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ABSTRACT: Trenbolone acetate, melengestrol acetate, and
zeranol are synthetic hormones extensively used as growth
promoters in animal agriculture, yet despite occurrence in water
and soil little is known about their environmental fate. Here, we
establish the time scales and mechanisms by which these
synthetic growth promoters and their metabolites (SGPMs)
undergo phototransformation in sunlit surface waters. The
families of trenbolone acetate (including 17β-trenbolone, 17α-
trenbolone, and trendione) and melengestrol acetate (including
melengestrol) readily undergo direct photolysis, exhibiting half-
lives between ∼0.25 and 1 h in both natural and simulated
sunlight that were largely insensitive to solution variables (e.g.,
pH, temperature, and cosolutes). Direct photolysis yielded
products that not only are more photostable but also maintain their steroidal ring structure and therefore may retain some
biological activity. In contrast, zeranol, β-zearalanol, and zearalanone only exhibited reactivity in irradiated solutions of model
humic and fulvic acids, and rates of indirect photolysis increased steadily from pH 7 to 9. Use of selective probe and quencher
compounds suggest hydroxyl radical and triplet state dissolved organic matter are responsible for zeranol family decay at neutral
pH, although singlet oxygen contributes modestly in more alkaline waters. This observed pH-dependence appears to result from
photooxidants reacting primarily with the monodeprotonated form of zeranol (pKa values of 8.44 and 11.42). This investigation
provides the first characterization of the fate of this emerging pollutant class in sunlit surface waters and prioritizes future efforts
on the identity, fate, and biological impact of their more persistent phototransformation products.

■ INTRODUCTION

Growth promoters are used extensively in animal agriculture to
improve feed efficiency, weight gain, and muscle-to-fat ratio.1−4

They include natural and synthetic hormones, and it is
estimated that over 97% of U.S. beef cattle receive such
supplements.5 A particularly potent subset of growth promoters
are the anabolic synthetic hormones, of which the U.S. Food
and Drug Administration has approved three for use in cattle
and sheep raised for meat production.6 These are trenbolone
acetate (TBA), an androgenic steroid with anabolic potency 8-
to-10-fold greater than testosterone propionate,7 the progestin
melengestrol acetate (MGA) with activity in cattle 125-fold
greater than progesterone,8 and zeranol, a nonsteroidal, resorcyl
lactone derived from the mycotoxin zearalenone, which
functions as an estrogen (Table 1).
After application, some of these growth promoters can be

excreted unmetabolized, although most mass is excreted as
various metabolites. In studies with heifers using radiolabeled
TBA, 80% of the intravenously administered dose (based on
radioactivity) was excreted in bile within 24 h, but all was
metabolized; 17α-trenbolone (33% of excreted radioactivity)
was the dominant metabolite, while 17β-trenbolone (0.9%),

which represents the biologically active form of TBA, and
trendione (1.2%) appeared in smaller quantities.9 For MGA,
about 10−17% of the administered dose was excreted in feces
unmetabolized,10 where once in the environment it may
hydrolyze at slightly basic pH (∼8 or 9) to melengestrol.11

Zeranol (25 mg/d) dosed to heifers yielded 2−5 μg/L of
unmetabolized zeranol in urine, with β-zearalanol (2−5 μg/L)
and zearalanone (0.1−0.5 μg/L) metabolites also observed.12

Because of their widespread application, their high
administered dose (e.g., 36−72 mg/implant, 140−200 mg/
implant, and 0.5 mg/day for zeranol, trenbolone acetate, and
melengestrol acetate, respectively)2,13 and the large number of
cattle receiving implants annually, the discharge of synthetic
growth promoters and their metabolites (hereafter SGPMs)
into the environment is a certainty. Indeed, there are a growing
number of reports of their occurrence in surface waters and soil
near animal agriculture operations on the order of 10−100 ng/
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L and 1−100 ng/kg level, respectively,14−19 raising concerns
over potential ecosystem health risks because of their anabolic
potency.6,15,17,20−23 For example, Ankley et al. reported that
17α- and 17β-trenbolone are reproductive toxicants in fish that
result in decreased fecundity in the female fathead minnow at
10−30 ng/L concentrations.20,22

Given the limited information available on their persistence
in surface waters, assessing the ecosystem impacts of this
emerging pollutant class remains challenging. Photolysis likely
represents a major attenuation pathway for SGPMs, yet little
information exists about the rates, mechanisms, and products of
photolysis as well as how solution variables (e.g., pH and
cosolutes) influence these processes. Outside of limited data for
the photolysis of 17β-trenbolone and zeranol in cattle urine24

and the decay of 17β-trenbolone with 254 nm light during
simulated UV treatment,25 most information on SGPM
photolysis comes from the manufacturer’s environmental
assessment report produced at the time of the chemical’s
market introduction.11,26,27 These reports indicate the
possibility of direct photoreaction for TBA and MGA, but
fundamental details about these photoreactions were not
rigorously explored. For example, these reports only considered
direct photolysis (i.e., absorption of light to break or rearrange
bonds within the chemical structure) and ignored the potential
importance of indirect photolysis pathways (i.e., light is first
absorbed by another chromophore that then initiates reaction
via energy transfer to another species). Furthermore, these

