present as carboplati. Homk eictos eicH,
2.2.4.1. Protein Kinase Inhibitors. Imatinib (Gleevac; HO

Figure 22A) is a new type of cancer drug called a signal "

transduction inhibitor, which acts by turning off an enzyme, A B

tyrosine kinase inhibitor, that causes cells to become cancer- Salbutamol (Ventolin) Bricanyl (Metformin)

ous and multiply. It has proven to be effective in fighting a

form of leukemia called chronic myeloid leukemia (CML),

a rare slowly progressing cancer of the blood and the bone

marrow. The bone marrow produces an excessive number A/\C

of abnormal (leukemic) white blood cells that suppress the OONat

production of normal white blood cells, which act to protect

the body against infection. Imatinib is largely eliminated as

metabolites, the main metabolite an N-demethylated piper-

azine derivative being also active; only 25% is eliminated

GlaxoSmithKline Astra Zeneca
Figure 23. Bronchodilator drugs for asthma.

unchanged. Gleevac sales in 2005 are reported to have A
reached $2.2 billior!? Montelukast (Singulair)
N Merck - 1999
COSCH,|
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Imatinib (Gleevec) Ho Sameterol m
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Fluticasone + Salmeterol (Advair * or Seretide ')
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OCH . . . .
K ¢ Figure 24. Leukotriene blockers and combination asthma drugs.
AN O/\/\N\/\ . )
N N N air tubes. Salbutamol (known as albuterol in the U.S.) and
H bricanyl (Figure 23) have been detected in sewage in several
. cases’
B A new class of asthma medicines called leukotriene
Gefitinib (Iressa) blockers, of which Singulair (montelukast) is the key
AstraZeneca - 2003 member, work by blocking leukotrienes involved in the

inflammatory process associated with asthma. In 2003,
worldwide sales of Singulair (Figure 24A) touched $2.2
o ) ) billion. Accolate (not shown) is another drug in this class.

Gefitinib (Iressa; Figure 22B) blocks growth signals caused The inhaled combination asthma drug Advair consists of the
by tyrosine kinase present in lung cancer cells, as well s grigated synthetic corticosteroid fluticasone and the long-
other cancers and normal tissues, which appears 10 be,cting bronchodilator salmetrol (Figure 24B). Advair was
important to the growth of cancer cells. However, recently e fourth largest selling drug worldwide in 2005 with a
it has been found that only for 10% of patients on Iressa did (ayenue of $5.6 billior§® Another combination drug, Sym-

lung tumors shrink rapidly. The FDA barred its sale to new pincort by AstraZeneca, consists of the corticosteroid budes-
patients for lack of efficacy. Gefitinib excretion occurs gnide and the brochodialator formoterol.

predominantly via the feces (86%), and metabolites account

Figure 22. Anticancer protein-kinase inhibitor drugs.

for less than 4% of the administered do§eDesmethyl- 2.2.6. Endocrinology Treatments
gefitinib was the only active metabolite with activity similar o ] . ]
to gefitinib. 2.2.6.1. Antidiabetics. The hallmark of diabetes is an

abnormally high level of glucose in the blood, a condition
"known as hyperglycemia. An injection of insulin helps keep
the glucose in check by preparing cells to admit sugar. In a
healthy body, the pancreas normally secretes as much insulin
as needed to keep the blood sugar level steady. In diabetic
patients, the pancreas produces little or no insulin (type 1)
2.2.5.1. Asthma Drugs: Lucasts (Leukotriene Receptor ~ or the body does not adequately respond to insulin (type 2).
Antagonists). In 2003, it was estimated that 20 million The antihyperglycemic drugs for type 2 diabetes in-
Americans had chronic asthma. The largest group amongclude sulfonylureas, such as glyburide (Figure 25A), and
the inhaled asthma drugs is the bronchodilators, which openthiazolidinediones or TZDs (insulin sensitizers), such as
up the airways of the lungs by relaxing the muscles in the rosiglitazone (Figure 25B) and pioglitazone (Figure 25D).

Several other drugs approved in this class include Avastin
Herceptin, and Erbitux (monoclonal antibodies), geldana-
mycins, and flavopitidol3!?

2.2.5. Respiratory Drugs
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Figure 26. Oral contraceptives and hormone substitutes. Estriol

Y C/\C'L/\ m and estrone are oxidative degradation products of estradiol.
T
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of considerable concefd® Oral contraceptives contain
typically 20—40ug of 17o-ethinylestradiol, which has been
found to be approximately +127 times more potent than
the female sex hormone g-+stradiol by in vivo tests.

) o ) ) Ethinylestradiol is excreted in urine as free K& as a
Figure 25. Antidiabetic drugs for type 2 diabetes. glucuronide-EE conjugate and is usually found to undergo
little degradation in wastewater treatment facilities. Bacterial
deconjugation of & and EE-glucuronides during waste
treatment releases free; Bnd ER, increasing free EE
concentration$!® Thus, estrogenic pharmaceutical products

hydroxy and 3cis-hydroxy derivatives, in the bile and urine, M& significantly contribute to the total estrogenic load from

approximately 50% by each route. These metabolites areNUmans in the environme#t.
thought to contribute no significant hypoglycemic action  2.2.6.2.2. Cattle Growth Hormone&quatic effects from
since they are only weakly active in rabbits, 1/400th and animal medicinal products are now also coming to light
1/40th, respectively, compared with glyburide. following recent environmental studies involving cattle
Rosiglitazone is extensively metabolized with no un- growth hormones!®We regard the issues to be so important
changed drug excreted in the urine. The major metabolitesthat we have added this brief animal section. These anabolic
were formed from N-demethylation and hydroxylation, steroids are widely used in the United States (although
followed by conjugation with sulfate and glucuronic acid, banned in Europe) to promote weight gain in beef cattle.
all considerably less potent than the parent compound.Female fathead minnows taken downstream from several
Pioglitazone was recovered in £30% of the oral dose in ~ Nebraska feedlot effluent outlets were found to have male
urine, while renal elimination primarily contained metabo- characteristics; the male minnows were found to have
lites, hydroxy and keto derivatives, and their conjugates. abnormally small testes and certain female characteridfics.
Metformin is excreted unchanged in the urine and does not Water from the same locations produced androgenic effects
undergo hepatic metabolism (no metabolites have beensimilar to male sex hormones by in vitro assays. One specific
identified in humans) nor biliary excretion. Approximately growth promoter, trenbolone acetate (Figure 27), the andro-
90% of the absorbed drug is eliminated via the renal route. gen receptor agonist, has been shown by laboratory tests to
2.2.6.2. Steroid Hormones2.2.6.2.1. Qulation Inhibitors affect the reproductive endocrine functions of fathead min-
(Estrogen Agonist)Synthetic analogs of Brestradiol (1é- nows in several ways. These effects occurred at water
ethinylestradiol, EE(Figure 26D), mestranol (Figure 26E), concentrations as low as 0.@g/L, or 30 ppt}2°
and 19-norethisterone (Figure 26F)) opi&stradiol (Figure
26A) itself are primarily used as oral contraceptives and for CH, PCOCH;
substitution therapy during menopause. Low levels are being
found of natural and synthetic steroid estrogens in the aquatic
environment, such as f7estradiol and its more persistent
oxidation product estrone, and the synthetic oral contracep-
tives. The biological effects on aquatic organisms have issuesFigure 27. Trenbolone acetate.

D
Pioglitazone (Actos)

Takeda/ Eli Lilly - 1999

Biguanides are another antidiabetic drug class for treatment

of type 2 diabetes. Metformin (Figure 25C) of this class,

approved in 1994, has been detected in streamwater sahples.
Glyburide is excreted as metabolites, mainlytrdns
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2.2.7. Antimicrobials NH, .
\ 3

2.2.7.1. Antibiotics.About 23 000 tons of antibiotics are Nj‘l\
H, N/ CH,

produced in the U.S. each year, of which about 40% are fed
to livestock as growth enhancers in agriculttieLarge

quantities of antibiotics are administered to humans and
animals to treat diseases and infection. This usage may result L . . -
in their presence in environmental waters because up to 90% ,Although antibiotics are used in quantities similar to those
can be excreted without undergoing metaboligfBy use of many agrochemicals and other organic micropollutants,

of the closed bottle test for biodegradability, some of the €y are not required to undergo the same level of testing
most important groups of antibiotics used in human and for possible environmental effects. Test system studies

veterinary therapy were found to be not readily biodegrad- indicate that a number of antibiotics are not biodegradable
able?? The results indicated that many antibiotics might not N @quatic environments. Since these products can have long
be biodegraded efficiently in treatment plants and in surface Nalf-lives, they accumulate to reach detectable and biologi-
water123 The presence of antibiotics in environmental waters C&lly significant concentrations. o
is troubling because antibiotic contaminants could perturb _ 11imethoprim (Figure 29), a synthetic antibiotic, is com-
microbial ecology, increase the proliferation of antibiotic- MONly used in combination with sulfamethoxazole. The FDA
resistant pathogens, and pose threats to human Healf first approved it in 1973 in combination with sulfame_thox-
Aquatic antibiotic contamination also presents challenges for 820/€ (Septra) and in 1980 as a stand-alone drug. Trimetho-
the water industry for water reuse and water resource Prim inhibits production of tetrahydrofolic acid by inhibiting
planning!22 the enzyme re_sponS|bIe for' making tetrahydrpfohc acid, a
Antibiotics are also commonly used at subtherapeutic chémical that is necessary in order for bacteria and human
levels in livestock to prevent diseases and promote CellS t0 produce proteins. However itis also causing concern
growth12 The large feedlots for livestock have proved due to its relatively high persistence with little removal being

to be another source of drug pollution. As farmers feed effected by municipal wastewater p!aﬁ%é.
livestock low doses of antibiotics to boost growth, some  2-2-7-2. Antifungals.Fungal infections such aSrypto-
bacteria in the animals, in manure-tainted fields, and in local €0ccal meningitiendC. candidiainfections are treated with

waters evolve to coexist with the drif§A number of studies ~ the bis-triazole antifungal drug fluconazole (Figure 30).
find that U.S. rivers have become a major reservoir of Fluconazole is a highly selective inhibitor of fungal cyto-

microbes that have developed resistance to antibiotic drugs hfome P-450 that enacts sterol C-tiddemethylation.
posing a large and growing threat to the success of modernfluconazole disrupts key cellular processes in yeast and fungi
medicine. slowing cellular growth and reproduction. It is a blockbuster

Among more than 10 antibiotic classes, six (aminoglyco- 1N terms of annual sales. The unche_m_ged drug in urine was
side,B-lactam, macrolide, fluoroguinolone, sulfonamide, and found to account for 80% of the administered dose with only
tetracycline) are important in both human medicine and 11% excreted as metabolités.
animal husbandr{#? The S-lactam antibiotics (such as
amoxicillin, not shown) account for the most antibiotic usage (N\ & /S
in human therapy, followed by macrolides (such as azithro- \—/ P\
mycin, Figure 28B, and clarithromycin), sulfonamides (such
as sulfamethoxazole; Figure 28C), and fluoroquinolone
antibiotics (such as ciprofloxacin; Figure 28A).

CH,

Figure 29. Trimethoprim (Trimpex, Proloprim).

F

Figure 30. Antifungal fluconazole (Diflucan), Pfizer, 1985.
“O V Conventional quantitative structuractivity relationship
| . H (QSAR)_modeIs have been us_ed to prioritize the environ-
F 0OH 2”‘@%‘W mental risk of pharmaceuticals in surface waters. It has been
.J\O " predicted that antifungals, along with sex-hormones, sun-
screens, and antimalaria compounds are the most frequent
c

A hazardous therapeutic pharmaceuticals in the environttfent.
Ciprofioxacin (Cipro) Sufamethoxazole 2.2.7.3. Antiviral Drugs. There are only a few clinical
Bayer antiviral APIs because of the nature of viruses as intracellular
parasites. Acyclovir, a purine analog (Figure 31A), is an
N antiviral drug that acts against the herpes viruses. It is used

to treat cold sores, genital herpes, shingles, and chickenpox
by inhibiting herpes DNA replication, thereby slowing the

HsC, CH; . . o
AN T en, ot on growth and spread of the viruses. The EPA has identified
CHs
|9 "o OCH3 O’.‘ ONH,
Ha D N ”’r
5 H | \ OH y, 0
Tetracycline N)\ \\j HN
Ha
H3C~< \ OC,Hs
OH

Azithromycin (Zithromax) $
N

J WCHa Hsc\N.CHs

Pfizer-1991

Figure 28. Important classes of antibiotics: fluoroquinolone A B )
ciprofloxacin; macrolide azithromycin; sulfonamide sulfamethox- Acyclovir (Zovirax) Oseltamivir (Tamiflu)
azole. Figure 31. Antiviral drugs.
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acyclovir as a pharmaceutical of environmental concern such as the blockbuster drugs atorvastatin and fluvastatin,
because of its fate and saféft3° are also fluorinated compounds.

Oseltamivir phosphate (Tamiflu; Figure 31B) has emerged
as an important antiviral drug. It is recommended for the 3.1. The Role of Fluorine in the Stability and
treatment and prevention of pandemic influenza. It is a Bioavailability of Pharmaceuticals
selective inhibitor of influenza virus A and B neuraminidase,
which stops the virus emerging from the infected cell.
Oseltamivir is primarily £70%) excreted in the active
antiviral form oseltamivir carboxylate (OC) mostly in the
urine. Less than 20% of an oral radiolabeled dose was found
to eliminate in fece$3! No observed oxidative metabolites
of OC have been reported in humans, indicating that OC is
resistant to cytochrome P450 mixed-function oxidases and
glucuronosyltransferase, and thus it has the potential to be
maintained in rivers receiving treated wastewateér.

Fluorine as a substituent has played a significant and
increasingly important role in the development of modern
pharmaceuticals and agrochemicals. The underlying reasons
are that the incorporation of fluorine into a drug allows
simultaneous modulation of electronic, lipophilic, and steric
parameters, all of which can influence both the API's
pharmacodynamic and its pharmacokinetic propettfeEhe
pharmacological superiority of fluorinated compounds over
their non-fluorinated analogues derives from the involvement
of such features in critically increasing the intrinsic activity,

. . the chemical and metabolic stability, and the bioavailabil-
3. Fluorinated Pharmaceuticals ity.134 This versatility has been used to great effect in many

As we describe below, fluorine substituents bring many Of the most active pharmaceuticals and agricultural chemicals
useful pharmacodynamic and pharmacokinetic properties toon the market. The rationale behind incorporating fluorine

APIs. Thus, it is highly likely that the pharmaceutical

atoms in active substances is manifold, and the various

industry will continue to expand in the fluorinated drug area. benefits have been summarized as follows:

But because of the increased lipophilicity and degradation
resistance that accompanies the introduction of fluorine into
APIs, understanding how to deal with fluorinated APIs in
the environment is becoming a major challenge, and we
therefore discuss the background of the appeal of fluorine
to the pharmaceutical industry. It is often a major challenge
to convert a compound binding with high affinity to a
biological target (i.e., a hit, lead, or candidate molecule) into
a successful drug on the market. A lead compound with
desired pharmacological activity may have undesirable
characteristics that limit its bioavailability or structural
features that adversely influence its metabolism and excretion
from the body. Bioisosterism represents one approach that
medicinal chemists use for the rational modification of lead
compounds into safer and more clinically effective agéfits.
Bioisosteres are compounds related by the exchange of an
atom or group of atoms with another roughly similar atom
or group of atoms. The objective of a bioisosteric replace-
ment is thus to create new compounds with similar biological
properties to a parent compound. The classical bioisosteres
are those that have similar steric and electronic features.
Bioisosteric replacement groups often, but not always, have
the same number of atoms as the substituent targeted for
replacement. The substitution of a hydrogen atom or hydroxyl
group by a fluorine atom is among the most commonly
employed bioisosteric replacements. Fluorine and trifluoro-
methyl groups are important bioisosteric replacement entities.

In 1990, there were 220 fluorinated drugs on the market
representing ca. 8% of all synthetic drugsln 1996, more
than 1500 fluorine-containing drugs were under develop-
ment3* to further refine compounds for improved potency,
higher selectivity, and superior pharmacokinetics, such as
better ADME (absorption, distribution, metabolism, and
excretion) properties. It is now estimated that as many as
20% of pharmaceuticals on the market contain fluorine,
including half of the top 10 drugs sold in 2067%.

A wide range of pharmaceuticals across therapeutic
categories contain fluro groups, including antidepressants,
anti-inflammatory agents, antimalarial drugs, antipsychotics,
antiviral agents, steroids, and anaesthéfieghe fluorine-
containing antidepressants citalopram, escitalopram (Figure
14E), and paroxetine (Figure 14B) have shown impressive
market growth in the past few years. Anticholesterol drugs,

e The van der Waals radius for fluorine (1.47 A) lies
between that of oxygen (OH; 1.52 A) and hydrogen
(1.20 A), and the CF(2.20 A) group is sterically at
least as large as theCH(CHs), (2.20 A) group. The
CH;s group van der Waals radius is 1.80 A. Despite the
fact that fluorine has a greater size than hydrogen,
several studies have demonstrated that it is a reasonable
hydrogen mimic:36

o Fluorine incorporation leads to a significantly en-
hanced lipophilicity, with functional groups such as
—CF;, CR0O—, and CES— being the most lipophilic
groups known. This may result in different pharmaco-
kinetic behavior such as enhanced passive diffusion of
compounds across membranes leading to improved
bioavailability. This also reduces clearance by the
liver.136

e In general, carbonfluorine bonds (CG-F, ~116 kcal/
mol) are stronger than carbehydrogen bonds (€H,

~99 kcal/mol), providing an increased oxidative and
thermal stability of carbonfluorine compounds com-
pared with the carbonhydrogen isosteres. Because of
the electronegativity difference between carbon and
fluorine (2.5 vs 4.0), &F bonds are more polar, and
this contributes to the difference in-& versus C-H
bond strengths. Thus, fluorine substituents have the
potential to improve the metabolic stability of druigs.

e The singularly high electronegative character of
fluorine often has a significant impact on a nearby
ionizable group. This can be used to adjust tKgyalue

of a compound, for example, toward the physiological
pH of 7.4, which can further translate into improved
absorption propertie'ss

o Oxidative metabolism of the phenyl rings of APIs is
a common problem, but fluorine substitution, usually
in the 4-position, has become a widespread practice for
increasing stability and enhancing central nervous
systems (CNS) penetration in various drug classes. The
presence of the fluorine can alter the oxidation potential
of an aromatic system and thus alter the rate of
autoxidation and formation of quinones and quinone-
imines®

o Another outcome of adding fluorine can be an
enhancement of an API's binding affinity to a target
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protein. For example, a 3,5-di(trifluoromethyl)phenyl
group increases binding affinity in NK1 agonists
compared with the phenyl isostergs.

o Fluorine substituents can exert substantial effects on
molecular conformations. For example, methoxyben-
zenes withoubrtho substituents favor a planar confor-
mation. However, spectroscopic studies and quantum-
mechanical calculations indicate that trifluoromethyl-
anisole favors an orthogonal conformation, which could
be preferred in lead optimizatidf’

3.2. Fluorine Substitution in the Development of
Pharmaceuticals

Fluorine substitution has often been used to extend the
biological half-life of synthetic compounds and sometimes
to eliminate the formation of toxic metabolites. Aryl methyl
groups are also prone to phase | metabolism by CYP450
oxidases. The Gfgroup has often been employed in such
cases to enhance metabolic stability. Decreasing the meta
bolic degradation rates and increasing the absorption proper

ties of APIs enables the use of a lower medial dose to achieve

successful treatments.
Rohypnol (flunitrazepam; Figure 32B), a fluorophenyl-

substituted diazepine, provides an example of a very potent

drug, similar in nature to valium (diazepam; Figure 32A)
but considered to be about 10 times more potent as a
tranquilizer. These drugs are depressants that act on the pa
of the brain associated with anxiety to reduce tension and
induce sleep.

Diazepam (Valium) Rohypnol (Flunitrazepam)

Figure 32. Fluoro-substituted flunitrazepam is a far more potent
tranquilizer than non-fluorinated diazepam.

An aminopyrazinone acetamide (Scheme 1) developed by
Merck to perform as a potent thrombin inhibitor (anticoagu-
lant) did not have satisfactory persisted&€lhree principal
sites of metabolism were identifiegbxidation at the benzylic
position, oxidation of the methyl group attached to the
pyrazinone ring, and conjugation of the aminipyridyl group.

i

Khetan and Collins

tion, directed toward the improvement of the aqueous
stability at physiologic pH, led to formation of the N-oxide,
all of which translated into sufficient performance enhance-
ment that the molecule advanced to Phase | clinical trials
(Scheme 1}3* The introduction of the pyridin&-oxide in
place of pyrazinone overcame metabolic liability associated
with the pyrazinone ring while retaining the activif:'3°

Schering-Plough’s development of the oral cholesterol
absorption inhibitor ezetimibe (Zetia) involved introduction
of fluorine (SCH58235 from SCH48461) to block undesir-
able metabolic transformations. The three principal identified
sites of metabolism were oxidation at the benzylic position,
hydroxylation of the aromatic ring, and demethylation of
methoxyphenyl ring. Metabolic activation by cytochrome
P450 is generally blocked at carbon atoms bearing fluorine
substituents. The lead compound had a 50-fold greater
potency in vivo than its non-fluorinated analogue (Scheme

136

Sertraline (Zoloft; Figure 14C), a Pfizer SSRI antidepres-
'sant that does not contain a fluorine atom in its structure,

has the shortest half-life (26 h) of the drugs in this class. It
undergoes almost total metabolic conversion, principally
through presystemic elimination, which is a performance that
may be associated with the lack of fluorine substitufitn.
On the other hand, the presence of the trifluoromethyl group
on the fluoxetine (Prozac; Figure 14A) molecule appears to
ontribute to its high selectivity and potency, possibly as a
result of its electron-withdrawing effect and lipophilicit{f.
Theparalocation of the trifluoromethyl group in fluoxetine

is also critical for serotonin transporter poteffcyand
probably assists in preventing phase | metabolpsara to

the ether linkagé#

It has been proposed that the presence of the 5-fluoro
group in the antibiotic ciprofloxacin is important for both
cell penetration and gyrase affinits¢ Similarly, the non-
fluorinated version of AstraZeneca’s anticancer drug, Iressa
(gefitinib; Figure 22B), a tyrosine kinase inhibitor, has a half-
life of just 1 h, but the addition of a fluorine atom to a phenyl
ring allows the drug to persist at high levels in the
bloodstream for 24 K2 Sometimes a fluorine substituent
can make a molecule too stable and lead to problems for
dosing schedules. For example, a fluorine-substituted version
of Pfizer's anti-inflammatory drug Celebrex (celecoxib), a
COX-2 inhibitor, was found to be stable for days in rat
studies. When the fluorine was replaced with a methyl group,
the drug’s half-life was reduced to aldiotih in rats, which

was subsequently found to be 11 h in hum&tig?#?

HDL-cholesterol levels have a strong genetic component

The introduction of a Cjgroup at the benzylic position and
replacement of the aminopyridyl group by a fluoropyridyl
moiety improved the metabolic stability. Further modifica-

and are inversely correlated with the risk of coronary heart
disease. Approximately half of the patients with coronary
heart disease have low levels of HDL cholesterol. It has been

Scheme 1. Fluorine Substitution Improves the Metabolic Stability of a Potent Thrombin Inhibitor Developed by Merck3*
(L JOs
|
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Scheme 2. Fluorine Substitution Blocked Undesirable cycles®? are causing subtle modifications in plant growth,
Metabolic Transformations in the Cholesterol Absorption failure of larvae to molt or hatck¥* and anatomical deformi-
Inhibitor Ezetimibe (Zetla) DeVelOped by SChering-PlougH36 ties in a wide range of organisrﬁ@. It has been reported
Oxidation OCH; on OH that in many rivers in Switzerland, a 50% decline in fish
catch has been observed over the last 15 years, and there is
@N N — O/V J;NV/(D/ some evidence that organic micropollutants could be con-
i scHasaen® \©\ Demethylation scnsazss’ ] tributing to this effect>
Hydroxylation OéH3

In ecotoxicology, research is usually focused upon harmful
effects at the levels of the population, community, and entire
Ezetimibe (Zetia) ecosystem, which differs from the focus on health risks to
individuals in human testintp’ Effects upon individuals in
shown that there is a reduced incidence of coronary eventsthe former studies are only important insofar as they can be
in association with an increase in plasma HDL levels in related to consequent effects at the levels of populations and
patients treated with fibrate drugs, indicating a potential for above. Moreover, in ecotoxicity testing, a few surrogates are
HDL-raising therapies to reduce the risk of cardiovascular used to represent the diversity of wild species, while several
disease. different species, for example, rat, mouse, rabbit, and guinea
Vytorin (2004), a combination drug by Merck combining pig, are being used as surrogates for human risk assess-
its statin drug simvastatin (Zocor; Figure 8C) with Schering- ment!’ This raises considerable uncertainities when ex-
Plough’s cholesterol absorption inhibitor drug ezetimibe trapolating data obtained in the laboratory on a few surrogates
(Zetia; Scheme 2) is the first product to treat the two sources to species exposed in the field, which are often not closely
of cholesterol by inhibiting the production of cholesterol in related to them and may differ considerably in their sensitiv-
the liver and blocking the absorption of cholesterol in the ity to the chemical being tested. Not surprisingly, large safety
intestine, including cholesterol from food. Ezetimibe has been margins are often invoked when carrying out environmental

F
Aromatic hydroxylation blocked —

shown to achieve higher efficacy at lower dosatfés. risk assessment using such d&fa.
4. Ecotoxicity of Human Pharmaceuticals 4.1. Environmental Risk Assessment
It will be our purpose in this section to highlight that In making an environmental risk assessment (ERA), a risk

pharmaceuticals in the environment are impairing aquatic quotient (RQ) is usually calculated by comparing estimated
lifeforms, sometimes profoundly, and are producing changes environmental exposure with estimated environmental toxic-
that threaten the sustainability of the ecosphere on whichity, the latter being obtained from ecotoxicity tes%0One
our chemocentric civilization depends. Pharmaceutical com-way of doing this is to divide the predicted environmental
pounds are designed either to be highly active and interactconcentration (PEC) by the predicted no-effect concentration
with receptors in humans and animals or to be toxic for many (PNEC). When the concentration of a compound in a
infectious organisms, including bacteria, fungi, and parasites. particular environmental compartment is unknown, it may
However, many lower animals have receptor systems similar be predicted from a combination of estimates of the amount
to humans and farm animals. Furthermore, many groups ofof consumption or sales, expected route of entry into the
organisms that negatively affect human and animal health, environment, and physicochemical propertf@sA PNEC
and are therefore targeted by pharmaceuticals, play crucialis obtained by dividing the lowest no observed effect
roles in the functioning of ecosystems. Thus, pharmaceuticalsconcentration (NOEC) for the most sensitive species by an
are often found to cause adverse ecological effects on aquati@ppropriate safety factor. The resulting PEC/PNEC ratio has
and terrestrial organismié* These effects are often not been widely used in ERA, which is dependent on the amount
highlighted by the standard studies aimed at securing humanused, the environmental fate, and the ecotoxicity of the spe-
safety. As human medicines are almost continuously releasectific compound. Because there are large uncertainties in such
to the environment, aquatic organisms in particular, and alsocalculations, it is usual to incorporate large safety factors,
wildlife, are becoming exposed over their entire lifecycle. sometimes as much as 1000, when calculating the ratio. The
This is usually much longer than the durations of exposures PNEC is divided by the safety factor, which is typically 10,
employed in standard safety testit#§The ecotoxicities of 100, or 1000. If after compensation, the PEC value falls well
several human pharmaceuticals have been reviewed rebelow the PNEC value, the risk is taken to be low. On the
cently146.147 A review has also appeared on chronic aquatic other hand, if the value equals or exceeds unity, the risk is
environmental risks from exposure to human pharmaceuti- deemed significant. It is not surprising that given the
cals!48 uncertainties involved, a cautious approach has been adopted,
Increasingly, we are finding that APIs persist in the which may greatly overestimate the risk that a chemical
environment with a wide range of pharmaceuticals being presents. This also makes it unlikely that wild species will
found in fresh and marine waters in low concentrations. It experience those toxic effects (e.g., lethality) that have been
has been shown recently that even in these infinitesimal employed as endpoints in the ecotoxicity testifrg.
concentrations, some pharmaceuticals have the potential to Since 1980, the US Food and Drug Administration (FDA)
interfere detrimentally with the normal development of has required environmental risk assessments be performed
aquatic life. The low concentrations of pharmaceuticals are for human and veterinary medicines on the effects on aquatic
unlikely to elicit acute health toxic effects. What is not well and terrestrial organisms before a product can be mark&ted.
enough known is whether more subtle effects such as growth,The EU introduced similar requirements in 1997. These
fertility, sex ratios of higher organismé& or reproductive environmental impact studies investigate potential negative
behavior are potentially being impacted in aquatic life by effects on fish, daphnids, algae, bacteria, earthworms, plants,
the long-term, low-level exposure to pharmaceutically active and dung invertebraté8! Risk assessments usually use
compoundg#5147.150.15} gcalized changes in biogeochemical standard ecotoxicity tests, which often employ short time
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scales and focus predominantly on mortality as the endpoint. Another study concluded that while risk for acute toxic
Moreover, aquatic tests tend to focus on the water compart-effects in the environment with the current use of pharma-
ment and do not take into account pharmaceuticals residingceuticals is unlikely, chronic environmental toxic effects
in sediments. In general, the effects observed in these studiegannot be excluded due to lack of chronic ecotoxicity d&ta.
occur at much higher concentrations than those that are The widespread and unrestricted use of prophylactic
measured in the environment. Currently, no single assessmenéantibiotics to forestall bacterial infections in fish reafrifig
factor appears to apply to all aquatic species across a wideand as an additive in animal feééshas resulted in the
diversity of pharmaceutical§? emergence of antibiotic-resistant bacteria. A high proportion
Of course, there are many benefits to the current risk (as much as 90%) of the antibiotics added to animal feed is
assessment approaches. For example, the use of a singlexcreted unchanged in urine or manure and enters surface
toxicity test or a common battery of tests can produce reliable or groundwater through nonpoint source pollution from
indices of the toxic impact of effluents in the aquatic manure-applied land<$® The transfer of these resistance de-
environment for the endpoint employed. Acute lethality tests terminants is known to occur to the bacteria of land animals
also allow for the building of comparative databases in which and to human pathogens and to cause alterations of the
species can be compared in terms of their sensitivity to the bacterial flora both in sediments and in the water coldfan.
same chemical or by which chemicals can be compared with ~ Similarly, widespread use of the antiviral oseltamivir
one another using the same species. Invertebrate tests havehosphate (Tamiflu; Figure 31B) to fight avian flu in birds
become increasingly important to detect contaminants andas a means of avoiding a pandemic in humans has been
their effects on aquatic biota. Such effects include disruptions predicted to lead to drug-resistant strains of the virus in wild
to food-chain dynamics at lower trophic levels, such as birds3?It has been surmised that in the event of a pandemic,
unicellular algae, aquatic invertebrates (mostly daphnids), hundreds of millions of courses of Tamiflu will be rapidly
and fish, which represent key elements of aquatic food deployed resulting in excretion of oseltamivir carboxylate
chains!®® The effects can translate into severe ecological (OC), the active antiviral metabolite of Tamiflu, into surface
consequences for top predators and species of economic awaters from sewage treatment plants for several w&Bks.
well as ecological concer§* Because of their widespread OC is expected to withstand biodegradation. It is believed
distribution, short life cycle, and sensitivity, daphnids are that when birds drink OC-laced water from catchments
commonly used for assessing the toxicity of contaminants receiving treated wastewater, they could produce Tamiflu-
in freshwaterd® Acute tests include determining the survival resistant strains and pass them on to other Bi&s.
of water fleas after a 48-h exposure to contaminants

compared with controls. Freshwater shrimps are also used4.3. Aquatic Ecotoxicity from Chronic Exposure
for conducting 96-h acute tests. A toxicity ranking is assigned

to water samples, as harmful (ECL0—100 mg/L), toxic It is widely recognized that chronic effects arising from
(ECso 1-10 mg/L), and very toxic (E&, <1 mgl/L) to long-term exposure to pharmaceunc_als at m_uch lower
aquatic organisms. An Egvalue >100 mg/L is assigned ~concentrations may follow different toxicodynamic mecha-
as not harmful to aquatic organisAfs. nisms than extrapolated from short-term acute studfes.
Most human pharmaceuticals have low acute aquatic toxic-
4.2. Human Health Risk Assessment of ity'’® by design, but to be truly effective medicines, they
Pharmaceuticals have targeted, chronic pharmacological activity. Therefore,

it has been suggested that in contrast to mortality as the only

Pharmaceuticals are designed to stimulate or inhibit measured effect in acute toxicity tests, ecologically relevant
physiological responses in humans, animals, and plants, theendpoints such as impairment of growth, development, and
only exceptions being diagnostic and cosmetic drugs. How- reproduction should be used to assess ecotoxicologic ef-
ever, they can have adverse effects on nontarget ecologicafects*® Most chronic aquatic toxicity data for human
species when released to the environment. Continuouspharmaceuticals are available for algae, which have been
releases and chronic exposure can result in subtle effects orfound to be sensitive to several different therapeutic classes,
aquatic species and could pose a risk to human healthincluding fluoroquinone and sulfonamide antibiotics, anti-
associated with consuming contaminated drinking water over depressants, beta blockers, and estrog§&rGyanobacteria
a lifetimel®” Currently there is no specific regulatory such asMicrocystis aeruginosaare considerably more
guidance as to how the significance of the presence of sensitive to antibiotics than standard algal toxicity test species
pharmaceuticals at trace concentrations in drinking water such as a single-celled, freshwater green dhgaudokirch-
supply may be assessed. Also, there is scant information inneriella subcapitatgformerly Selenastrum capricornutum
the literature addressing the potential effects to human healthand can function as sensitive surrogates for algae and other
from the presence of trace levels of pharmaceuticals found unicellular microorganisms for chronic toxicity te$t&Green
in surface and drinking watéf2168-171 Some of the existing ~ algae and higher aquatic plants such as duckweeds have
studies claim that the concentrations of many drugs and theirsomewhat similar sensitivity.
metabolites in surface waters compared with their acceptable Aquatic vertebrates, such as fish and amphibians, are
drinking water intake are so low that they do not pose highly sensitive to endocrine modulation, particularly through
appreciable risk to human heafl®:’* However, it was exposure to both natural and synthetic steroid estrogens. Fish
acknowledged that there are exceptions, such as antibioticsare also sensitive to beta blockéf$,but there is little
that have non-human target effects, estrogens that wereevidence for adverse effects of antibiotics at environmentally
developed for just one gender, genotoxic antineoplastics thatrealistic concentration$”-*8The need for chronic, sublethal
have high potential for allergic responses, or compounds thattests for determining approximate effects that are more likely
have very high bioaccumulation potential, such as the to occur in nature have led to the development of full life
synthetic estrogen bZethinylestradidf’> and the NSAID cycle (from birth until the organism reproduces) fish tests.
diclofenact’*which may need to be individually evaluatéd. ~ While these are time-consuming and expensive, they provide
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more realistic models for assessing risks associated withconcentrations and induced complete sex reversal at all the
endocrine disruption. As an example of the tests, fathead concentrations of MT tested. On exposure to 1000 ng/L MT,
minnows are freshwater fish that are adaptable to laboratorya large proportion of intersex fish was also obsertéd.