reports rarely considered metabolite photoactivity, and these
may be the species most likely encountered in surface waters.
The overall objective of this study is to establish the time

scales and dominant mechanism of photolysis for the suite of
nine SGPMs in Table 1. In batch photoreactors using both
natural and simulated sunlight, we identify those species prone
to direct photolysis and quantify their half-lives (t1/2 values)
and quantum yields (Φ values) for this process. Indirect
photolysis was probed using a suite of model humic and fulvic
acids as sources of possible reactive entities including reactive
oxygen species (ROS) and triplet state DOM (3DOM*). The
specific species responsible for indirect photolysis were then
assessed using standard probe compounds to quantify steady-
state concentrations of transient ROS in our photoreactors as
well as through the use of selective quenchers to suppress the
activity of specific photooxidants toward SGPMs. We explore
the effects of common environmental variables (e.g., temper-
ature, pH, cosolutes) on these processes and compare the rates
and pathways observed in model laboratory systems to results
obtained using two natural water samples with varying levels of
dissolved organic carbon (DOC). Finally, we provide an initial
description of transformation products generated via direct
photolysis, but a more detailed treatment of these trans-
formation products will be provided in a future study.

■ EXPERIMENTAL PROCEDURES
Reagents. A complete list of reagents is provided in the

Supporting Information. All SGPMs were acquired from
commercial sources, of high purity, and used as received. We
note that because TBA is not typically excreted unmetabolized,9

it was included in only a select number of experiments to
compare its behavior to that of its major metabolites.

Direct Photolysis Experiments. Rates and products of
direct photolysis were explored using both simulated and
natural sunlight. The majority of experiments were conducted
using a commercially available 450 W xenon arc lamp
(Newport Corporation). The light was first passed through a
water filter to remove IR radiation, reflected off a 90° full
reflectance beam turning mirror, and then passed through an
AM 1.5 filter and a 305 nm long-pass filter to generate a
spectrum of light more closely resembling that available at the
earth’s surface. Photon rates were measured by chemical
actinometry using ferrioxalate,28 yielding a photon flux of 3.9 ×
10−4 photons/m2 s (6.5 × 10−28 einsteins/m2 s) when
normalized to the incident area of the photoreactor.
Unless noted, all photochemical experiments were conducted

in a water-jacketed, borosilicate photoreactor (37 mm inner
diameter × 67 mm depth for a nominal volume of ∼50 mL;
Chemglass), whose contents were mixed via a magnetic stirrer
and stir plate during all experiments. Experiments used 20 mL
of SGPM solutions in 5 mM phosphate buffer (prepared as
described in the Supporting Information), with the majority
conducted at pH 7.0 and 25 °C. The system temperature was
held constant via a recirculating water bath. Upon irradiation,
aliquots of solution (∼1 mL) were withdrawn at periodic
intervals and transferred to a 2.5 mL amber autosampler vial for
subsequent analysis via HPLC with a photodiode array detector
(HPLC-DAD) or LC with detection via tandem mass
spectrometry (LC/MS/MS). Typical initial concentrations in
photolysis experiments were 1−10 μM (on the order of ∼0.3−
30 mg/L). Although these concentrations are greater than
those previously reported in surface waters, they were necessary
to facilitate HPLC-DAD analysis, which was the method best

Table 1. Structures of Synthetic Growth Promoters and
Their Metabolites (SGPMs) Considered Herein
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suited for processing the large number of samples generated in
our kinetic studies. We note that a possible risk of working at
these relatively high concentrations is that self-quenching or
self-screening could affect the degradation rates and quantum
yields reported herein. However, a limited number of
experiments conducted at environmentally relevant conditions
(∼nanomolar levels) for a subsequent study yielded com-
parable reactivity to that observed in this study. Thus, we do
not believe these phenomena to be significant in our more
concentrated systems. When possible experiments were
conducted in triplicate, but limitations in the amount of certain
chemicals arising from their cost sometimes resulted in fewer
replicates. Control experiments were conducted with each
SGPM in the dark (i.e., not irradiated) systems.
For species observed to undergo direct photolysis, additional

experiments with simulated sunlight explored the effect of
common environmental variables on this process. The variables
included temperature (10 °C), pH (5, 7, 9), and the presence
of cosolutes. Cosolutes were considered across environmentally
relevant concentrations and included bicarbonate (HCO3

−, up
to 30 mg/L HCO3

−), nitrate (NO3
−, up to 50 mg/L NO3

−),
phosphate [up to 125 μg/L as P using a DI water background
(i.e., without phosphate buffer)], and dissolved organic matter
(up to 50 mg/L of Elliott soil humic acid, Leonardite humic
acid, and Fluka humic acid). These model humic acids were
chosen because, as will be noted subsequently, they were
among the most reactive with respect to rates of indirect

photolysis and also exhibited comparable absorbance (at a fixed
concentration) relative to alternative forms of model organic
matter. Thus, they seemed well-suited to evaluate the potential
for DOM to either enhance SGPM transformation via indirect
photolysis pathways or inhibit direct photolysis via light
screening in our systems.
A subset of experiments examined direct photolysis via

natural sunlight. Experiments were conducted in duplicate
using solutions irradiated by incident sunlight over the months
of June to September in Riverside, California (latitude, 34° N;
longitude, 117° W; temperature = 28 ± 3 °C). Reactors were
constructed and sampled as described previously for simulated
sunlight, although experiments with sunlight were only
conducted at pH 7.0 and a water bath rather than recirculating
system was used to maintain a near constant temperature. For
these experiments, the quantum yield (Φ values) was measured
via the method of Leifer29 using the binary actinometer PNA/
pyridine of Dulin and Mill30 as detailed in the Supporting
Information.