Condit_ions '.for full life CyCle teSting‘.M_ThEir Complete life Life_|ong exposure of breeding popu|ati0ns of zebrafish
cycle is typically 3-6 months depending on broodstock and and other species to E&t very low environmentally relevant
test conditions. Consequently, partial life cycle testing concentrations has been shown to exert severe deleterious
focused upon sensitive life stages surrounding growth andeffects on their reproductive succéi&!ss186 Zebrafish
reproduction can be carried out with comparative ease, mature adults (Fgeneration) on long-term exposure (up to
increasing the potential for obtaining data that is more 40 days) at 5 ng/L showed no impact on reproductive
relevant to endocrine disrupting compound-related risks.  syccesd® But in contrast, the Fgeneration on life-long

In addition to ecotoxicity testing in the laboratory for the exposure at this level exhibited a 56% reduction in fecundity
purpose of envwo_nmental risk assessment, ecolo_glcal effeCtS(the state of being capable of producing offspring), with some
that pharmaceuticals may have when released into ecosysmales showing complete reproductive failure associated with
tems are assessed by monitoring of surface waters, such agisrupted sexual differentiation leading to either the absence
rivers where there is discharge from sewage outfalls or runoff of functional testes or undifferentiated or intersex gonads.
from agricultural land. For example, male fish may be studied A partia| recovery in reproductive Capacity was reported on
downstream from sewage outlets to detect the presence ofjepuration (removal of xenobiotics from the body) after 5
estrogenic modulators. This biomarker assay relies on themonths. Even though;fnales lacked functional testes, they
fact that exposure to low levels of environmental estrogens showed male-pattern reproductive behavior, inducing the

can elevate vitellogenin concentrations in the blood of the spawning act and competing with healthy males to disrupt
male fish; vitellogenin is a variety of primary lipoprotein fertilization 183

produced by egg-laying vertebrates, including fish. A full life-long exposure of fathead minnowRimephales

An increasingly popular test method is quantitative omejag at lower doses of 0.2 and 1 ng/L EEaused
structure-activity relationships (QSARs), which attempt to .o 4. ctions in the offspring’s hatching success of 20% and

correlate structure with activity using statistical approaches. 3cq, respectively, but had no impact on fecundffye7 It
Using an EPIWIN program, an estimation software for ,,n05req that very low concentrations obEBuld decrease
prediction of physical properties and environmental fate, sperm production and viability. Fish exposed to,E®n-
based on (Q)SAR models, relative hazards toward algae, enations>3.5 ng/L laid no eggs and were 100% female
daphnids, and fish have been ranked for a large number ofgiqp, * At jower concentrations, male fish were present, but
pharmaceuticals. Cardiovascular, gastrointestinal, antiviral, ihe gex ratios skewed toward females, in significant contrast
anxiolytic sedatives, hypnotics, antipsychotics, corticosteroid, with the controlsi6 Male fathead minnows were demascu-
and thyroid pharmaceuticals have been predicted to be thelinized by lifetime exposure tov1 ng/L EE mainly by

most hazardous therapeutic clasSés. decreases in the number of their tuberéé487The findings
. .. . indicate that low EEconcentration exposures mainly affect
4.4. Aquatic Ecotoxicity of Pharmaceuticals male fish, whereas higher concentrations of, EEposure

Our current understanding of the ecotoxicology of phar- also affect female fish. Similarly, exposure of sheephead
maceutical compounds is poor and limited to only a few minnow Cyprinodonvariegate$ to 200 ng/L EE for 59
substances in a limited number of species. A summary of days caused reduced hatching success in the progeny of the
the reports on ecotoxicological studies of diverse pharma- exposed fish. Histological examination (examination of the
ceutical classes of environmental concern is provided in the microscopic structures of tissues) revealed generalized

following paragraphs. edema, damage to gill epithelia, hepatic toxicity, fibrosis of
_ the testis, and evidence of sex reversal, including testis
4.4.1. Steroid Hormones ova and spermatagonia-like cells in ovari&s.
A study of 139 streams in the United States found that ~Life-long exposure of Japanese medalayzias latipey
5.7% had concentratiors5 ng/L (ppt) of estrogenic I showed no significant effects at lower doses of HE2 and

ethinylestradiol (EE Figure 26D), a component of the 1 ng/L), but complete reproductive failure was found for 10
contraceptive pilf! In the yeast estrogen screen (YES) test, NG/L exposuré®1# A significant increase in vitellogenin
the estrogenic activity of EEand the reference compound ~concentrations has been fpund in male medaka exposed to
17p-estradiol (E; Figure 26A; log(1/EG (M))) was found EE; at different concentrations for 21 d under flow-through
to be 9.6 and 9.54 0.04, respectively8* The lowest conditions. It was found that the physmloglcal and histologi-
reported concentrations of estrogens able to induce intersexcal measurements were approximately 8-fold more respon-
changes are 10 ng/L for,Br estrone (E Figure 26C) and  Sive to the' EE exposure th_an were overt reproductive
0.1 ng/L for EE.115 Surface water concentrations of these effects!*®® Similarly, male rainbow trout @ncorhynchus
estrogens is often near or equal to the lowest concentrationgnykis$ exposed to 2 ng/L Efexhibit induced vitellogenin
that were found to induce reproductive disturbances in male and inhibited testis growtt*
fish in controlled laboratory studies. The effects of exposure for 21 d under flow-through
A partial life-cycle exposure of juvenile zebrafishdnio conditions of the estrogen gestradiol (E; Figure 26A)
rerio) to EE concentrations ranging from 1 to 25 ng/L and an androgen B#trenbolone (TB; Figure 27) on three
showed a dose-dependent increase in vitellogenin concentrasmall fish species, medak@ (latipeg, fathead minnowR.
tions. At exposure levels of 1 ng/L, significant changes in promela$, and zebrafish[d. rerio), have been investigated.
sex ratios in favor of females were found, and at 2 ng/L Significant increases in estrogenic activity were observed in
EE,, complete sex reversal and no intersex fish were seen.both sexes of all three fish species foy &posures. The
On the other hand, an exposure taodmethyltestosterone  lowest-observed-effect concentrations (LOECs) effé
(MT) ranging from 26 to 1000 ng/L decreased vitellogenin vitellogenin (VTG) induction in males of medaka, fathead
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minnow, and zebrafish were 8.94, 28.6, and 85.9 ng/L, isolates from nonpolluted groundwater wells in the vicinity
respectively. For TB exposures, VTG reduction in females of leaking sewers have been reported to contain multiple
of all three fish species was observed along with masculin- antibiotic resistance®¥?

ization of secondary sex characteristics in medeka with a  Several commonly used antibiotics, including erythromy-
LOEC of 365 ng/L and in fathead minnow with a LOEC of ¢in, sulfamethoxazole, and sulfamethazine, can persist in the
401 ng/L. The results suggested a higher susceptibility of environment for more than a year. The reported data on the
medaka to estrogenic chemicals than fathead minnow andoccurrence of antibiotics in the aquatic environment confirm
zebrafish'®? 17a-Trenbolone, like 13-trenbolone has also  the persistence of sulfonamides and fluoroquinolones fol-
been found to be a potent reproductive endocrine toxicantjowed by macrolides (Figure 28); the studies derive from
in the fathead minnowR. promela$.®® focuses on both municipal wastewater and agricultural

In another study, Japanese meda®a latipe9 exposed runoff.1?2 The hydrolysis of macrolides and sulfonamides in
to E; during early life stages at concentrations of 33.5 and the neutral pH range is known to be very slow. On the other
140.6 ng/L were found to exhibit histological changes in the hand,S-lactam antibiotics are readily hydrolyzed under mild
gonad. In control fish, differentiation of the ovary and testis acidic or basic conditions and have not been detected in the
was apparent 12 days posthatch (dph). Normal testes wereenvironment despite the fact that they are used in the greatest
observed at 12 dph in male fish exposed to 33.5 ng/L E amounts.

but at 14 and 20 dph, testi®va was recognized. Male fish Many antibiotics are harmful to aquatic organisms such
exposed to 140.6 ng/Lthad testis-ova at 12 dph, and the  as algae and crustaceans in freshwater and marine environ-
gradual transformation of the testis to an ovary was observedments. Amoxicillin, a broad spectrum aminopenicillin anti-
until 20 dph. 1B-Estradiol induced testisova in male  pijotic widely used in human and veterinary medicine, was
medaka during the larval period, and sex transformation wastested for toxicity on microalgal species and found to be
seen more frequently at higher concentration (140.6 ngfL).  nontoxic toward the green alg®s. subcapitataand the
o phytoplanktonCyclotella meneghiniandut showed marked
4.4.2. Antibiotics toxicity toward the cyanobacteriunSynechococcus leopo-
An often-cited concern regarding PIE is the spread of l1€nSis (ECso 2.22 ug/L).2°* Pomati reported that the mac-
antibiotic-resistant bacterial strains. The genetic selection of '0lide erythromycin induced growth inhibition in the cyno-
resistant bacteria is a potentially irreversible effect that is bgcterlzlggrﬁynechocystlsp. at concentrations of 1@/L and
postulated to be induced by low concentrations of antibiotics, Nigher:"* Ciprofloxacin was reported to potentially influence
such as are being found in the environmental wae¥s. both the structure and the funct|0n_ (_)f suspended and attached
Sulfonamide- and trimethoprim-resistant bacteria have beenNatural freshwater algal communiti€s.
found in U.S. rivers, and this resistance is likely to develop  Different classes of antibiotics were assessed for phyto-
further because low river concentrations can be anticipatedtoXicity to the aquatic higher plahtemna gibbg7 d static-
for the foreseeable futuf® Antibiotic residues from human  renewal test). Fluoroquinolone, sulfonamide, and tetracycline
waste and from animal husbandry can be expected to applyantibiotics displayed significant phytotoxicity below 1000
selective pressures on environmental bacteria, increasing thet@/L (1 ppm)?%* Levofloxacin (LVFX) and clarithromycin
prevalence of genes conferring antimicrobial resistance. The(CAM) on microtox andDaphniaimmobilization testing did
use of antibiotics as a growth promoter for livestock is of not display any acute toxicity. An algal growth inhibition
particular concern, especially in cases where the same ortest revealed that both LVFX and CAM have high toxicity
similar drugs are used for human therapies. Antibiotics in to the microalga, CAM being about 100-fold more phytotoxic
sewage effluent, most likely a result of therapeutic use, havethan LVFX from a comparison of Egvalues?%®
the potential to negatively impact organic matter degradation. Tetracyclines are used for both human and veterinary
Most studies have shown that bacteria in raw sewage areapplications and are the biggest volume therapeutic class of
significantly more resistant to antibiotics than bacteria antibiotics in the United States, accounting for approximately
elsewheré>° 29% of the total antibiotic usage. Chlortetracycline, oxytetra-
One mechanism of cell defense is to actively pump or cycline, and tetracycline were detected in U.S. surface waters
efflux toxic substances out of the cell. Efflux pump-inhibiting at maximum concentrations of 0.69, 0.34, and QuyiL,
drugs can threaten aquatic organisms by promoting therespectively, while doxycycline was not detectéd@oxicity
accumulation of xenobiotics in their cel7 It has been  studies of tetracyclines on the freshwater cyanobacteria
speculated that broad-spectrum antiseptics such as triclosafMicrocystis aeruginosaand the green alg&elenastrum
may increase antimicrobial resistance in bacteria by applying capricornutumindicated differential toxicity (Table 2§27
population pressure to produce more efflux purtisn one The higher sensitivity of the cyanobacteria was explained
Study, three strains dfscherichia coliand an unidentifiable by their closer relationship with bacteria that the antibiotics
bacterium were isolated from a sewage treatment plant andwere originally intended to kill, but having not been routinely
assessed for resistance to antibiotics: erythromycin, ampi-€xposed to these compounds in the past they still have much
cillin, tetramycine, trimethoprim, ciprofloxacin, and sulfa- lower resistancé®®
methoxazole. The predominant resistance was observed to The effects of tetracycline exposure on the growth of
erythromycin in which all the bacteria displayed resistance. cynobacteriumSynechocystisp., and the duckweddemna
This was followed by ampicillin (resistance in three bacteria), minor at doses of 1, 10, 100, and 10@@/L have been
tetracycline (resistance in two bacteria), and ciprofloxacin, reported. At the dose levels of 10 and 106/L, growth
trimethoprim, and sulfamethoxazole (resistance in one bacte-inhibition in Synechocystiwas observed with reduced cell
rial strain for each}?® A similar observation was reported densities of 20% and 22%, respectively. A tetracycline dose
onE. coliisolates from a sewage treatment plant, which were of 1000 ug/L actually promoted growth by 9% compared
found to be resistant to several antibiotics with the highest with the control£%? In contrast, the effect of tetracycline on
resistance being for tetracyclin®8 Numerous pseudomonad the growth ofLemnawas markedly stimulatory at410 ug/L
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Table 2. Differential Toxicities of Tetracycline Antibiotics in Phytoplankton?206.207
Antibiotics EGs, 7 d growth (M)

organism species tetracycline chlorotetracycline oxytetracycline
Cyanophyta M. aeruginosa 0.20 0.10 0.45
(freshwater
cynaobacteria)
Chlorophyta Se. capricornutum 4.95 6.46 9.77

(green alga)

Table 3. Ecotoxicity of Fluoroquinolone Antibiotics, Ciprofloxacin, Levofloxacin, Ofloxacin, Lomefloxacin, Flumequin, and
Enrofloxacin?:6

organism species test BLC
cyanobacterium M. aeruginosa 5 d growth, 7.9-1960ug/L
(blue-green algae) reproduction (med. 49ug/L)
green alga Ps. subcapitata 3d growth, 1.100-22700ug/L
reproduction (med. 740Qug/L)
duck weed L. minor 7 d reproduction 53203ug/L?
(med. 106ug/L)
crustacean Da. magna 48 h survival 10 mg/L
fathead minnow P. promelas 7 d early life stage 10 mg/L®
larvae survival, growth

2 Flumequin was least toxic at E6of 2470ug/L. P Clinafloxacin was found most toxic #®s. subcapitat@and caused some mobility impairment
to Da. magna It was also found to have deleterious effectsRarpromelas producing nearly 100% mortality at 10 mg/L.