Indirect Photolysis Experiments. For indirect photolysis,
experiments were conducted with irradiated solutions of model
dissolved organic matter (DOM). Experiments used simulated
sunlight in an identical reactor to that described for direct
photolysis studies. Humic acids (HA) and fulvic acids (FA)
obtained from commercial sources included Fluka humic acid
(FHA), Elliott soil humic acid (ESHA), Leonardite humic acid
(LHA), Suwanee River humic acid (SRHA), and Suwanee

Figure 1. Concentration profiles of SGPMs as a function of irradiation by (a) simulated sunlight and (b) natural sunlight in 5 mM phosphate buffer
at pH 7. Only a subset of SGPMs was considered in natural sunlight to verify trends and time scales observed with the simulated light source. (c)
UV−visible light absorption spectra collected for all SGPMs in Milli-Q water. Noted in panel c are the primary absorbance maxima for each
compound class, and the solar irradiance available at the earth’s surface is provided for comparison (ASTM reference spectra G173-03).
Uncertainties represent 1 standard deviation of at least duplicate experiments. If uncertainties are not visible, they are smaller than the symbol.
Additional experimental conditions are provided in the text and the Supporting Information.
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River fulvic acid (SRFA). Stock solutions (∼200 mg/L) were
prepared by dissolving known masses of each HA and FA into
deionized water adjusted to pH 12 using 5 M NaOH. The
mixture was then adjusted to pH 7 using 5 M HCl and
subsequently diluted to produce the concentration utilized in
photolysis experiments (1−10 mg/L).
Complementary experiments with each HA and FA were

conducted in the absence of SGPMs to quantify the steady-
state concentration of select ROS generated upon irradiation
using probe compounds [e.g., phenol for hydroxyl radical
(•OH) and furfuryl alcohol for singlet oxygen (1O2)]. Details
on these methods are provided in the Supporting Information.
The role of each ROS in SGPM transformation was assessed
using selective quenchers including either formate or
isopropanol (50−100 mM) for •OH, sodium azide (10 mM)
for 1O2, superoxide dismutase (2 U/mL) for superoxide, and
catalase (200 U/mL) for H2O2. Isoprene (0.1% v/v) was also
used to assess involvement of triplet state DOM (3DOM*). A
subset of experiments was conducted in D2O to probe further
the role of 1O2, whereas some were also conducted in
deoxygenated systems to examine reaction pathways not
involving ROS. Experiments with zeranol were also conducted
as a function of pH, using 5 mM phosphate buffer at pH 7.0
and 7.5, while higher pH values (8.0−9.0) used a 5 mM borate
buffer. Finally, for select SGPMs, we explored the second-order
rate coefficients for reaction with 1O2 and

•OH as quantified via
the procedures in the Supporting Information.
Experiments in Natural Water Samples. Water samples

from a runoff-impacted creek and agricultural return water
collected in an irrigation canal in the Yuba River watershed
(Browns Valley, CA) were also used in photolysis experiments.
Immediately after collection, samples were passed through a 0.2
μm PTFE filter under vacuum. The pH values of these water
samples were between pH 6.8 and 7.0, and by TOC analysis the
dissolved organic carbon (DOC) contents for the creek and
agricultural return water were 50 mg/L and 6 mg/L,
respectively. Other characteristics of these surface waters were
not measured (e.g., alkalinity and nitrate), but we expect such

constituents to be present at relatively low levels because the
samples were collected in winter and thus likely diluted by the
seasonal rain. Photolysis experiments with these waters were
conducted according to the aforementioned procedures, and
dark control experiments were conducted to evaluate the
possibility of alternative loss processes.

Analytical Methods. Samples were analyzed on a 1200
series Agilent HPLC-DAD equipped with an Eclipse XBD-C18
column (4.6 mm × 150 mm, 5 μm particle size) using methods
for SGPMs adapted from previous studies.31−34 Photoproducts
were examined via high-resolution LC−MS/MS analysis
conducted with a paradigm multi-dimensional liquid chroma-
tography (MDLC) instrument (Michrom Bioresources,
Auburn, CA) equipped with a Genesis Lightning C-18 4 μm
particle 200 Å pore size (2.1 mm × 100 mm) column (Grace
Davison). Eluted compounds were analyzed using an LTQ-
Orbitrap XL (ThermoElectron, Bremen Germany) detector
equipped with an Ion Max source (ThermoElectron) using
Xcalibur v 2.0.7 software for data processing. Additional details
on these analytical methods as well as those associated with
measurement of ROS generated in photoreactors can be found
in the Supporting Information.