resulting in 18-26% increase compared with untreated transcription. The toxicity of several fluoroquinolone anti-
plants. However, at a higher tetracycline dose of 1060 biotics including ciprofloxacin, lemofloxacin, ofloxacin,
L, the Lemnaculture was strongly inhibited-(43%)20? levofloxacin, and an experimental drug with wider microbial
The acute toxicity toward the freshwater crustacean activity called clinafloxacin, as well as two veterinary drugs,
Daphnia magnavas determined for oxytetracycline (48 h, enrofloxacin and flumequine, have been evaluated on five
EGso~ 1000 mg/L) and tetracycline (NOEC 340 mg/L). The aquatic organisms (Table 3). The study found only levo-
acute toxicity to the aquatic vascular pldr@mna minor(7 floxacin at 1ug/L exceeding the benchmark value of hazard
d, growth inhibition, EGy 4.92 mg/L) was also reported for quotient of 0.1 forM. aeruginos&'® Ofloxacin exhibited
oxytetracyclin€®® In a microcosm study, oxytetracycline significant inhibition of a mixed culture of nitrite-oxidizing
exposure for two aquatic macrophytdsgeria densaand bacteria isolated from activated sluckjé.
Ceratophyllum demersurayer a 6-week period at 2560y/L A structure-phototoxicity relationship has been reported
led to a significant decline in growt? The chronic toxicity for eight fluoroquinolone antibiotics using female albino
(ECso values) in theDa. magnareproduction tests was 44.8 Balb/c mice, determined by administering a fixed dose of
mg/L for tetracycline and 46.2 mg/L for oxytetracyclifi&?'! 100 mg/kg to mice intravenously, followed by UV-A

Oxytetracycline chronic toxicity (E) in the growth inhibi- irradiation fa 4 h (21.6 J/cr®).?!8 The increase in predose
tion of the green algds. subcapitatapopulation growth (0 h) auricular thickness was compared at 96 h postdose,
inhibition of the rotiferBrachionus calyciflorusand repro- revealing that a fluorine substituent at the C-8 position of

duction inhibition of microcrustacea@eriodaphnia dubia  the quinolone ring (fleroxacin, lomefloxacin, or sparfloxacin)
has been reported to be 0.17, 1.87, and 0.18 mg/L, introduced moderate to sever phototoxicity, where drugs with
respectively?? The toxicity of a mixture of tetracyclines a hydrogen substituent in this position (ciprofloxacin or
consisting of oxytetracycline, chlortetracycline, tetracycline, norfloxacin) had comparatively mild impacts on the lesitn.
and doxycycline observed favlyriophyllum sibiricumand Sulfonamide antibiotics rank among the top 200 prescribed
Lemna gibbaexhibited a significant concentration-dependent human drugs in the U.S., and a large quantities are used in
reduction in the resulting dry mass. The microcosm study animal husbandry. These are excreted as the unaltered parent
suggested that the ecological risks of these compounds incompounds or as acetylated metabolites, which can be
aquatic environments are likely to be |g#:2 reactivated by bacterial cleavage of the acetyl moiety. As
In addition to abiotic reactions, biological organisms may noted above, sulfonamides are not readily biodegraded,
also degrade pharmaceutical substances in treatment systempersist in soils, and are among the most frequently detected
water bodies, and soils. Generally, these processes reduceharmaceuticals in U.S. streams. The ecotoxicity of these
the potency of medicines; however, some breakdown prod- sulfa drugs was evaluated using microalgae. They were found
ucts of tetracyclines have shown similar toxicity to their to have some growth inhibitory activity on the green algae
parent compounds toward environmentally relevant bacte- Selenastrum capricornutuemdChlorella vulgaris with the
ria. 25 EGso's of sulfamethoxazole, sulfadiazine, and sulfadimethox-
Fluoroquinolone antibiotics, including two of the most ine being 1.5, 2.2, and 2.3 mg/L, respectivély.The
widely used human-use antibiotics in the U.S., ciprofloxacin following sulfamethoxazole E{ values were reported:
and levofloxacin, have been detected in various stream andMicrotox-30 min, >84 mg/L; Ps. subcapiteéd6 h growth,
river waters in low microgram per liter (ppb) to nanogram 146 ug/L; blue-green alg&ynechococcus leopolengig-h
per liter (ppt) ranges. Because of their wider use and growth, 26.8ug/L; Da. magna48 h, >100 mg/L; andCe.
resistance to biodegradation, these are of environmentaldubia-48 h,>100 mg/L??° Sulfamethoxazole was found to
concern. Fluoroquinolones inhibit key bacterial enzymes significantly inhibit the performance of a mixed culture of
involved in unwinding the DNA helix for replication and nitrite-oxidizing bacteria isolated from activated sludge.
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The sulfonamide antibiotic sulfochlorpyridazine was reported  Serotonin is said to be the most potent and ubiquitous
to be toxic toLemna minor(7 d, growth inhibition, EG neuromodulator in vertebrates. It is synthesized in cells lining
2.33 mg/L), but it exhibited no toxicity to green alga the gut, in neurons of the hypothalamus that regulate pituitary
Chlorella vulgaris at the highest tested concentration of 2000 activity, and in the brainstem. Many of these neurons release
mg/L 208 serotonin into the synaptic cleft where it acts as a neurotrans-

Sulfonamides probab|y engage in covalent Cross_coup"ng mitter.222 Because of the diVerSity and critical nature of the
to soil organic matter as their residues cannot be extractedfunctions regulated by serotonin, environmental SSRIs could
from soils. In the presence of surrogate humic acid constitu- alter the appetite, the immune system, and reproduction, as
ents, phenoloxidases and manganese dioxide mediate crosgvell as other behavioral functiod®: Serotonin acts directly
coupling of sulfonamides, thereby diminishing the mobility, ©On the immune system by modulating cellular function and
bioavailability, and biological activit§2! indirectly through actions on the central nervous system.

The macrolide antibiotic erythromycin, which blocks Serotonin is also an important neuromodulator of sexual

bacterial protein synthesis as its mode of action, inhibits the function in vertebrates and myertebraté%.' .

growth of Cynobacteriun‘Synechocystisp., and the duck- L_Ong-'[el’m exposure to minute quan““es of common
weedLemna minorat doses of 1, 100, and 100@/L, but antldepregsant_s that can pass through sewage treatment
at 10ug/L it stimulated cynobacterial growth. It has been Systems into rivers and streams has been found to delay
suggested that the antibiotic can be degraded by the cyno-developmentin fish and delay metamorphosis in frogs. Low
bacteria and duckweed into metabolites that are no longerconcentrations of fluoxetine, particularly, slowed male sexual
toxic and may even be growth stimulati#f§Chronic toxicity ~ development by 24 weeks inGambusia affinigfWestern

data of erythromycin shows that it affects algae, rotifers, and mosquitofish; 7 d, LC50 614 ppb), which is often used to
crustaceans at Egs in the range of 16100ug/L and that study toxicity on aquatic organisni$A chronic exposure

long-term negative effects cannot be excluded at environ- ©f Daphnia (30 d, 36 ug/L) to fluoxetine significantly
mental concentratiorid?2 increases fecundity, and a mixture of fluoxetine (L)

and clofibric acid (10Qug/L) causes significant mortality;
the same fluoxetine concentration mixed with AQ/L
clofibric acid resulted in significant deformities, including
malformed carapaces and append&geshus, where risk
quotients on individual drugs may lead to acceptable hazard
guotient determinations, it can be a very different story when
the risk associated with mixtures of drugs are considered as
here with fluoxetine and clofibric acid.

Exposure of the coral reef fish bluehead wrasHea{as-
4.4.3. Neuroactive Compounds: Antidepressants soma bifasciatuinto fluoxetine at G.g/(g-d) for 2 weeks or

a single, acute treatment of @/g via ip injection decreased

The SSRI drugs in waste flowing from sewage-treatment the male territorial aggression behavior in response to an
plants end up in fish, reflecting their bioaccumulation introduced intruder, both in laboratory and in field stud#®s.
properties. Fluoxetine (Figure 14A) and sertraline (Figure Exposure of Japanese medakmyzias latipe¥to fluoxetine
14C) and their metabolites, namely, norfluoxetine and at aqueous nominal concentrations of 0, 0.1, 0.5, 1, and 5
desmethylsertraline, have been detected at levels greater thapg/L for 4 weeks led to a low incidence of developmental
0.1 ng/g in every tissue tested from the fish residing in a abnormalities in offspring for all fluoxetine treatments.
municipal effluent dominated streadt. The mean EG Circulating plasma estradiol levels in females were signifi-
values reported for three SSRis, fluoxetine, fluvoxamine, and cantly increased by 0.1 and Qg/L treatment$8® Exposure
citalopram, orVibrio fischeriluminescence were 724, 1368, of the crustacearGammarus pulexo concentrations of
and 1371ug/L, respectively’?® Fluoxetine has antimicrobial  fluoxetine at 16-100 ng/L produced a significant decrease
properties and potentially exerts its toxicity by inhibiting in activity, whereas at higher concentrationsd/L to 1
cellular efflux pumpg?* The aquatic toxicity of fluoxetine  mg/L), it was found to be similar to the contBP These
toward various organisms is given in Table 4. The hazard findings and many other like them in this review, where
quotient (HQ) derived from the ratio of PEC/PNEC has been lower doses exhibit more deleterious effects than higher

Isidori and colleagues (2005) have estimated the risk for
six antibiotics and found an acceptable risk (PEC/PNEC
1) for oxytetracyclin, sulfamethoxazole, and ofloxacin.
However, the three macrolides, erythromycin, lincomycin,
and clarithromycin, were found to have PEC/PNEC ratios
of 1, 3.6, and 10, respectively, indicating that this class of
antibiotics should be considered harmful to the aquatic
environmeng!?

calculated to bex1.2?5 doses, partly belies a fundamental maxim of toxicology that
“the dose makes the poison”. This statement is an adaptation
Table 4. Aquatic Toxicity of Fluoxetine of one by Paracelsus (1493541) that “all things are poison
organism species test LJECs, ref and no_thing is withou.t poison, only the dose permits
green alga Ps. subcapitata 120 h, 24 ug/L? 366 something not to be p0|sonous._ o )
growth A study of acute and chronic toxicity of five SSRIs,
crustacean Ce. dubia 48 h, | 234ug/L® 366 namely, fluoxetine, fluvoxamine, paroxetine, citalopram, and
surviva sertraline, evaluated on the daphr@@. dubiafound that
crustacean Da. magna gSrCfval 820ug/L” 366 they can impact both surviva? and reproduction. Only
fathead minnow P. promelas 48h, 705ug/L® 366 sertraline was found to be more toxic than fluoxetine in the
survival study?3°
midge larvae  Ch.tentans  48h, 15mg/l> 366 Paroxetine has been assessed for environmental2fisks.
survival - . . sy
rainbow trout On. mykiss 48 h, 2 mg/L> 370 The main paroxetine metabolite (PM), formed by oxidation
survival at the methylenedioxyphenyl carbon atom, was measured to

have a Microtox EG value of 33.0 mg/L, while thda.

a b
B °LCs magnaECs, value was 35.0 mg/L. Microtox studies of the
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Table 5. Acute Toxicity of NSAIDS Evaluated with Crustaceans and Algal Tests

organism/ crustacean green alga crustacean crustacean duck weed
species Da. magna De. subspicatus Ce. dubia Th. platyrus L. minor
test mortality growth inhibition growth inhibition mortality growth inhibition
48 h 3d 48 h 7d
measure E6 mg/L EGo mg/L EGo mg/L LCsomg/L EGso mg/L
diclofenac 68.9 71.9 22.F 7.5
ibuprofen 101.2 342.2 22
naproxen 1663 625.5 66.37 84.09 24.2
acetylsalicylic acid 884 106.7
1293.05

aReference 202 Reference 233 Reference 220 Reference 236 Reference 371.

PM biodegradation byproducts indicated no detectable acute toxicitie$? Individual EGy values of diclofenac and

residual toxicity. acetylsalicylic acid are<100 mg/L (Table 5), and based on
. o a scheme used by the European Union, only these would be
4.4.4. Neuroactive Compounds: Antiepileptics classified as potentially harmful to aquatic organisfis.

An evaluation of the aquatic environmental impact of ~ The QSAR approach has shown that all substances act by
carbamazepine (CBZ) toward bacteria, algae, invertebrates@ mechanism called nonpolar narcosis (baseline toxic-
and fish suggest it is a hazardous compound. Carbamazepindy),*****which is entirely dependent on their hydrophobieity
(Figure 20A) EGo values were reported for Microtox-30 min,  the higher an NSAID’s»-octanol/water partitioning coeffi-
>81 mg/L; Da. magna48 h, >13.8 mg/L; andCe. dubia cient (logKow), the higher is its toxicity*’

48 h, 77 mg/L%* A risk quotient (PEC/PNECY 1 calculated Ibuprofen (+-1000ug/L) stimulated the growth of cyno-
for carbamazepine suggests that risk for the water compart-bacterium Synechocystigver a 5 dexposure. The highest
ment is to be expected* Life cycle and reproduction tests  increase (72%) was observed at L@/L. In contrast,
have been reported on invertebratasmbriculusvariegates  ibuprofen inhibited the growth of duckweeld, minor, after
andChironomus ripariusfor sublethal effect$3? An endo- 7 d exposures at all concentrations tested. The strongest effect
crine disruption activity of carbamazepine has been suggestedvas observed at 100@g/L where 25% reduction over the
following the observation of inhibition of the formation of control was observe##? Diclofenac exposure in concentra-
Chironomuspupa in the test. CBZ presence on a mixed tion ranges commonly found in the environment has been
culture of nitrite-oxidizing bacteria isolated from activated reported to cause adverse effects to brown tratrfio trutta
sludge caused only minor, if any, inhibition on their f.fario), affecting kidney and grill integrity as well as selected
performancél’ immune parameters?

A combination of CBZ with clofibric acid showed a much The bioaccumulation potential of NSAIDs in biota or food
stronger effect than either of the individual compounds, in webs are not known with the exception of diclofenac, which
line with the concept of concentration additi&f.On the accumulates in treated livestock when used as a veterinary
other hand, in a study of the effects of lifetime CBZ exposure medicine. Vultures that fed on carrion of diclofenac-treated
at 1 ug/L on the cladoceraaphnia pulex a stimulatory domestic livestock and cattle were found to have a massive
effect was identified. At this concentration lev&laphnia population decliné** The unusually high death rate among
matured and reproduced slightly earlier and produced morethree species of vultureGfyps bengalensis, Gyps indicus
offspring than did the control population. However, chronic and Gyps tenuirostris across the Indian subcontinétit*3
adverse effects were observed for CBZ at 2@ffL with was found to correlate with diclofenac exposure, leading to
the retardation of juvenile somatic growth resulting in renal failure. Diclofenac bioconcentration factors in rainbow
delayed maturity and a consequent lower rate of population trout (Oncorhynchus mykipdish are reported to be 10
growth234 2700 in the liver and 51000 in the kidney depending on

The cnidarianHydra attenuatais adversely affected by  exposure concentrations, indicating that prolonged diclofenac
pharmacetical products but at higher concentrations in studiesexposure in environmentally relevant concentrations leads
to date than are found in the environment. It undergoes to a general health deterioration in fisR:244
morphological changes that are normally associated with . . .
lethality. Hydra exposed to CBZ showed signs of lethal 44.6. Blood Lipid-Lowering Agents: Fibrates
toxicity at high (0.6 and 6 mM) concentrations. Aninducible  The acute toxicities of clofibrate and its metabolite
threshold concentration for heme oxidase was found to be gjofibric acid were evaluated in three aquatic species, namely,
around 0.0:M at 48 h exposuré? the euryhaline fishGambusia holbrookithe crustacean
; » Artemia parthenogeneticaand the green alg&etraselmis
4.4.5. Nonsteroidal Anti-inflammatory Drugs chuii (Table 6)?*> A 30 min luminescence test oviibrio

The ecotoxicity of nonsteroidal anti-inflammatory drugs fisheriwas also reporte#® Clofibrate was considered to be
(NSAIDs), ibuprofen (Figure 5A), naproxen (Figure 5B), moderately toxic téA. parthenogeneticand toT. chuiiand
diclofenac (Figure 5C), and acetylsalicylic acid, has been very toxic toG. holbrooki.Nevertheless, clofibrate readily
evaluated using acute exposure tests of the crusté@@@&a ( metabolizes into clofibric acid. Clofibric acid has been found
magna, Ce. dubisand Thamnocephalus platyrys) rotifer to be nonhazardous by these tests, but as noted above, a
(B. calyciflorug, and a green algabesmodesmus subspi- mixture with fluoxetine produces developmental impairments
catus Table 4)202220233236 o]l the NSAIDs tested are  in Daphnia Moreover, Rebecca Klaper of the University of
considered to have the same mode of action in humans; thaWisconsin at Milwaukee reported that fathead minnows
is, they inhibit the cyclooxygenases, the key enzymes (Pimephales promelasexposed to 1 ppb clofibric acid
catalyzing prostaglandin biosynthesis, and have relatively low produce a milky mucous response, have difficulty with
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Table 6. Acute Toxicity of Clofibrate and Clofibric Acid on Aquatic Species

species organism test clofibrate clofibric acid

bacterium V. fisheri 30 min, 1C5091.8 mg/L2
luminiscence

crustacean Da. magna 24 h, ECs028.2 mg/l°
mortality

crustacean A. parthenogenetica 48 h, LCs036.6 mg/L¢ LCs087.22 mg/1¢
mortality

green alga T. chuii 96 h, ICs039.7 mg/L¢ 1Cs0318.2 mg/1¢
growth inhibition

green alga Sc. subspicatus 72 h, ECs089 mg/Ld
growth inhibition

fish G. holbrooki 96 h, LSs0 7.7 mg/L® LCs0526.5 mg/1¢
mortality

aReference 220 Reference 37 Reference 245 Reference 372.

Table 7. Acute Toxicity of Beta Blockers Evaluated on Algae, Crustacean, and Fish

organism/ propranolol oxprenolol atenolol metoprolol nadolol
species test ECso mg/L EGso mg/L EGso mg/L EGso mg/L EGso mg/L
bacterium bioluminiscence 810 130 144
V. fischeri 60 min
green alga growth rate 4.12 1338 4
De. subspicatus 24 h
3d 0.73 620 7.9

green alga growth inhibition 7.4
Ps. subcapitata 96 h
crustacean mortality 77016 313P20C° 438°63.9' >100
Da. magna 48 h
crustacean inhibition of mobility 1.491.5¢0.858 10.19 33.4 45.398.8 163.4
Ce. dubia 48 h
fish mortality 29.8°24.3
O. letipes 48 h

aReference 253 Reference 25X Reference 220 Reference 17% Reference 166.Reference 223 Reference 254.

respiration, and exhibit severe maotility inhibition within 24 The acute toxicity of atorvastatin toward the midge
h, physical manifestations of stressed and dying#i&Also, Chironomus tentansind the fresh water shrimdyalella
clofibric acid produced a synergistic toxic effect in the aztecausing standard 10-d acute toxicity tests showed that
presence of carbamezapitié However, clofibric acid did atorvastatin was approximately 10 times more toxidito
not significantly affect cell density or growth of the alga aztecacompared toCh. tentang>! The measured toxicity

Dunaliella tertiolectaor survival of the crustaceaRalae- thresholds were several orders of magnitude higher than
monetes pugioThe fish Fundulus heteroclitusvas also current environmental concentrations, indicating that this
unaffected by clofibric acid concentrations 81000ug/L. compound poses little risk to benthic invertebrates.
Measured concentrations of clofibric acid in the environment
have not exceeded :!d‘g/L_247 4.4.8. Beta Blockers

Exposure of goldfishGarassius auratysto environmen- As noted above, beta blockers constitute one of the most

ta”y.relevant IeVel.S of gemflbl’OZIl, detected at miCI’OgI’am important families of prescription drugs] and they p|ay a
per liter concentrations in domestic wastewater and nanogramsignificant role for the therapy of cardiovascular diseases.
per liter concentrations in surface waters, leads to the drug'sThe ecotoxicity of several beta blockers has been evaluated
bioconcentration in the blood serum, reducing circulating ysing the marine bacteriuiibrio fischeri the water flea
testosterone to around 50%, signaling the potential of a paphnia magnathe green alg®esmodesmus subspicatus,
manifestation of endocrine disruptiéf?. and duck weedlemna mino?52253Propranolol (Figure 11B)
- . ) , was found to be more toxic than metoprolol (Figure 11C),
4.4.7. Blood Lipid-Lowering Agents: Statins followed by atenolol (Figure 11A). Propranolol with an &C
Statins are known inhibitors of sterol biosynthesis in plants <1 mg/L would be classified as very toxic, and metoprolol
and have displayed phytotoxicty in radtéhand aquatic ~ with an EGo of 7.9 mg/L in the algal test would be classified
plants of Lemna genus?** A study with Lemna gibba as toxic to aquatic organisms according to an EU directive
indicated that statins caused concentration-dependent toxicity(1996). Propranolol is characterized by a membrane-stabiliz-
via reduction of mevalonate (HMG-CoA mediated) derived ing activity, whereby it reduces membrane permeability for
products. Both lovastatin (Figure 8A) and atorvastatin (Figure ions such as Ng K*, and C&".2>* Atenolol with an EGg
9B) significantly decreased stigmasterol afiesitosterol of 313 mg/L in theDaphniatest would be classified as being
concentrations in.emna gibbaby 50% on 7 d daily static  nontoxic (Table 7)Lemna minowas found to be the least
renewal exposure of 64 and 3&/L, respectively?'4250 sensitive test species with an E@f 114 mg/L obtained
However, statin hazard quotients are<&.1, indicating there ~ with propranolol and no effect with atenolol and meto-
is little risk to Lemna gibbaat environmentally relevant  prolol23® An acute toxicity study of beta blockers d@e.
concentrationd®® Nevertheless, the hazard quotient makes dubialed to the determination that it is twice as sensitive as
no allowance for ED effects as it is based on lethality tests. compared withDa. magna?®* Huggett’ reported a study
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Table 8. Subchronic Toxicity of Beta Blockers Evaluated orDa. mixtures at the E€ and EGg level, but at lower levels, the
magna®® mixture toxicities might be underestimatéa.
LOEC mg/L By the EGo measure, the toxicity of a mixture of beta

betablockers  growth inhibiion  reproduction  heartrate  Plockers (acebutolol, atenolol, metoprolol, nadolol, oxpre-
nolol, and propranolol) has been shown to fit well with a
CA model?>3254Estrogenic activity of mixtures of estradiol
and ethinylestradiol could also be predicted based on thg EC
values of individual chemicals for vitellogenin induction in
using a fishOryzias latipesan amphipodHyallela azteca rainbow trout?®” Similarly, using vitellogenin induction in
and two cladoceranf)a. magnaand Ce. dubia male fathead minnows as the end point, the combined effects
An evaluation of chronic exposure @fa. magnato the of a multicomponent mixture of estradiol, ethinylestradiol,
beta blockers propranolol and metoprolol for three ecotoxi- and nonylphenol, octylphenol, and bisphenol A revealed that
cological endpoints has been reportédThe Da. magna these estrogenic chemicals acted together in an additive
endpoint sensitivity to chronic expoure for both of the beta manner in this case. When these five estrogenic compounds
blocker drugs was found to be ordered with mortality were mixed in concentrations below levels at which their
growth < fecundity (reproductionx heart rate. The lowest individual effects can be detected, their cumulative impact
observed effect concentrations (LOEC) for the endpoints for was detrimentad®® In an algal test up to Ef level,
9 d chronic exposures are given in Table 8. The significantly propranolol, metoprolol, and atenolol had practically no effect
lower LOECSs for heart rate on exposure to both propanolol when applied singly, but the mixture of all three beta blockers
and metoprolol indicated sublethal toxicity Da. magnaat has been reported to cause about 36% growth inhibiton.
lower concentrations than those observed for more classical The effect of a mixture of APIs at environmental levels
endpoint$>® Long-term exposure dfe. dubiaandH. azteca (ng/L) on human embryonic kidney cells (HEK293) has been
to propranolol affects sex hormone blood plasma concentra-reported to inhibit the growth in vitro by affecting both the
tions and reduces fecundit}? Ce. dubia exhibited a physiology and morphology. The API cocktail of 13 drugs
reproduction LOEC for propranolol on 7-d subchronic was produced to mimic both the association and low
exposure of 0.25 mg/L, whilkl. aztecaexhibited a repro-  concentration (nanogram per liter) profiles detected in the
duction LOEC similar to that oDa. magnaas shown in environment. It included atenolol, bezafibrate, carbam-
Table 8. azepine, cyclophosphamide, ciprofloxacin, furosemide, hy-
When scrutinized via a 24 h exposure chlorophyll fluo- drochlorothiazide, ibuprofen, lincomycin, ofloxacin, raniti-
rescence assay, propranolol also inhibited photosynthesis indine, salbutamol, and sulfamethoxazole. The mixture
the green alg®esmosdesmus subspicaflog(1/EGy(M)) stimulated the expression of cell cycle regulation genes and
= 5.61)%6In a 72 h growth inhibition test for propranolol, Kinase proteins that signal cell stress, indicating a slower
an EGy value of 20uM reported earli¢?® was modified to rate of cell division and less cell proliferatid?.26°
7.8 uM.?%3 A value of 1 or above between the predicted  Many mixtures produce higher toxic effects than would
environmental concentration (PEC) and the predicted nobe predicted by the additive contribution of the single
effect concentration (PNEC) is seen as a trigger value for compounds. Interactive and synergistic effects are therefore
environmental risk assessment requiring further tesfihg.  occurring. Some seemingly harmless compounds can enhance
The study found PEC/PNEC for all tested beta blockers to the toxicity of others. These synergistic effects indicate
be <1 with the propranolol ratio being 0.81, indicating the amplified risk of pharmaceuticals with respect to the aquatic
environmental risk to be relatively low from the lens of this environment when used in combinati8f. The research

propranolol 0.44 0.11 0.055
metoprolol 12.0 6.0 3.1

assay® carried out to date clearly establishes that much more work

in this area must be done to learn how to protect society
4.5, Aquatic ECOtOXiCity of Pharmaceutical and the pharmaceutical industry from the ramifications of
Mixtures the impacts of APIs in the environment.

Pharmaceuticals occur in the environment in combination 5. Natural Elimination of Pharmaceuticals in the
with other pharmaceutical compounds together with their £nvironment: Photodegradation

own metabolites and other environmental pollutdfis. ) ] ) ]
Because current environmental risk assessments focus on The persistence of pharmaceuticals in the environment
single substances, it is virtually certain that the prevailing Plays a major role in determining their potential for producing
assessments underestimate the real environmental impact@dverse environmental effects. The bad news side of this is
and some examples of this have been pointed out above. thatthe industry is actively working to make pharmaceuticals
Thus, cumulative exposures need be considered forMore resistantto degradation chemistries suggesting that the
pharmaceuticals. This should clearly entail mixtures of APIs Problems will only get worse with time. The good news is
that share a common mode of toxic action, as well as that this overarching fact presents society with opportunities
mixtures with diverse modes of action. For APIs that share t0 obviate the problems. Either by restricting or by better
a common mode of action, the toxicity of any given mixture controlling pharmaceutical releases and by developing more
where the individual components act on the same or similar efféctive technologies for their rapid destruction in water,
physiological targets may be able to be predicted by applying We should be able_to substantlally am.ellorate the problems.
the concept of concentration addition (CA). It has been The latter strategy is a major opportunity for green chemists.
suggested that the CA concept is applicable to nonreactive, ‘ ;
no%igonized organic chemicals!)whichpghow no specific mode 5.1 PhotonS|s_ as a Natural Removal Mechanism
of action but whose toxicity toward aquatic species is of Pharmaceuticals
governed by hydrophobicif#323”According to Cleuvers et In surface water, the main elimination processes are
al., CA could provide a good prediction of toxicity of biodegradation, sorption, and photodegradation. As noted,
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in general pharmaceuticals have a designed resistance t&cheme 3. Photodegradation Products of Naprox@pp-268

biodegradation, thereby inhibiting one of the major removal CH, CHy
mechanisms. The sediment type has been shown to signifi- ciuz HCOH
cantly affect the sorption of pharmaceuticals such as ibu- G pco HycO o,
profen and diclofenac, thus implying that the efficiency of CH*coz' . 1 2 OO
elimination by sorption is site speciffé¢ and cannot be relied |, - cHe HeC
upon on a global basis. However, many pharmaceuticals are Naproxen S OH
expected to be photoactive, because many of these com- " iy OO

. . HaCO H3CO
pounds feature aromatic rings, heteroatoms, and other . .

functional groups that can either absorb solar radiation or
react with photogenerated transient species in natural waters, o+ral water and demineralized wat&rUnder direct solar

Thus, photolysis and photochemical processes should be&agiation, there are 13 diclofenac phototransformation

considered as Important removal mechanisms of APIS in hq4cts identified in both demineralized water and recon-

surface waters®= _ _ structed standard freshwater. The photolysis has been sug-
Recent studies have shown that certain APIs are indeedyested to proceed by two routes. One results from initial

susceptible to photodegradation in environmental settings. yhotocyclization of diclofenac into carbazole derivatives. The
Therefore, if they are not removed by other chemical means, gther proceeds via an initial decarboxylation and further

these species could be degraded by photochemical reactiongyiqation of the alkyl chain. The major photoproduct

in sunlit water. _In some cases, however, the phOtoqegradatior‘S-chIor0-9-|-carbazole—l-ylacetic acid. comes from the first
of APIs gives rise to products that are also of environmental ;4 te (Scheme £y0-272

concern. The measured half-lives of several pharmaceuticals
in sunlight-exposed pond water and autoclaved pond waterscheme 4. Photodegradation Products of Diclofen&t-272
revealed no significant differences, suggesting that both direct _con
and indirect photodegradation are important in limiting their o _con “2i H
persistence and that biodegradation was not an importantant ™/ ", < i O O
loss process in surface watéf. é/”jé h O " O e

c \ " OH

_COH
2!

H.
5.2. Direct and Indirect Photolysis Difence sonor <ozl i T i
Direct photolysis occurs when a compound absorbs light, O O

becomes unstable, and subsequently decomposes. However,
direct photolysis of organic compounds is often inefficient A photo-Fenton reaction of diclofenac by solar photodeg-
because there is poor overlap between its absorption spectraadation shows complete oxidation of the starting compound
and the spectrum of sunlight. Chemicals that cannot absorbin 60 min and total mineralization after 100 min exposure
light above 290 nm are resistant to direct photodegradation.to sunlight?’3274The proposed degradation route involves
Indirect (or sensitized) photolysis occurs through reactions an initial hydroxylation of the phenylacetic acid moiety in
with reactive intermediates generated by another light- the C-4 position leading to formation of a quinone imine,
absorbing molecule. The interaction with transients produced which undergoes multistep degradation. An alternative
upon the photoexcitation of dissolved organic matter, such suggested degradation pathway involves oxidativéN®ond
as the highly reactive, nonselective hydroxyl radic@iH, cleavage of the biphenyl amino moiety.
has been shown to limit the persistence of many compounds Wastewater treatment plants do not remove mefenamic
that degrade only relatively slowly by direct photolytic acid, a NSAID that is structurally related to dicloferfdt.
means. The direct photolysis solar quantum yield of mefanamic acid
Multiple studies have identified the presence of the three in pure water was found to be low, (15 0.3) x 104
acidic NSAIDs (naproxen, ibuprofen, diclofenac) and clofibric - Significant photosensitization was observed in solutions of
acid, the metabolite of lipid-lowering drugs clofibrate, Mississippi river water and with model photosensitization
etofibrate, and theofibrate, in American and European river compound$’ Degradation of mefenamic acid in sunlit
water samples, emphasizing the need to study the fate ofnatural waters is expected to depend on slow direct photo-

these drugs. degradation and rapid sensitized photodegradation in the
) . presence of dissolved organic ma#térlbuprofen is trans-
5.2.1. Nonsteroidal Anti-inflammatory Drugs (NSAIDs) formed only minimally by direct photolysis under a Hg-vapor

Ibuprofen does not absorb sunlight; hence direct photo- lamp?®” The obervation of accelerated (indirect) photodeg-
transformation can be neglect®dNaproxen, a widely used ~ radation in Mississippi river water and quenching of this
anti-inflammatory drug, is susceptible to photodegradation reaction by isopropyl alcohol favors a radical-mediated
in both distilled water and river watéf3 A number of studies ~ mechanisnt®’
have identified the photoproducts of naproxen. Three prin- - .
cipal products 1—3) arise from the photoionization and 5.2.2. Clofibric Acid
decarboxylation of the parent compound (Schem3§58 Clofibric acid in sunlit natural water is reported to have a
A coupling product 4) was also identified®® Phototrans-  half-life of 50 h for a specific set of conditiof&’ The
formation products of naproxen showed higher toxicities than presence of nitrate and humic acids increased the degradation
the parent comound, while no genotoxicity was fodffd. rate, implicating the involvement of radicaf$.Separately,

Diclofenac reacts rapidly via direct irradiation. Direct quenching of the degradation in Mississippi river water by
photolysis provides the dominant degradation mechanism andsopropyl alcohol suggests involvement of an indirect
the removal process for diclofenac in surface wg85.269.270 photochemical proce$8’ As only ~20% of quenched
The degradation has the same half-life of 39 min in both transformation could be attributed to hydroxyl radicals, other
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radical species were also implied participants. It has beenScheme 7. Photodegradation Products of Fluoxetine by
suggested that both direct and radical-mediated indirectDirect and Indirect Photolysis®’
photolysis may play approximately equal roles in its trans-

formation?26” Nor,
The photocatalytic treatment of clofibric acid in aqueous
TiO, suspensions facilitated degradation into several aromatic