■ RESULTS AND DISCUSSION

Direct Photolysis of SGPMs with Simulated and
Natural Sunlight. Concentration profiles for SGPMs as a
function of irradiation time with natural and simulated sunlight
are shown in Figure 1. All SGPMs except the zeranol family
were prone to direct photolysis at pH 7. For the TBA and
MGA families, the loss followed exponential decay, allowing
first-order rate coefficients and corresponding t1/2 values (Table
2) for direct photolysis to be quantified from semilog plots of
concentration versus time. Direct photolysis was rapid for the
TBA and MGA families, producing t1/2 values between ∼0.25
and 1 h in simulated light (Figure 1a and Table 2). The TBA
family was slightly, but consistently, more reactive than
melengestrol acetate and melengestrol, which exhibited nearly
identical photolysis rates. Within the TBA family, 17β-

Table 2. Half-Lives (t1/2 Values) and Quantum Yields (Φ) for SGPMs Found to Undergo Direct Photolysis at pH 7.0a

SGPM t1/2 values (min)
b direct photolysis rate constant (min−1) quantum yield (Φ)c × 103

simulated sunlight natural sunlight simulated sunlight natural sunlight
Direct Photolysis

trenbolone acetate 18.7 ± 1.2 NMd 0.037 ± 0.002 NMd NMd

17β-trenbolone 16.9 ± 1.0 24.7 ± 3.2 0.041 ± 0.003 0.0280 ± 0.004 1.58 ± 0.16
17α-trenbolone 32.5 ± 0.8 31.1 ± 0.8 0.213 ± 0.0005 0.0223 ± 0.0006 1.49 ± 0.11
trendione 27.3 ± 1.6 22.1 ± 0.8 0.0254 ± 0.0015 0.0314 ± 0.0012 3.1 ± 0.4
melengestrol acetate 46.3 ± 1.5 42.7 ± 3.3 0.0150 ± 0.0005 0.0162 ± 0.0013 4.9 ± 0.5
melengestrol 50.4 ± 1.0 36.4 ± 2.8 0.0137 ± 0.0003 0.0190 ± 0.0015 7.8 ± 0.5

Indirect Photolysis
t1/2 values in 5 mg/L ESHA (h)e

zeranol 3.24 ± 0.14
β-zearalanol 4.1 ± 0.8
zearalanone 4.8 ± 0.2

aAlso provided are t1/2 values measured for zeranol and its metabolites in irradiated solutions of Elliot Soil Humic Acid (ESHA) at pH 7.0. bPhoton
rates measured via chemical actinometry with ferrioxalate were 4 × 10−7 photons/s for simulated sunlight generated with a Xe arc lamp and ranged
between 2 and 5 × 10−7 photons/s over the course of experiments with natural sunlight (conducted between June and September in Riverside, CA).
Uncertainties represent 1 standard deviation from at least duplicate experiments. cReported only for natural sunlight. Uncertainties represent 95%
confidence intervals from regression analysis shown in Figure S3 in the Supporting Information. dNot measured because trenbolone acetate is not
excreted in an unmetabolized form. eUncertainties represent 95% confidence intervals from regression analysis of semilog plots of concentration
versus time for data shown in Figure S7 in the Supporting Information.
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trenbolone and TBA photolyzed at nearly equivalent rates,
which were slightly albeit significantly faster than those
observed for trendione and 17α-trenbolone. SGPM decay in
natural sunlight (Figure 1b) closely mirrored behavior observed
with simulated light. Although TBA metabolites still exhibited
greater reactivity than melengestrol acetate and melengestrol in
sunlight, the reactivity difference was not as pronounced as with
simulated light, presumably from minor differences in the
irradiance spectra of the two light sources (see Figure S1 in the
Supporting Information). Notably in all dark controls, SGPM
concentrations were stable, confirming that no other trans-
formation pathways occurred over these time scales.

These observed trends in direct photolysis can be
rationalized by the relative light absorbance and photochemical
quantum yields for each family of SGPMs. In Figure 1c, UV/vis
absorbance spectra for each SGPM are compared to the solar
irradiance available at the earth’s surface, in which overlap
between SGPM absorbance and available light energy is
necessary for direct photoreaction. Within a family of
compounds, absorbance spectra are nearly identical. All TBA
family members exhibit absorbance maxima in the UV-A region
at approximately 350 nm, characteristic of their conjugated
4,9,11 triene π-bond system, with secondary maxima near 240
nm. The MGA family exhibited a single absorbance maximum
at 298 nm, a shift toward lower wavelengths relative to TBA

Figure 2. (a) Zeranol transformation in the presence of model humic acids (HA) and fulvic acids (FA) during irradiation with simulated light. Also
shown are results of selective quencher experiments illustrating the effect of (b) 10 mM sodium azide (a singlet oxygen quencher) and D2O (a
singlet oxygen promoter), (c) 100 mM sodium formate (a hydroxyl radical quencher), and (d) 0.1% v/v of isoprene (a triplet state quencher) on
zeranol transformation in the presence of ESHA irradiated with simulated light. Also in panel d, isoprene and formate, when added simultaneously,
were able to entirely inhibit zeranol loss. In all instances, the initial concentration of zeranol was ∼5 μM, the concentration of each HA or FA was 5
mg/L, and the pH was maintained at pH 7 using 5 mM phosphate buffer. In panels b−d, lines represent best-fit linear regressions from which
pseudofirst order rate constants for zeranol decay (kobs values) were obtained. Uncertainties on kobs values represent 1 standard deviation of the
slopes obtained from linear regression analysis. Black symbols represent controls, in which zeranol was stable in both irradiated systems without
model HA and FA (i.e., direct photolysis) and in dark (i.e., nonirradiated) solutions of model HA and FA.
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and its metabolites because of their lower degree of π-bond
conjugation. This in turn produces a lesser degree of overlap
with the solar spectrum than compared to the TBA family. This
result is most easily seen via plots of the spectral overlap
integral for each species (Figure S2 in the Supporting
Information), which represents the product of the compound’s
molar absorptivity (ελ) and the light intensity (Lλ), both as a
function of wavelength. In contrast, zeranol and its metabolites
possess primary absorbance maxima near 254 nm, characteristic
of their aromatic moiety, although a small amount of
absorbance is measurable above 300 nm. Such limited
absorption of the zeranol family within the solar spectrum
contributes to their stability upon irradiation.
Quantum yields measured in natural sunlight (Table 2 and

Figure S3 in the Supporting Information) were slightly greater
for melengestrol acetate (∼5 × 10−3) and melengestrol (∼8 ×
10−3) than for the trenbolone metabolites (ranging from 1.5 to
3 × 10−3). We have assumed that these quantum yields are
independent of wavelength, and we are unable to report a
quantum yield for zeranol family compounds due to their lack
of direct photoreactivity, even over longer irradiation time
scales (≥6 h). For 17β-trenbolone, the quantum yield
measured herein is similar to that reported by Gryglik et
al.,25 who reported a quantum yield for 17β-trenbolone of 2.9
(±0.2) × 10−3 at 254 nm. The greater quantum yields for
melengestrol acetate and melengestrol help to explain their
minimal difference in photoactivity relative to TBA metabolites,
which absorb light over a greater portion of the available solar
spectrum.
These Φ values are also comparable to those reported for

other natural and synthetic steroids. For example, in work with
the natural androgen testosterone, Vulliet et al.35 reported a
quantum yield of 2.4 × 10−3 at 313 nm. Another reasonable
comparison is to estrone, a metabolite of 17β-estradiol also
prone to direct photolysis. Working with a solar simulator, Lin
and Reinhard36 measured a quantum yield for estrone of 2.96 ×
10−2, roughly twice the largest Φ value measured herein for
melengestrol. Therefore, it appears the TBA and MGA families
exhibit photoefficiencies that are at best equivalent to other
classes of steroid hormones. However, because of their greater
extent of overlap with the solar spectrum, they tend to exhibit
half-lives (<1 h) that are considerably shorter than previously
observed for the direct photolysis of most natural and synthetic
estrogens (between 5 and 40 h in DI water)36 and testosterone
(∼5 h with irradiation 313 nm light).35

Additional experiments were conducted with 17β-trenbolone
and MGA to examine the influence of solution composition on
direct photolysis rates. Essentially, rates of 17β-trenbolone
transformation were invariant across a broad range of
temperature (10−25 °C), pH (5, 7, 9), and cosolute
concentrations including HCO3

− (up to 30 mg/L as
HCO3

−), NO3
− (up to 20 mg/L as NO3

−), and phosphate
(up to 125 μg/L as P) (Figure S4 in the Supporting
Information). Notably, the presence of model organic matter
(ESHA, LHA, and FHA ranging from 0 to 50 mg/L) exhibited
neither a positive (e.g., production of photochemically reactive
species) nor a substantially negative (e.g., light screening to
inhibit direct photolysis) impact over the range of concen-
trations considered. For 17β-trenbolone, rates of photolysis
were essentially invariant up to 10 mg/L of ESHA or LHA, and
even 50 mg/L of FHA only inhibited the rate of photolysis by
∼30% (Figure S4f in the Supporting Information). MGA was
slightly more prone to inhibition, exhibiting a comparable

∼35% decrease in direct photolysis rate at 10 mg/L of ESHA
(Figure S5 in the Supporting Information). As detailed in the
Supporting Information, these rate decreases appear primarily
attributable to light screening, as estimated screening factors
agree well with the decrease in kobs values observed in organic
matter containing systems. Accordingly, the greater inhibition
of MGA photolysis is thereby attributable to the larger degree
of humic and fulvic acid absorbance (Figure S6 in the
Supporting Information) at its maximum absorbance wave-
length (∼300 nm) relative to that for 17β-trenbolone (∼350
nm). Nevertheless, on the basis of measured half-lives in both
natural and simulated light (Table 2) and the negligible to
minor influence exerted by most common aquatic variables
(Figures S4 and S5 in the Supporting Information), direct
photolysis appears to be the dominant loss process in most
sunlit surface waters for the TBA and MGA families.