\
and aliphatic products (Scheme%5277 /©/ o
Scheme 5. Photocatalytic Degradation of Clofibric Acid in v fo O/ Son

Agueous Solution Suspended with TiG*"”

0. CH; OH
\C/
/O/ |\COZH ’
HO

Z(4-hydroxyphenoxy)-isobutyric acid Scheme 8. Proposed Photodegradation Products of

/O/ O/ /é( Paroxetine?8!
Cl Cl F

4-Chlorophenol  Hydroquinone  4-Chlorocatechol
CH,
wooo HOzC—(/'\OH or HOzC—CH\: HN
cH, CH& H,OH
Isobutyric acid 2- or 3- Hydroxybutyric acid

Clofibric Acid

5.2.3. Atorvastatin HN o o
In a study of the persistence of eight pharmaceuticals from \©:0>
multiple classes, including atorvastatin, in aquatic outdoor
field microcosms, no significant differences were observed
between the measured half-lives of the pharmaceuticals in
sunlight-exposed pond water and autoclaved pond water. Thiswhere residues of these compounds would persist. Direct
suggested that photodegradation limits their persistence anchotodegradation products of fluoxetine in deionized water
that biodegradation does not play an important role in using a Xe lamp with a light intensity of 765 Wnfiorm
removing them from surface wat&®# via O-dealkylation to a semiquinone produk;tand a methyl-
The photodegradation products of atorvastatin have beenaminoethyl benzyl alcoho® (Scheme 7). Indirect photolysis
characterized based on molecular ion peaks and fragmentsn synthetic field water was found to be considerably faster
detected by liquid chromatographynass spectrometry resulting in a possible photoprodu&, from ring addition
(LC—MS). One photoproduct has the F atom substituted by of *‘OH to the parent compound, in addition foand 2
OH but with the amide group retained (Scheme 6). A obtained from direct photolysis. Photoprodi&twas not
molecular ion at 416m/z results from N-dealkylation of  formed during direct photolysis experimeRt&In another
atorvastain followed by water adduct formati#h.In the study using a different light source of light intensity 0.25
photodegradation of the aqueous solution of atorvastatin in W/m? focused on the indirect photolysis of fluoxetine in a
the presence of 1 mM #D,, a molecular ion at 576vVz was solution of synthetic humic water (SHW; pH 7), norfluox-
assigned to an oxygenated analogue of atorvastatin. Thisetine, the demethylation product of fluoxetine, was identified
photoproduct, which has been proposed to be a hydroxylatedas a photoproduct. This SHW study also reported a 13-fold
form of atorvastatin, was not observed in direct photolysis photolysis rate enhancement compared with direct photolysis
experimentg’8 in buffered solution at the same FE?.

Photolysis of paroxetine, both in synthetic humic
water and in lake water, resulted in formation of two
photoproducts] and2 (Scheme 8), at molecular mass 209
and 191, respectively. The structure bfvas proposed to

Paroxetine

Scheme 6. Atorvastatin Photoproducts Include a Hydroxy
Derivative by Substitution of F Atom by Hydroxy Group
and Two Unidentified Products?’8

©\ o u ™ o arise from cleavage of the ether bond of the parent
N N/\)\)\,cozH compound. Photoprodu2twas proposed to result from loss
ol W of water from 1 with subsequent cyclizatiot§® Another
© SSRI, fluvoxamine (Luvox; Figure 14D), has a6l double
P bond and can exist aE)- (trans) and @)- (cis) diastereo-
859 miz oo o mers; the E)-diastereomer is clinically effective. UV ir-
O\ o e on radiation of aqueous solutions of fluvoxamine generated the
N AW A oo (2)-diastereomer in both pure wat&and synthetic humic
- water?83
O . The photolysis of citalopram (CIT) in water resulted in
oH <0.5% degradation at pH 5 and pH 7 during the 30 d

557 m/Z

exposure period in a chamber outfitted with fluorescent lamps

simulating the ultraviolet output of sunlight at 2%.284

. , 0 Citalopram degradation was faster in synthetic humic water

5.2.4. Selective Serotonin Reuptake Inhibitors (SSRIs) (half-life 24 d) and in natural waters (half-lives 14 and 43
SSRIs as a general class resist most forms of degradatiord) than in pH 9 buffer (half-life 65 d), indicating photo-

in environmental systems and tend to partition to sediment sensitization by humic acid or other species. Two photo-

+ Unidentified products (555 and 416 m/Z)
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Scheme 9. Photodegradation Products of Citaloprad§
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N\H
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N-oxygenation N-desmethylcitalopram
N
g ;
t‘ _Chy
F NCH,

Citalopram

Citalopram N-oxide

products were identified\-desmethylcitalopram (DCIT), a
major product, and CIN-oxide as a minor product (Scheme
9)_284

5.2.5. Carbamazepine

Several groups have studied the photochemical behavior

of carbamazepine, and the major product is 10,11-
epoxycarbamazepiri@?276-278.285287 The time required for
conversion is matrix dependent. The epoxide vyield is
approximately 25% on carbamazepine, such that there ar
other unidentified photoproduct&’

Direct photolysis of carbamazepine (in ultrapure Milli-Q
water) is reported to yield photodegradation intermediates
1-6 (Scheme 10), with acridined) as a major mutagenic
and carcinogenic intermediad® A UV/H ,0,-induced deg-
radation study of carbamazepine has also been reported t
form acridine as the main product via the epoxycarbam-
azepine intermediaf8’ The photodegradation of carbam-

azepine was studied in reconstructed natural estuarine wate

(tap water, humic acids, Fe(lll), nitrate, and chloride) under
mercury lamp irradiation simulating natural light. This results
in a substantially enhanced photodegradation rate with the
formation of productsl—6 and two additional chlorinated
compoundg88

Scheme 10. Carbamazepine Degradation Products on Direct

Photolysis8
cco ©532
Carbamazeplne

HZN)\O
9- carboxaldehyde

Acndlne MW 179

5

MW 450

H2
Carbamazeplne

Se8

MW 254

Hz'\/KOH

Photocatalysis with Ti@(4 < 413 nm) eliminates car-
bamazepiné’” The influences of organic water constituents
such as natural organic matter (NOM) and the behavior of
mixtures of pharmaceuticals on the degradation rate of

Khetan and Collins

5.2.6. Steroid Hormones

The natural estrogen estradiolJEs a significant endo-
crine disruptor in the aquatic environment. Both &d
synthetic 1@-ethinylestradiol (EE) are reported to degrade
on direct photolysis. A polychromatic medium-pressure UV
radiation source was found to be more effective compared
with a conventional low-pressure UV lamp. Degradation was
found to be more effective on UVAD, treatment compared
with direct UV photolysig® The titanium dioxide photo-
catalysis process has been shown to degrageesitadiol
via oxidation of the phenolic moiety to mineralized prod-
ucts??0 Similar catalytic photodegradations of estrone)(E
E,, and Ek have been reported using titanium dioxide
photosemiconductor thin films under UV light. Only 20%
of the initial E; degraded on direct UV irradiation, but this
could be increased to 90% by Ti@hotocatalytic oxidation
after 30 min irradiatior??* Direct photodegradation of;Bvas
observed under UV-lamp and high-pressure mercury lamp
irradiations with degradation of the aromatic ring forming
carbonyl group-containing oxidation produéis.Photo-
Fenton degradation involving UWis/Fe(l11)/H,O, resulted
in 98.4% degradation of ;Fon 160 min irradiation. The
relative degradability of different estrogenic compounds was

eE > EE, > E,.2%

5.2.7. Antibiotics

Sulfonamides are used in aquaculture for veterinary
applications and in the treatment of human respiratory and

dirinary tract infections. In the photolysis of sulfonamides

containing five-membered heterocyclic rings, including sul-
famethoxazole, sulfisoxazole, sulfamethizole, sulfathiazole,
gnd sulfamoxole, sulfanilic acid and a small HPLC peak in
each photolysate solution coinciding with the sulfanilamide
standard have been identifiéd.

For sulfamethoxazole, five photoproducts have been
characterized, including the structural isomer of sulfamethox-
azole and two photoproducts formed by the clevage of the
—S0O,—NH- linkage into 3-amino-5-methylisoxazole and
sulfanilic acid (Scheme 129> The rate of photodegradation
of sulfamethoxazole in irradiated 1 mM.8; solution was
significantly enhanced relative to the degradation in deionized
water, which suggested thd@dH-mediated reactions might
be occurring alongside direct photolysis reactions. Similarly,
the rate of degradation of the photoproduct, 3-amino-5-
methylisoxazole, was found to be slow in pure water but
faster in 1 mM HO,.2"8

Scheme 11. Photoisomerization and Photodegradation
Products of Sulfamethoxazolé®
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The direct photolysis of five sulfonamide antibiotics con-

carbamazepine, clofibric acid, and iomeprol have been taining six-membered heterocyclic groups, namely, sulfa-
determined for TiQ photocatalytic degradation in aqueous methazine, sulfamerazine, sulfadiazine, sulfachloropyridazine,
suspension&’® and sulfadimethoxine, resulted in common loss of 86 mass
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Scheme 12. Photolysis of Sulfamethazine and Other ethyl group with formation of ciprofloxacin followed by
Structurally Similar Compounds Results in the Formation of oxidation of the piperazine ring (Scheme 14). Enrofloxacin
Coupling Products of Aminobenzene through the Pyrimidine and ciprofloxacin ended up with common photoprodu8ts,

Nitrogen Atom ortho to the Original Connection Point, Such
as in the Formation of 4-(2-Imino-4,6-dimethylpyrimidin-
1(2H)-ylhaniline29¢

and4. Denofloxacin gave a single produdt,and norfloxacin
had analogous productsand6 (Scheme 143%7

Clinafloxacin photodegradation proceeds through dechlo-

Hs
Z N HGWCHa rinati_on followed by reactions involving the _quinolone ring
Q N)\N | oo, R l forming polar product$® Another route involves the
b o Q/ \!: degradation of the pyrrolidine side chain to yield nonpolar
HoN Hof products. The structures of eight photoproducts (Scheme 15)

are based on HPLC, LC-MS/MS, and NMR evideRe.

units, indicating S@extrusion. NMR analysis of the photo- In sunlit natural surface waters, photodegradation reactions
products led to the identification of sulfamethazine as a can occur by direct photolysis with organic compounds
product proposed to be formed by coupling of the aminoben- decomposing under the assault of actinic radiation in the
zene ring through the pyrimidine nitrogen atom ortho to the 290-800 nm range. Indirect photolysis reactions proceed
original bond to the sulfonamide (Scheme 12). Similar through the generation of reactive intermediates from other
photoproduct formations have been proposed for antibiotics Uv-absorbing material such as nitrate and dissolved organic
with similar structured® In the case of sulfachloro-  matter, which are ubiquitous natural constituents of field
pyridazine, an additional product has been reported showingwater. Photogeneration of the highly reactive, nonselective
the loss of the chlorine atof® hydroxyl radical has been shown to limit the persistence of
Antibiotics of the fluoroquinolone family are photosensi- many compounds that degrade relatively slowly by direct
tive, and the photodecomposition of some members of the photolysis. The second-order rate constants for this oxidant
class, including levofloxacin and clinofloxacin, has been with numerous organic compounds have been reported to
studied extensivel§2"-2°° Four photoproducts of levofloxacin  approach diffusion-limited values (20101° M1 571302 The
have been characterized. Three are formed by oxidation ofprincipal photolysis reactions involvingOH and other
the piperazine ringl—3) and one derives from the loss of organic compounds include H-abstraction and addition to
the piperazine moiety4 Scheme 13§782%° double bonds, and these can distinguish products resulting
Photolysis of enrofloxacin, ciprofloxacin and norfloxacin from direct and indirect photolysi$® Known second-order
produces products with altered piperazine riff§g°0.301 rate constants for the reaction between different pharma
Photolysis of enrofloxacin led primarily to abstraction of the compounds andOH are compiled in Table 9.

Scheme 13. Photoproducts of Levofloxac#i8.2%°
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Scheme 15. Photoproducts of Clinafloxac#$7:2%¢
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Table 9. Rates of Photodegradation of Pharmaceuticals in Sunlit Natural Surface Water

second-order

pharma rate constant quantum yield

compunds (*OH), M~ts? (direct photolysis) light source ref
levofloxacin (6.6£ 0.6) x 10° 0.05 sunlight simulator 278
ofloxacin 7.79x 1075 sunlight 109
carbamazepine (94 0.4)x 1 1.3x 10+ sunlight simulator 278

(8.8+1.2)x 1 303

(3.07+ 0.33)x 1(® sunlight 287

4.77x 1075 294
sulfamethoxazole BF01)x 1 0.02 sunlight simulator 278

(5.8+£0.2)x 1¢° 294

4.29x 1078 Hg lamp 109

atorvastatin (1.2 0.5) x 10% 45x%x 1073 sunlight simulator 278
fluoxetine (8.4+0.5) x 1@ sunlight simulator 279

(9.6+0.8) x 1¢° (42+15)x 10°

naproxen (9.6 0.5) x 1 0.036 267

ibuprofen (6.5:0.2) x 1 267

clofibric acid (4.7£0.3)x 1 267

membrane filtration (nanofiltration and reverse osmosis) or
filtration over activated carbon. However, the absorption or
retention capacity of both approaches decreases with opera-
Surface water is widely used for drinking water. Therefore, tion time as natural organic matter builds up and interfétes.
the occurrence of APIs in surface waters poses seriousBiofouling can also lead to clogging of filte?&! The role
problems to society in general and water utilities in particular. of chemical oxidation depends on the treatment objectives
Despite the ability of natural processes to break down many and may vary from partial remediation to complete miner-
pharmaceuticals as discussed above, there is an increasinglization. In the case of partial treatment, chemical oxidation
need for strategies to mitigate organic micropollutants in aims at the selective removal of the persistent components
water as the demand for clean water is steadily rising. Up to and their conversion to readily biodegradable intermediates
now, there has been no proof that very low concentrations that can subsequently be treated biologically. Compounds
of APIs have adverse health effects on humans. But as wethat are particularly susceptible to oxidation often contain
have already pointed out, it would be entirely premature to heteroatoms with lone pairs of electrons (oxygen, nitrogen,
give these trace contaminants a stamp of approval. Low sulfur), suggesting that APIs should be susceptible to
levels of EDCs in water are a major concern for society oxidative treatment.
because EDCs exert physiological effects at very low |n grinking water treatment systems, chlorine, chlorine
concentrations that can translate into_ human impairment. gioxide, and ozone are frequently used, while disinfection
Precautionary thinking ordains that drinking water should of wastewater effluent usually is limited to chlorine. Among
be free from trace APIs to minimize the unpredictable l0ng- the three oxidants, ozone tends to be the most reactive. Al
term risks*In the face of uncertainty about what the effects three oxidants are strong electrophiles that exhibit similar
will be of continuous exposure of the population 1o trace trends of reactivity with organic compounds. As a result,
quantities of APIs, the only prudent course is to treat APIS certain reactivity generalizations can be made. Oxidation with
in the water as an urgent issue for short- and long-term actionchjorine and ozone can result in the transformation of some
with the strategic intent of protecting human health and the compounds with reactive functional groups under the condi-
environment. tions employed in water and wastewater treatment plants.
Drinking water treatment primarily relies upon adsorptive Chloramine is also finding expanded use in drinking water
and oxidative processes to remove or transform organic disinfection and some studies of its utility in decomposing
materials. Persistent micropollutants can be removed by APIs have been reported.

6. Oxidative Transformations of Pharmaceuticals
in Water
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6.1. Non-Green-Chemistry Methods Scheme 18. Effect of Chlorination on Sulfamethoxazole in
Municipal Wastewaters and Affected Drinking Waters3'1
6.1.1. Chlorination 9
HoN: —NH
The rate of transformation with free chlorine (i.e., HOCI/ u: W_CHS
OCI") of compounds containing aromatic ether functional £ Sub-stichiometric Cl ~o
groups was strongly affected by the other substituents on 6 WHS
the ring. The amine-containing pharmaceuticals undergo a N Excess Cly
rapid reaction to form chlorinated compourisPharma- a PN \
ceuticals such as acetaminophen, sulfamethoxazole, di- N=<:>=0 + m**ﬁwf
clofenac, and metoprolol all oxidized during chlorination. N-Choropbenzo. 3.Am\m35.memy..
Metoprolol and sulfamethoxazole formed chloramines as one quinoneimine isoxazole

of their oxidation products. Gemfibrozil underwent chlorina-

tion with substitution of one chlorine atofff
Acetaminophen reacts with chlorine to form multiple

products, two of which have been identified as the toxic

p-benzoquinoneimine, 3-amino-5-methylisoxazole, ang#SO
(via SQ; Scheme 18§

Flurogquinolone antibiotics interact with aquous chlorine
in markedly different manners depending upon whether they

gg?zpoouu?ggyé%:eé%#:rfg 2106q)wtnhlzelaltrtglrn?3el(i)n ar;d tolx,sf:-ant contain a secondary amine, for example, ciprofloxacin, or a
q ' g tertiary amine, for example, enrofloxacii. Ciprofloxacin

o s LT CSES OUehcacs raply ih HOC!a 1 secondary amine orming 2
P 9 P ’chloramine intermediate that spontaneously decays, report-

chloro-4-acetamidophenol ~ and  dichloro-4-acetamido- edly by a concerted piperazine fragmentation (Scheme 19).