Indirect Photolysis of Zeranol and its Metabolites at
Neutral pH. Although they did not undergo direct photolysis,
zeranol and its metabolites were reactive in irradiated solutions
of humic and fulvic acids. At pH 7.0, zeranol loss was observed
in all solutions (5 mg/L) of model DOM (Figure 2a), with the
greatest rate of decay being observed for ESHA (t1/2 ∼ 3 h)
while SRFA was least active (t1/2 ∼ 19 h). Comparable
reactivity was also observed for β-zeralanol and zearalanone in
ESHA systems (Figure S7 in the Supporting Information and
Table 2), suggesting similar mechanisms of transformation
across the compound class. Dark controls with all species were
stable over relevant time scales, suggesting no other loss
processes occurred. Rather, our results are most consistent with
a reaction between zeranol and reactive species generated upon
irradiation of DOM [e.g., reactive oxygen species (ROS) or
triplet DOM (3DOM*)].
Comparison of measured t1/2 values for zeranol to the steady-

state ROS concentrations in irradiated HA and FA solutions at
pH 7.0 provided an initial assessment of possible photo-
oxidant(s) responsible for attenuation. This comparison is
shown in Table S1 in the Supporting Information for steady-
state concentrations of hydroxyl radical ([•OH]ss) and singlet
oxygen ([1O2]ss) in DOM solutions, concentrations that were
measured in the absence of zeranol. Both •OH and 1O2 were
quantifiable in all solutions; whereas [•OH]ss values were
roughly constant in all systems, Table S1 in the Supporting
Information reveals that zeranol half-lives loosely scale with
[1O2]ss values. Furthermore, as detailed in the Supporting
Information, established routes for •OH and 1O2 formation
(i.e., the Fenton reaction and 1O2 sensitizers such as Rose
Bengal or Erythrosin B, respectively) revealed that both
oxidants are indeed reactive toward zeranol. In the Supporting
Information (Figure S8), we also discuss results from
competition kinetic experiments attempting to quantify
second-order rate coefficients for the reaction of each ROS
with zeranol.
Closer examination suggests that 1O2 is most likely not

responsible for zeranol loss in our HA and FA solutions at pH
7.0. Experiments conducted in the presence of excess azide (10
mM), commonly used as a quencher for 1O2,

37,38 revealed no
inhibition of zeranol decay relative to azide-free systems (Figure
2b). Similarly, experiments conducted in pure D2O (Figure 2b),
in which the lifetime of 1O2 is greater than in H2O thus
promoting its reactivity,39 did not exhibit enhanced rates of
zeranol transformation.
Additional experiments with selective quenchers provided

greater insight into the species responsible for zeranol
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attenuation at neutral pH. Excess formate (50−100 mM) or
similar radical scavenger (e.g., isopropanol) slowed zeranol
decay by roughly 50% (Figure 2c). No further inhibition was
observed if higher concentrations of radical scavenger were
used, suggesting that •OH contributes to some but not all of
the zeranol transformation observed. Additionally, catalase,
which breaks down H2O2, inhibited zeranol decay by a similar
magnitude to that of radical scavengers (Figure S9 in the
Supporting Information). Formation of H2O2 was quantifiable
in irradiated DOM systems (Figure S10 in the Supporting
Information), but it was unreactive toward zeranol in dark
control systems (Figure S11 in the Supporting Information).
Thus, the role of H2O2 in zeranol decay is likely linked to its
photolysis, which generates •OH.40 Such a scenario is
supported by experiments revealing comparable zeranol decay
in irradiated systems free of DOM but containing 5 μM H2O2
(Figure S11 in the Supporting Information), a concentration
representative of that measured in our irradiated DOM
suspensions. Also consistent with H2O2 photolysis as a major
route to •OH formation, addition of superoxide dismutase,
which converts superoxide radical anion (O2

•−) into H2O2,
enhanced the rate of zeranol decay (Figure S9 in the
Supporting Information). We attribute this enhancement to
the subsequent photolysis of H2O2 produced via superoxide
dismutase.
Evidence suggests that the remainder of zeranol trans-

formation occurs via reaction with triplet, or excited state,
DOM (3DOM*). Zeranol decay persisted in deoxygenated
systems, in which ROS should not be generated at appreciable
levels, which is consistent with direct reaction with 3DOM*
(Figure S12 in the Supporting Information). Furthermore, the
presence of 0.1% v/v isoprene, commonly utilized as a triplet
quencher,41,42 inhibited zeranol decay by ∼50% (Figure 2d),

thereby accounting for the remainder of the loss we assume is
not attributable to •OH (i.e., the amount of zeranol
transformation observed in the presence of excess formate or
isopropanol). Zeranol is moderately hydrophobic (reported
logKow of 3.88),43 and thus a small fraction would likely be
associated with HA and FA in solution, which in turn would
promote its direct reaction with 3DOM*. A role for 3DOM* in
the photooxidation of zeranol is perhaps not surprising, as
Canonica and co-workers44,45 have previously established that
excited triplet states generated during DOM irradiation are
important photooxidants for substituted phenols, which
represents reasonable structural analogues for zeranol family
compounds. Finally, we note that irradiated suspensions of
ESHA containing both a radical (formate) and triplet
(isoprene) quencher completely shut down zeranol decay
over the time scales typically observed (Figure 2d), further
supporting •OH and 3DOM* as dominant reactive species in
our systems at pH 7.
Although zeranol decay in the ESHA system was investigated

most extensively, we believe •OH and 3DOM* are also
dominant species at play in other HA and FA systems at neutral
pH. Similar experiments with quenchers and probes with
Leonardite HA (Figure S13 in the Supporting Information)
were also consistent with a role for these reactive species.
Further, •OH and 3DOM* appear to be the key players
responsible for the decay of zeranol metabolites at pH 7.0.
Results from experiments with zearalanone in irradiated ESHA
systems at pH 7.0 containing formate and isoprene (Figure S14
in the Supporting Information) mirror the behavior observed
for zeranol.