306,307 i i i i _
phenol: A kinetic study of the chlorination of acet contrast, enrofloxacin reacts slowly with HOCI at its

; . |
a::n"Cvzghggcr;gzsb:;rf]rg?ﬁo{gegosgogggjggﬁég Egtgis gisﬂfr}grtiary amine, forming a reactive chlorammonium interme-
P ' 9 diate that has been reported to catalytically chlorinate

i 05
cantly more reactive than OC? enrofloxacin (Scheme 19) or other substrates present in
solution. The finding suggests that tertiary amine-containing

N . .
Scheme 16. Effect of Chlorination on Acetaminophef? fluoroquinolones remain comparatively stable during water

(@] O, i i 312
Ycr g, 3—cHy chlorination:
o T oDl (Do | |
1 2 Scheme 19. Transformation Products of Fluoroquinolones
* on Treatment with Aqueous Chlorine®1?
Five unidentified products o
; \Y% ~ Y
Diclofenac on treatment with chlorine forms at least five | == | e,
products, but it does not form a chloramii?é Diclofenac o o
has also been investigated for its degradation in water on 0 °
treatment with ozone and B,/UV. Both oxidant systems Ciprofloxacin

induced diclofenac degradation, completely converting the

chlorine into chloride ions with degrees of mineralization Hzm V V

of 32% for ozonation and 39% forJ@,/UV after 90 min H .

treatments. The reactions were found to follow similar but | os | o
not identical reaction pathways leading to hydroxylated 0 o
intermediate, 2-[(2,6-dichlorophenyl)amino]-5-hydroxyphenyl- o V
acetic acid, and €N cleavage products, notably 2,5- 2N CoHen. ,
dihydroxyphenylacetic acid, through competitive routes. O V O
Subsequent oxidative ring cleavage leads to carboxylic acid - |

fragments via classic degradation pathways (Schemé®17). T o o
. . Enrofloxacin
Scheme 17. Diclofenac Degradation Products on Treatment
with Ozone*®® Oxidative removal of several sulfonamides, macrolides,
oS0 . e 0N . po o | and carbadox antibiotics in surface waters has been reported
o R oH with free chlorine. An average of 88% of the antibiotics were
ﬁj/ jé L»b/bu + N]é removed on treatment with free chlorine (1 mg/L) in about
c HO c HO o 2 h over the pH range of 6-19.1 under ambient conditions.
Diclofenac Monochloramine is less effective at typical drinking water

dosage concentrations of 3 mghs.

Naproxen on chlorination is transformed into five inter-  The oxidative treatment of fluoroquinone antibiotics by
mediate products within 6 min, which further transform and manganese oxide results in dealkylation and hydroxylation
degrade; two unidentified end products after 7 days were at the piperazine moiety with the quinolone ring remaining
the only residualg!® intact3%4

A detailed investigation of the chlorination reaction of Oxidative degradation of both,Eand ER with chlorine
sulfamethoxazole at substoichiometric concentrations of freeis reported to result ir 99% removal/transformation (2 log)
chlorine revealed an unexpected aromatic amine chlorinationof the parent compounds. The decrease in estrogenic activity
reaction by direct chlorination of the aniline moiety. In excess paralleled the decrease in the estrogenic chemicals under the
chlorine, the reaction products identified includechloro- influence of free chlorine, investigated with the yeast two-
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hybrid assay (YTA), estrogen receptor (ER) competition lowering the UV fluence (dose) required for oxidation
assay (ER-CA), and high-performance liquid chromatogra- compared with direct photolys?8?

phy/mass spectrometry (LC/MS}:In an estrogen receptor- Oxidative treatment of clofibric acid, ibuprofen, and
positive human breast cancer cell line (MCF 7) assay, a lower giclofenac has been reported with, 3,0,/UV, and Q/
stabilized estrogenic level was reached in Z%7:° H,0,. Ozonation was effective in the degradation of di-

: . I clofenac with complete conversion of the chlorine into
6.1.2. Treatment with Chiorine Dioxide chloride ions and 32% mineralization. A 90 min treatment
A number of environmentally relevant pharmaceuticals of diclofenac with HO,/UV resulted in 39% mineraliza-
have been treated with chlorine dioxide (GJ@ assess its  tion.3°° The combined application of £H,0, degraded all
potential for the oxidation of pharmaceutic&islt was found three compounds to more than 98% at 5.0 mgila@d 1.8

to be effective only for certain compounds such as the mg/L H,O,.31°

sulfonamide antibiotic sulfamethoxazole, the macrolide  (yidative treatment with both UV, and Q completely
antibiotic roxithromycin, .1&—ethlinylestra}diol, and diclq— removes the toxicity of a mixture consisting of carbam-
fenac. CIQ reacts selectively with functional groups with  a7epine, clofibric acid, diclofenac, sulfamethoxazole, of-
high electron density, such as neutral tertiary amines a”dloxacin, and propranolol in a moderately hard synthetic
phenoxide. It reacts at the tertiary amino group of roxithro- ,adium within 1 min of treatmert® A longer treatment
mycin and at the phenolic moiety of EFigure 33)'/ (3—5 min) did not lead to increased toxicity, but stimulated
o o the algal growth ofSynechococcus leopoliensishis led to

NN N the suggestion that the degradation products of the APIs

could be used as carbon sources by the #ta.

Ozone treatment of biologically purified water from
wastewater treatment plants is reported to reduce concentra-
tions of many pharmaceuticals below detection limits. The
results are generally based on the disappearance of the parent
compounds. This treatment would be useful in cases where
the wastewater use poses ecotoxicological risks, such as

Roxithromycin EE2 irrigation in agriculture or dilution into surface watéf$The
Figure 33. The sites of ClQattack on reactive pharmaceutic#ls. municipal wastewater effluents from conventional activated
sludge treatment (CAS), as well as the effluent from a

Compared with ozone, ClQeacts more slowly and with ~ membrane bioreactor pilot plant, have been reported to be
fewer compounds. However, Cj@eacts faster than chlorine  cleared of>90—-99% of macrolide and sulfonamide antibiot-
with sulfonamide and macrolide antibiotics and estrogens, ics, estrogens, and the acidic pharmaceuticals diclofenac,
but in contrast with chlorine, it does not react with bezafi- naproxen, and indomethacin by @oses of 2 mg/L in both

brate, carbamazepine, diazepam, and ibupréfen. effluents®?? No degradation byproducts were identified.
) Ozonation of the macrolid antibiotic lincomycin results
6.2. Green-Chemistry Methods in reduction of the toxicity of the treated solution toward

Green chemists are just beginning to consider the PIE areathe aI_gaS. |eopolller?5|'s:01mpared with untreated solutions
as a place where they might focus upon the reducing or containing the antibiotié? Sm_ularly, agueous ozone O _
eliminating the use and generation of hazardous substancesOH) treatment of several antibacterial compounds from nine
Because of the many health and environmental uncertainitiesStructural families has been reported to selectively oxidize
associated with pharmaceuticals in environment, this area isth€i’ blochenglscally essential moieties with a second-order
conceptually excellent for a green chemistry precautionary rate constant?® Ozone treatment in synthetic wastewater at
approach that may avoid known and possible problems.adose rate 0f2._96 g/L has.also bee_n .re.ported to degrade in
Green chemists will make a large contribution to the 1 h the fluoroquinole veterinary antibiotic enrofloxaéf.
sustainability of the pharmaceutical industry if they develop ~ Ozonation of  and EE in distilled water results in
highly effective, nonpolluting technologies for decomposing transformation of>99% of the test compounds in 10 min to
in water APIs and their various biologically active byprod- reach a stabilized estrogenic level assayed on a human breast
ucts. Several chemical methods have been employed for thecancer cell line (MCF-73° Similarly, >99% degradation
degradation of pharmaceuticals, including ozonation, ad- of EE; is reported on ozonation of Lake Zurich water to
vanced oxidation processes, such a®JV and QJ/H,0;, reduce the estrogenicity by 200-fold. The reduced estro-
and a new catalytic oxidation process employing Fe-TAML/ genicity has been attributed to the cleavage of the phenolic
H20,. In the last case, the work is being conducted with moiety of EE (Scheme 20); the phenolic moiety is of
explicit green chemistry motives, although such are implicit particular importance for the binding of estrogens to the
in all the studies. Ikehata and colleagues have reviewed theestrogen receptGe®
degradation of pharmaceuticals in aqueous media where the  nfortunately, full mineralization of pharmaceuticals is
queth parameters are known by ozonation and advancedgenera"y not achievable at the; @oses typically used in
oxidation processes? water treatment, resulting in the formation of oxidation

o byproducts. Ozonation completely transforms diclofenac,
6.2.1. 05, H0,/UV, and O5/H;0, Oxidation sulfamethoxazole, carbamazepine, and bezafibrate but not

While the effectiveness of direct photolysis is governed clofibric acid3® This treatment significantly reduces toxic-
by the absorption spectra of the contaminant and the quantunity.3°® The ozonation products of carbamazepine in clean
yield, the dominant mechanism on the addition ofOu water have been identified as three quinazoline compounds
involves highly reactive hydroxyl radicals, often significantly (1—3; Scheme 21§26
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Scheme 20. Ozonation of 1a-Ethinylestradiol (EE) Forms of H,O; in an efficient manner to rapidly oxidize a variety

Products by Oxidation of the Phenolic Moiety by of substrates in water to environmentally acceptable end

Ring-Opening and by Oxidation of Ethinyl Group; the points.

Erct’d‘a‘?tsl‘;%a”d Ill Are Also Obtained by Ozonation of It is known that electron-withdrawing substituents, such
stradio as Cl and NQ, can stabilize aromatic rings toward oxidative

HO S=0 (or electrophilic) attack. In the course of Carnegie Mellon
o 3 ? & studies on the degradation of thiophosphate pestiédéds,
CHoon MO "o was observed that nitrocresol undergoes facile degradation
ehsl.c? " on Fe-TAML-activator/HO, treatment. Similarly, facile

degradation of highly environmentally recalcitrant penta-
chlorophenol (PCP) and also 2,4,6-trichlorophenol (TCP)
with Fe-TAML/peroxide has been reported earfigrWe
have also observed total degradation of trichloropyridinol,
2-isopropyl-6-methyl pyrimidinol, and quinoxalin&?® The
facile degradation of hydroxy-aromatics bearing electron-
withdrawing chloro- and nitro-substituents suggests that Fe-
TAML/H ;0, will be generally effective at degrading aro-
matic compounds bearing electron-withdrawing substituents,
) and this augers well for pharmaceutical degradations.

O’ 1 2
HO
L, o HQ 0
CHj CH;
HO. HO.
o) [e]
17a-Ethinylestradiol (EE3)
3 4
oZ TOH 0~ TOH

Scheme 21. Carbamazepine Ozonation Yields Three
Quinazoline Compoundg2é

o o s Several fluoro and other halogen-substituted aromatic ring
Q N O - containing pharmaceuticals are recalcitrant. Fe-TAML/
oS Q N O peroxide has successfully degraded a number of these

S compounds as described in conference presentations. Deg-
: radation of atorvastatin (Figure 9B) with Fe-TAML/peroxide
o o was found to result in 26 identified fragments separated by
N7 Hey Hy HPLC with partial mineralization. Similarly, sertralin (Figure
OJ\N J\/EO o ;jj@ 14C) underwent demethylation and further fragmentatién.
M Y " on The Fe-TAML/peroxide process has also been successful in
tj So % C(C\\o degrading the antidepressant fluoxetine (Figure 18A).
Other topical compounds studied in collaboration with
2 s Nancy Shappel of the USDA include A-estradiol (k;
Figure 26A), estriol (g Figure 26B), estrone (& Figure
Different water treatment processes have been compare®6C), and ethinylestradiol (EEFigure 26D). Each com-
for their potential to eliminate pharmaceuticals. It has been pound in nanomolar concentrations is readily degraded
demonstrated that among the classical drinking water treat-(>=95%, in minutes) on treatment with Fe-TAML#8, (pH
ment processes, only ozonation and filtration through granu-10) at room temperature. Using LC M®S, neither
lar activated carbon were effective in removing some estradiol metabolite, estriol nor estrone, was detected post-

pharmaceutical® reaction®3? In an earlier work, manganese peroxidase (MnP),
. o . a heme peroxidase enzyme or a laccase and 1-hydroxybenzo-
ggr-g)-dg:talyt’c Oxidation with Fe-TAML/Hydrogen triazole (HBT) as mediator removed estrogenic activities

(>80%) for both & and EE upon treatment for 1 h. Nearly
Many pharmaceuticals found in the environment are all the estrogenicity was removed by extending the treatment
fluoroaromatic compounds, which are relatively persistent time to 8 h*¥3 Similar levels of estrogenic activity ofEould
both because of their engineered stability and because theyoe removed in nearly 1/100th the process time by Fe-TAML/
are being continuously released. They constitute a worrying H202.3%?
source of pollution because they are exceptionally bioactive
and threaten toxicity and endocrine disruption potentials to 7. Management of Human Pharmaceuticals in the
humans, fish, algae, amphibians, and microorganisms. TheEnvironment
development of Fe-TAML activators (Figure 34) of peroxide ) . . . )
in Professor Collins’ Institute for Green Oxidation Chemistry ~ Pharmaceuticals are inherently biologically active and
has made it feasible to begin attacking recalcitrant pollutants ©ftén exquisitely potent. They are also designed to be
in the aquatic environment. In minute concentrations, Fe- resistant to blodegradatl'on becguse mt_etabollc_stablllty usua}ly
TAML activators are able to unleash the oxidizing power IMProves pharmacqloglcal actlo_n. This contrl_butes to their
environmental persistence. As discussed earlier, pharmaceu-
OH, - ticals often have physicochemical characteristics similar to
o

R=ClI;

\:‘k o ;|

S
N

R ~ -
ﬂiﬁ
0 X
o

R=H; X=Me FeB*

X=F FeDCBF:2

Figure 34. Fe-TAML activators of peroxide.

harmful xenobiotics; for example, they are able to pass
through membrane®? Human pharmaceuticals are ubiqui-
tous water contaminants that have shown detrimental effects
on aquatic organisms and may possibly affect human health
also. The present PIE scientific programs are primarily
toxicological, mostly aimed at measuring substances and their
effects. Little has been done to prevent APIs from entering
the environment in the first place. Various approaches have
been advocated, including the control of pharmaceuticals at
the source, the segregation of sources, the treatment of waste
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products to remove pharmaceutical compounds, and thein the future. We believe that new scientific evidence will
improvement of disposal systems for expired medidii&s® also advance the need for precautionary approaches. Sub-
In a recent survey on management of human pharmaceu-stances such as natural estrogenic hormones, and especially
ticals in the environment, expert stakeholders in academia,synthetic female steroid hormones, are very biologically
government, and industry have acknowledged the high level potent compounds. They are only partially eliminated during
of scientific uncertainty with regards to mixture effects, low- conventional wastewater treatment and have been measured
level chronic effects, and the lack of appropriate risk inthe effluent of wastewater treatment plants in United States
assessment methodologfy.Low levels of EDCs in water ~ and Europé3®
are a major concern for society because EDCs exert In the United States, water-quality standards do not
physiological effects at very low concentrations that can regulate pharmaceuticals in reclaimed wastewater, drinking
translate into devastating human impairments. Our currentwater, or natural waters. The National Research Council has
knowledge of endocrine disruption makes it mandatory that identified pharmaceuticals as one of the several major classes
we “guess an’ fear” and work to rid drinking waters of all of chemicals that have not received sufficient attention as
trace pharmaceuticathat have not been proen to be safe  potential water pollutants and recommended that they be
for human consumptiorGiven that obtaining such safety considered for future versions of the EPA'’s Drinking Water
proof for any individual pharmaceutical would be extrordi- Contaminant Candidate Li&t
narily difficult and perhaps impossible, we must restrictand  The U.S. FDA has required ecological testing and evalu-
regulate pharmaceuticals more aggressively, manage theigtion of a new pharmaceutical only if the predicted concen-
use and disposal much more judiciously, and develop tration when entering the environment in water or soil reaches
dramatically more effective technologies for removing them or exceeds Jg/L or 100 ug/kg, respectivel#4°341|t has
from water. Some ideas on prevention of the entry of been suggested that this level was set to guard against acute
pharmaceuticals in the environment and development of effects (as opposed to chronic effects) on the basis of very
advanced wastewater treatment technology have been protimited toxicity information3*2 and the registration of
posed. Other ideas that involve incentives for development pharmaceuticals is not dependent on the results of this
of “green” pharmaceuticals and pharmaceutical-return pro- assessmenrt2 However, under current regulations, a com-
grams have strong suppdft.Sweden has shown important  pany can obtain a “categorical exclusion” and not have to

leadership in this regard® perform an environmental assessment if they manufacture
) ] less than 40 000 kg/year. Assuming that the drug is spread
7.1. Regulation of Pharmaceuticals uniformly across the United States, 40 000 kg correlates to

about 1 ppb in the aquatic environméf.
The European Union has embraced the paradigm of the
“precautionary principle”, which holds that a regulator

to ensure water quality and to assess environmental impactsre.spOnSIble for, say, clean water, .ShOU|d res'pond to uncer-
tainity about the toxic effects of a given chemical by setting