Indirect Photolysis of Zeranol in Slightly Alkaline
Solutions. The −OH groups on zeranol have reported pKa
values of 8.44 and 11.42,26 and thus its reactivity toward

Figure 3. (a) Plots of the natural log of normalized zeranol concentration as a function of time in irradiated solutions of 5 mg/L of ESHA at pH 7, 8,
and 9. Values of kobs (with 95% confidence intervals) obtained from linear regression analyses are provided. The inset shows a log−log plot of kobs
values as a function of the concentration of the monodeprotonated form of zeranol ([zeranol−]; pKa1 8.44), with a slope equivalent to unity. (b)
Results of quencher experiments conducted at pH 8.5 in solutions of 5 mg/L of ESHA. Values of kobs (with 95% confidence intervals) obtained from
linear regression analyses are provided. Given the modest decrease observed with formate and sodium azide, results from duplicate experiments are
presented to illustrate reproducibility. In all instances, the initial concentration of zeranol was ∼5 μM. The pH was maintained at pH 7 and 7.5 using
5 mM phosphate buffer, while solutions at pH 8−9 were maintained with an 5 mM borate buffer.
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photogenerated ROS is likely to increase as these groups
deprotonate. Indeed, while zeranol remained photostable in the
absence of ESHA with increasing pH, its rate of transformation
increased by more than 1 order of magnitude in the presence of
ESHA (5 mg/L) as pH increased from 7.0 to 9.0 (Figure 3a).
On the basis of additional studies with phenol and furfuryl
alcohol, the concentration of photogenerated •OH and 1O2,
respectively, did not change significantly over this pH range.
Thus, this increase in reactivity is most consistent with
deprotonated forms of zeranol, which become more concen-
trated at higher pH values, being the primary reactivity entities
toward photogenerated oxidants. The inset in Figure 3a shows
a log−log plot of the kobs values for zeranol decay in irradiated
ESHA suspensions measured between pH 7.0 to 9.0 as a
function of the corresponding concentration of the mono-
deprotonated form of zeranol ([zeranol−]; assuming a pKa1 of
8.44). The slope of this log−log plot is equivalent to unity,
suggesting a first-order dependence of the rate of photoreaction
on the concentration of the monodeprotonated species.
Although 1O2 does not appear to contribute to zeranol decay

in our model DOM systems at pH 7.0, evidence suggests it may
play a role in slightly alkaline pH waters. Additional
experiments with selective quenchers at pH 8.5 reveal that
3DOM* is still a major contributor to zeranol transformation in
irradiated ESHA suspensions (Figure 3b) based on the
inhibition observed in the presence of excess isoprene (0.3%
v/v). Excess formate (a radical quencher) yielded a small, but
reproducible, decrease in zeranol transformation consistent
with a continued role for •OH at pH 8.5. Unlike at pH 7.0, the
use of 10 mM sodium azide, a 1O2 quencher, also resulted in a
modest yet reproducible amount of inhibition. Most
importantly, complete suppression of zeranol decay at pH 8.5
was only observed in systems with all three quenchers present,
consistent with 3DOM*, •OH, and 1O2 all contributing to
zeranol decay to some extent. Thus, while the contribution of
1O2 to zeranol decay appears negligible at neutral pH, it appears
to become more significant with an increasing pH value. We
assume this increase is because of its greater reactivity toward
anionic zeranol species.
Photolysis of SGPMs in Neutral pH Natural Waters.

Finally, additional experiments with natural water samples
indicate that the phototransformation mechanism observed in
model aquatic systems also occur in more complicated waters
representative of agriculturally impacted ecosystems. Rates of
direct photolysis for 17β-trenbolone were essentially equivalent
in circumneutral pH water (pH 6.8−7.0) collected from a
runoff-impacted, high DOC creek (50 mg/L) and a low DOC
agricultural return water (6 mg/L). Moreover, these rates
compared favorably to that measured in model systems of
phosphate buffer (Figure S15a,b in the Supporting Informa-
tion). Addition of ROS quenchers including formate and
isoprene had no effect on 17β-trenbolone transformation rate,
nor was the decay rate influenced when experiments were
conducted in a 50:50 mixture of natural water sample and D2O.
Thus, despite the presence of relatively high DOC concen-
trations, indirect routes for 17β-trenbolone photolysis are
sufficiently slow relative to direct photolysis so as not to impact
its persistence. We believe this to be generally true for all
compounds in the TBA and MGA families.
Zeranol loss was observed upon irradiation of both natural

water samples, with the greatest rate of transformation
occurring in the high DOC creek water rather than the
agricultural return water (Figure S15c,d in the Supporting

Information). Rates of zeranol decay were within the range
reported for 5 mg/L solutions of model humic and fulvic acids,
and use of formate and isoprene as •OH and triplet DOM
quenchers, respectively, inhibited zeranol transformation.
Collectively, as was observed in model systems, results are
consistent with indirect photolysis influencing the fate of
zeranol in sunlit surface waters, with a prominent role for •OH
and 3DOM* at neutral pH.