The advances in analytical ¢ i . ; .
y hemistry of recent years havea limit that EU holds to be safe in advance of more precise

dramatically improved our ability to measure trace pollutants | e
in water, and it is a remarkable fact that only in recent times information** The European threshold of 0.0&/L as a

have we been able to easily detect and measure man)predlcted environmental concentration (PEC), above which

endocrine disruptors at environmentally relevant concentra- 2 More detailed assessment would be required, is 100 times

tions that happen to correspond with concentrations capablemore stringent than the U.S. FDA (1998) level for triggering

of disrupting development. In 1999, the National Research a more detailed investigatict:
Council determined that for typical natural water samples,
the mass of compounds that is within the analytical window
(i.e., that can be specified in terms of both a specific structure  Biologically, women have different vulnerabilities to
and concentration) is small compared with the total organic chemicals than men, especially at certain times in their life
carbon. In studies using coupled gas chromatography/massycle. Pregnancy is the most obvious time. Minute quantities
spectroscopy (GC/MS) in conjunction with derivatization, of a drug taken by a pregnant woman at a particular stage in
specifically identified compounds usually account for less fetal development can cause deformities, cancer, and subtle
than 12% (or<1 mg/L) of the organic carbon in different cognitive effects. Some specialists believe no dose of
groundwater samples. The remaining 80% (e1l® mg/L) synthetic hormones is safe for the developing embryo and
of the total organic carbon typically remains uncharacterized fetus. As an example of the basis of the concerns, phthalate
other than in aggregate form (e.g., in terms of average esters, which are not drugs, are potent EDCs. The global
chemical properties, functional group content, or size dis- annual production is on the order of 10 billion Ibs, and the
tribution) 337 While chemical analysis has advanced greatly entire US population is exposed virtually continuously;
in the intervening years, there is certainly still room for approximately 75% turn up as plasticizers in PVC. Phthalates
progress, both in the range of structures that can be easilyhave been unequivocally linked to severe impairment of the
identified and in the lowest concentrations that can be male reproductive tract in animals. Creative epidemiological
detected for any compound. studies by Shanna Swan’s group of the University of
Although there is a great deal of uncertainty concerning Rochester have linked biomarkers of exposure in the mothers
the possible detrimental effects of pharmaceuticals on the (singly hydrolyzed phthalates in urine) to biomarkers of effect
aquatic ecosystems, the precautionary principal, which sug-in baby boys (anogenital distane) signaling that phthalates
gests that regulatory action against potential risk that is may also be potent impairing agents of the reproductive tract
deemed unacceptable should be taken even when sciencef human male§!®
has not established direct cause and effect relationships, may The cells in women’s breasts appear to reach full maturity
give rise to more stringent demands on wastewater treatmenbnly at a first full-term pregnancy, at which time they become

Detailed chemical analysis of water is a prerequisite for
assuring the safety of water supplies. Limitations in our
ability to identify contaminants in water also limit our ability

7.1.1. Safety Testing of Pharmaceuticals
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more resistant to cancer-causing chemicals and radiation. Collection of urine for use in evaluating biomarkers of
Women of any age who have not had children may therefore exposure has become relatively common due to the rapid
have increased susceptibility to carcinogenic chemicals in metabolism and excretion patterns of many environmental
the environment compared with women of the same age andcontaminants of concern. Analysis of urine samples for
health status who have had children. Furthermore, on relevant metabolites can provide important information for
average, women have more fatty tissue than men, so theyestimation of human exposure to environmental contaminants
can store more lipophilic endocrine disruptors in their bodies. and for evaluation of predictive models used in regulatory
That women have adverse reactions to drugs more often thardecision-making. Although few technologies for the separa-
men may derive from physiological differences that make tion of urine have been developed to date, the- 180D times
women more susceptible to some drug-related health¥éks. higher concentrations of micropollutants promise more
Despite the evidence of the particular damage chemicalsefficient conditions for all removal technologies known for
can have on women'’s health, safety standards for chemicalsconventional wastewater treatmépit.
have often been based on healthy white adult males. Research )
on male animal models, and on men, is easier to conduct/-2.1. Pharmaceutical Return Program
precisely because researchers do not have to contend with |y 3 survey on the household disposal of unused and
the hormonal fluctuations of monthly cycles, pregnancy, and expired pharmaceuticals as a source of pharmaceutical
menopauseprocesses that are strongly regulated by hor- compounds in the environment, it emerged that a prominent
mones and, therefore, possible targets of endocrine disrupgisposal route of out-of-date or unwanted medicines may
tors347 _ _ o be via the sink/toilet or in household waste that is then taken
More research is needed concerning the timing of expo- tg |andfill sites, which, via leaching, end up in groundwéter.
sures to EDCs as better testing for pharmaceuticals and PIE The U.S. Federal prescription drug disposal guidelines
exposures are developed_for hur_nans. I_Endocrine disrup_tion(2007)ase issued in response to rising trends in prescription
impairments can be associated with part|cul<'_1rly short-lasting drug abuse and potential environmental concerns, include
exposures during pregnancy. For example, in a recent studyfshing when it is instructed to be safe to do so and return
of the impact of the prostate cancer drug flutamide on ot ynused, unneeded, or expired medicines to pharmaceutical
reproductive endpoints in the male offspring of exposed (4ye-hack locations for safe disposal. It is important that time-
pregnant rats, the impairments varied greatly and manifestedgyired or unused medines are kept out of landfill sites and
in different components of the male reproductive tract and yater supplies. Through pharmaceutical-return programs,
associated features of masculinity (nipples, hypospadias,esidual medications can be collected from the public at take-
seminal vesicles, prostate, bladder) depending on the dayhack locations and disposed of in an environmentally sound

on which the mother was expos&d. manner.

. . . In Spain, pharmaceutical return programs have been set
7.2. Preventing the Entry of Pharmaceuticals into up by the pharmaceutical industry to collect unused and
the Aquatic Environment expired medicines. Similarly, in British Columbia, Canada,

The pharmaceutical industry is enormously important both Provincial waste management regulations require all brand
to maintaining human health and to the economy. Control ©Wners of pharmaceutical products to fund and organize
of pharmaceuticals by restricting or banning their use will Pharmaceutical-return programs involving efficient collection
likely be even more difficult to accept than banning other @nd safe disposal of leftover medicines returned by the
chemicals, especially when there is a clear benefit to suffering Public®>” The stakeholder's survey also indicated strong
people. In this context, regulating the pathways by which support for the implementation of return programs for
the pharmaceuticals enter the environment may be a suitabld!nused/expired medications, coupled with public education
alternative®*? regarding the need to return drugs rather than flushing them

Source separation aimed at preventing the entry of drugsdoWn the toilet or disposing of them in the garbagein
and their metabolites into the aquatic environment may offer the U.S., the EPA has suggested the desirability of a national
a more sustainable solution to the entire wastewater problem,"égulation for disposal of unwanted and expired pharma-
including organic micropollutan® For example, segregat- ceuticals and personal care products and of implementing

ing sources of pharmaceuticals, such as hospital wastewaterd “€xtended producer responsibility” for manufacturers and
which is likely to be heavily contaminated with pharmaceu- distributors. The agency has listed these issues as outstanding

ticals and antibiotic-resistant bacteria, could make it possible 'éSearch needs?
to focus treatment resources on the most contaminated . -
waterst*® Another approach could be urine source separation, .2.2. Advanced Wastewater Treatment and Incineration

, ; of Solid Waste
which has been suggested as an elegant solution to the
problems of nutrients and pharmaceuticals alike and for Ozonation and membrane filtration have achieved re-
minimized losses of untreated pollutants to the environ- moval rates of >95% for many pharmaceutical com-
ment351-3% Since anthropogenic organic chemicals are in poundg®8%319.321.35¢ompared with an average of 60% for
general metabolized to a polar water-soluble form to allow secondary wastewater treatment plants (WWTP#). the
excretion by the kidney, this approach is of special interest European Union, all cities are required to have a secondary
for the question of pharmaceuticals in wastewater. Urine WWTP as a minimum. Germany, Switzerland, and The
source separation would also prevent wasting of nutrients Netherlands incinerate their municipal solid waste, rather than
and potentially hazardous micropollutants from entering the send it to landfills, thus preventing pharmaceuticals from
wastewater streaf¥? It would be a major achievement if leaching into groundwater. Switzerland also incinerates
drug metabolites in urine, which often are bioactive and sewage sludge and prohibits its spreading on agricultural land
potentially toxic in the environment, could be prevented from to mitigate contamination of surface wa#étThis has been
entering waterways. seen as an effective end-of-pipe strategy for removing
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pharmaceutical contaminants that also addresses severahutagenic or toxic to reproduction, or persistent, bioaccu-
sources of water contamination and scored highest (8 out ofmulative, and toxi¢ that is, special attention is paid to
maximum 10) in the expert stakeholders survey in terms of endocrine disrupters and substances with persistent organic

effectivenesg3® pollutant (POP) characteristics. Under the proposed system,
registration of basic information will be required for all
7.3. Ecofriendly Pharmaceuticals substances with an annual production volume exceeding 1

den’ Khol . . ton, regardless of whether they are classified as new or
Sweden’s Stockholm County Council has been working gyisting, thus requiring the chemical industry to assume
toward the assessment and classification of pharmaceuuca%reater responsibility for its products.

according to their environmental impact: persistence, ability

to resist removal from or degradation in the aquatic environ- N addition to a regulatory responsibility for safety of
ment; bioaccumulation, accumulation in adipose tissue of medicines, as more is discovered about the pharmaceutical

aquatic organisms; and toxicity, the potential to poison effects in the evironment in the coming years, the pharma-

aquatic organisms. Each of these properties is assigned geutical industry could become liable to class action lawsuits
value on a scale of 0 to 3. The sum of these values constitutestd targeted by environmental activists for being seen as
the PBT index for the pharmaceutical. A PBT value of 0 in the source of the problefiZwhere litigants will attempt to
each category would indicate that a drug is readily biode- characterize the industry a negligent source. Biomonitoring,
gradable, is not bioaccumulating, and has low ecotoxicity. Which measures the concentration of a chemical in a body
At the other end of the scale, a value of 3 indicates the fluid/tissue in humans and evolving analytical methods for
highest level for these unfavorable parameters for drugs in detecting pharmaceuticals are likely to drive public concerns

the environment. A drug with a low PBT index is environ- and increase the focus on ecotoxicity issues.

mentally preferable to one with a higher score, with 0 being

best and 9 being worst. Where more than one drug of similar 8, A Green Chemistry Perspective

action and efficiency is available to treat an ailment, the idea

is that the drug with the lowest PBT index should be  With pharmaceuticals, a great deal of precommercialization
choser#®lt is hardly likely that a medicine would be banned effort is invested by the industry into ensuring that they are
because it is not biodegradable in the environment. However,not unacceptably hazardous to health outside the sphere of
an environment label is being introduced in Sweden with the malady or condition they are aimed at treating. But the
the assistance of the chemical industry, which would enable direct experimental human studies required to ensure that
the physician and the patient, where medications of similar any particular pharmaceutical would not produce develop-
action and efficiency are available, to select the treatment mental impairment in humans could, in many cases, be very

that is more environment friendip-362 difficult and prolonged in their performance and also
constrained on ethical grounds. Shanna Swan’s work with
7.3.1. Development of “Green” Drugs phthalates is important in indicating that creative epidemio-

The ideal research trajectory for obviating PIE problems logical studies can provide the information on the impacts
would be to replace persistent pharmaceuticals with a neWof EDCs on humans in a relatively straightforward manner.

suite of pharmaceuticals designed to incorporate an addedAII this is not to say that the pharmaceutical industry cannot
criterion that would facilitate their rapid removal upon release more adeq_uately protect the pUbl.'C from repeat perfor mances
to the environment. This could take the form of a built in of the thalidomide tragedy, but in the area of impairments

chemical switch, as has been suggested by Paul Anastas iﬁhat may not materialize until development is completed or

conversation with Terry Collins, that once activated would later St"!’ we haye SO mucrll mor? to learn that it is entirely
lead to rapid decomposition. Such switches would need to appropriate to “guess an’ fear”. For example, a recent
be not activated by any of the body’s diverse chemistries Massachusetts study has shown that there has been a
but activated upon excretion. As a second attractive idea, POPUlation-level decline in serum testosterone levels in
removal might also be achieved via the attachment of affinity AMerican men of 17% since the late 19885So what is

groups that could facilitate quantitative sorption on some causin_g this and is the increasing use of pharmaceu_ticals. in
support to be employed at treatment plants. However the the United States a factor? Could there be a connection with

structure-function-related pharmacodynamics and pharma- PIE APIS that have been ingested through drinking water?

cokinetics of important pharmaceuticals entail numerous Of COUrse, this is only one of numerous studies of observed
; puman impairments where it is reasonable (and not alarmist

panaceas to persistent pharmaceuticals may simply be hopin%ecause society must look everywhere for the answers) to
for the impossible. But it is important to keep intellectually @Sk Such questions. We believe that it is definitely in the

attractive solutions in mind and to allow creative young ndustry’s long-term interest to acknowledge the need for
investigators the leeway to explore them. The developmentindependent studies to answer such questions. As with so
of green products and degradation technologies will also Many of the anthropogenic chemicals that we have introduced

protect the industry from potential future liabilitié4. into the ecosphere, we would be duping ourselves to the total
suppression of common sense were we to continue the 20th

7.4. Placing the Onus of Responsibility on century practice of giving “the propheqy of bliss” precedence
Industry over the “prophecy of doom” in considering the balance of

pluses and minuses that are likely to result from pharma-

The EU White Paper “Strategy for a Future Chemicals ceuticals’®® The addition to water of a cocktail of trace

Policy,” is currently being implemented in EU legislation. pharmaceuticals, compounds that are designed to exhibit
It is designed to make industry responsible for the safety of potent physiological activity, is a very important emerging
its products. The White Paper specifies a mandatory autho-water issue calling for prudent examination and strategic
rization procedure for substances that aaacinogenic, planning to obviate potential negatives.
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One of the great lessons of the last century of scientific thus becoming the sustainability rudder for the chemical
analysis is that water purity has a huge impact on the welfare enterprise.
not only of humans but also of all other living things. A It is conceivable that the pharmaceutical industry could
corollary is that when negative impacts of water-borne become a standard bearer for sustainable development,
anthropogenic chemicals are observable in aquatic organismsgspecially because its primary mission is to protect human
harmful impacts on humans are to be considered morehealth. The industry already has numerous achievements in
probable. In our view, negative impacts on aquatic organismsgreening its synthetic processes. By turning its intellectual
present sufficient reason for corrective actions without the and economic resources toward promoting internal and
need for proof of human impairment. We argue this not from independent studies of PIE problems, its ability will be
a precautionary point of view with respect to human health, strengthened for improving the health of incumbent genera-
but because we believe that impairment of other living things tions while consciously averting the environmental and
than humans represents a prima facie case for removing théransgenerational injustices that PIE problems do already or
source of the impairment. could represent.

We close as we started by reminding the reader that at9 Acknowled
the deepest level of concern lies the analysis originating from - Acknowleagment

Dr. Theodora Colborn that certain anthropogenic chemicals e thank the Heinz Endowments and the Environmental
can impair wildlife by disrupting components of the endo- Protection Agency (Grant RD 83 to T.J.C.) for support of
crine systems that control cellular developme@ince Theo  this work. We dedicate the review to the memory of Senator
Colborn’s endocrine disruption insight first became public, John Heinz Ill, a public servant, philanthropist, and visionary
the rapidly advancing research surrounding it has only addedon the challenges of sustainability.

to the gravity of the case for both humans and animals.

Certain xenobiotics have the ability to drastically impair 710 Note Added after ASAP Publication

living things including humans. This gives rise to a funda- . ) . .
mental question that society and science must struggle with  This review was published ASAP on May 27, 2007 with
for the foreseeable future and with which our educational, €rrors in Figure 1 and the first paragraph of section 2.2.2.
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