Preliminary Assessment of Direct Photolysis Prod-
ucts. Because of the relatively rapid rate of TBA and MGA
family direct photolysis, information on the photoproducts
generated via this process will be essential to assessing fully
their impact on ecosystem health. We present an introduction
to these photoproducts here, while an extensive treatment of
the identity, fate and ecotoxicological impacts of these direct
photoproducts is the subject of a future study.
Within a compound class, no interspecies conversions were

observed (e.g., based on comparison of known LC retention
times, photolysis of 17β-trenbolone did not yield 17α-
trenbolone or trendione, nor did photolysis of MGA yield
melengestrol). Instead, both families of compounds photolyzed
to yield mixtures of new species that are usually more polar
(i.e., products elute earlier on a reverse phase LC column).
Further, they exhibit primary absorption maxima at lower
wavelengths outside the solar spectrum (Figure S16 in the
Supporting Information). This is consistent with some degree
of disruption to the conjugated π-bond systems characteristic to
these species during photolysis. Analysis with LC/MS/MS
suggests that direct photolysis yields rather modest structural
transformations for these compounds, with most reaction
products maintaining the steroidal ring and forming via simple
hydroxyl addition (e.g., masses detected for 17β-trenbolone
were m/z 289, 305, and 321, representing mono-, di-, and
trihydroxy derivatives). We also cannot completely rule out the
potential for photoisomerization at other stereochemical
centers within TBA and MGA metabolites (e.g., methyl
inversion at the C13 in TBA metabolites), as has been
observed during the direct photolysis of estrone.46

On the basis of these observations, photoproducts appear to
be more, if not entirely, resistant to direct photolysis via
sunlight and are likely to persist in sunlit surface waters longer
than the species from which they are derived. Given the slight
structure modifications induced by direct photolysis, these
more photoresistant products are also likely to retain some
biochemical activity similar to their parents, the magnitude of
which will be addressed in a future investigation.

Environmental Implications. This work provides some of
the first evidence characterizing the persistence of synthetic
hormone growth promoters in sunlit surface waters impacted
by agricultural runoff. The trenbolone acetate and melengestrol
acetate families, which share conjugated π-bond systems within
their steroidal ring structure, are prone to direct photolysis and
are likely to exhibit the least amount of persistence. They
exhibit relatively short half-lives (1 h or less), and their decay
rates are largely invariant across a broad spectrum of aquatic
conditions, implying that direct photolysis will be their
dominant transformation mechanism in most sunlit surface
waters. Indeed, relative to reports of their biotransformation in
aerobic soil microcosms,47 time scales for the photolysis of
TBA metabolites are considerably faster, although these
transformation pathways are unlikely to compete with one
another given their tendency to be localized in different
environmental media. The near-constant rates of photolysis
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measured over the range of aquatic conditions considered may
be advantageous; fate models should be able to better account
for the contribution of photolysis to these species’ environ-
mental persistence.
Nonsteroidal zeranol and its metabolites, which have little to

no chromophoric activity within the solar spectrum, only
transform via indirect photolysis. Therefore, their fate may be
more difficult to predict because it will be highly dependent on
the composition of the receiving water, with variables such as
DOM concentration, type, and pH exerting an influence. The
presence of sensitizers or other species that generate •OH or
1O2 (at higher pH) will shorten the lifetime of the zeranol
family, whereas known scavengers (e.g., carbonate for •OH)
would inhibit their indirect phototransformation. For example,
we have conducted preliminary work with nitrate, another
common agricultural byproduct that photolyzes to yield •OH48

(Figure S17 in the Supporting Information), confirming its
ability to facilitate zeranol transformation. A role for triplet state
DOM in zeranol transformation is also noteworthy because
zeranol and its metabolites are moderately hydrophobic and
therefore a small fraction of it will be associated organic colloids
in surface waters. While bound to such organic colloids they
may be more recalcitrant to biotransformation but will be
highly prone to DOM-sensitized photolysis. We note that in
addition to improving our understanding of zeranol and its
metabolites in the environment, these insights should also
prove useful in predicting the behavior of mycotoxins related to
zearalenone, many of which are structurally analogous to
zeranol.
Transformation has often been equated with removal and

mitigation of ecological risk. However, initial evidence about
the products from the direct photolysis of the TBA and MGA
families suggests minor structural modifications and is most
consistent with conservation of the steroid ring structure after
reaction. Given the short time scales associated with photo-
transformation and the lower photoactivity of these product
mixtures, this work emphasizes the need for detailed isolation,
identification, and fate assessment for the phototransformation
products of SGPMs. Such transformation products may have
profound impact on ecosystem health, particularly given the
anabolic potency of the parent compounds from which they are
derived. In a future work, we intend to systematically explore
the identity and structure of products from the photolysis of the
TBA and MGA families and consider the potential ecotoxico-
logical risks associated with their formation.
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