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Water impact

Formation of bioactive transformation products
during glucocorticoid chlorinationt

Nicholas C. Pflug,® Allison Kupsco,® Edward P. Kolodziej,“® Daniel Schlenk,”
Lynn M. Teesch,® James B. Gloer*® and David M. Cwiertny**

Glucocorticoid (GC) release into the environment has led to widespread detection of glucocorticoid recep-
tor (GR) activity in water resources that has been shown to persist throughout conventional and some ad-
vanced wastewater treatment processes. Here, we used high performance liquid chromatography, high
resolution mass spectrometry and nuclear magnetic resonance spectroscopy to explore the reaction of
natural (cortisone, cortisol) and synthetic (prednisone, prednisolone, dexamethasone) GCs with free chlo-
rine (HOCL) to simulate their fate during chemical disinfection of water and wastewater. Generally, GCs re-
act slowly (ty/» ~ 7-200 h) with HOCl when compared to other steroid classes, but they yield complex mix-
tures of transformation products, with at times the majority of product mass comprising structurally
identifiable and likely bioactive steroids. For example, we frequently observed chlorination at the C-9 posi-
tion (e.g., 9-chloro-prednisone), a reaction known to increase GC activity 4-fold. We also identified reac-
tion products in the adrenosterone family of androgens produced via cleavage of the C-17 side-chain on
many GCs. Another common transformation pathway was the conversion of endogenous GCs to their
more potent synthetic analogs via oxidation at the C-1/C-2 positions, with unsaturation reported to in-
crease GR activity 4-fold (e.g., cortisol to prednisolone). Despite identification of such products, in vitro as-
says generally suggest GR activity decreases with extent of parent decay during chlorination. Cortisol was
the exception, with GR activity only decreasing 2-fold in product mixtures (based on measured ECsq
values) despite a 95% reduction in parent concentration, a result attributable to formation of the more po-
tent prednisolone during chlorination. Furthermore, our assay likely underestimates product bioactivity as it
did not account for the activity of several identified GC byproducts that first require in vivo activation via
C-11 reduction, nor did it consider androgen receptor (AR) activity associated with byproducts from the
adrenosterone family. To avoid formation of product mixtures with conserved bioactivity, advanced chemi-
cal oxidation processes may represent a more promising approach; we show that GCs react much more
rapidly with ozone (t;;» ~ 0.4-1.3 min) and produce no observable UV-active products. This suggests dis-
ruption of the GC conjugated n-electron and ring systems, thereby likely mitigating biological activity.

For bioactive chemical classes, it is often assumed that environmental transformation eliminates associated ecosystem risks. Here, we show that reaction

of glucocorticoids, a potent and ubiquitous steroid class, with free chlorine can yield mixtures of known and bioactive steroidal transformation products.

This work calls attention to the likely formation of bioactive transformation products during engineered water and wastewater treatment, some of which

may have adverse implications for ecosystem health.
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Introduction

Recent decades of research have illustrated the potential eco-
logical effects resulting from the production, use and dis-
charge of myriad industrial, agricultural, medicinal and
household chemicals to the environment.” Known as pollut-
ants of emerging concern, they find their way into surface
and drinking waters mainly from their persistence during
wastewater treatment,” where experimental evidence suggests
limitations of conventional approaches (i.e., activated sludge)
for their removal.® Of particular concern is the environmental
fate of endocrine-active steroid hormones due to their wide-
spread use in human and veterinary medicine, frequent de-
tection in water resources, and proven adverse effects in
aquatic organisms at trace levels.>*

Glucocorticoids (GCs) are among the most widely prescribed
pharmaceuticals in the United States, with over 100 million pre-
scriptions dispensed in 2012 alone.” In addition to prescription-
only GCs, there are also numerous over-the-counter (OTC) prep-
arations available for human self-treatment, including some
that are naturally produced by the body. For example, cortisone
is an inactive, endogenous GC that is metabolically activated in
the body by reduction to its 11-hydroxy form, cortisol (see
Fig. 1). Once activated, cortisol has been assigned a relative
anti-inflammatory potency of 1.° Cortisol (also known as hydro-
cortisone) is also available by prescription or OTC. Analogous to
the endogenous GCs, prednisone is an inactive, synthetic GC
that undergoes the same metabolic reduction to yield its active
form, prednisolone. Prednisolone’s 1,2-unstaturation in the A
ring increases its anti-inflammatory potency 4-fold over corti-
sol.® Finally, dexamethasone, another synthetic GC, is 25-fold
more potent than cortisol.® This increase in potency is brought
about by 1,2-unsaturation, 9-fluorination, and 16-methylation.
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Not surprisingly, GC release into the environment, primar-
ily via mammalian excretion, has led to widespread and fre-
quent detection of glucocorticoid receptor (GR) activity in wa-
ter resources.” '® In such cases, concurrent chemical
screening against known GCs can account for the majority of
the GR bioactivity detected in some,® but not all,’ instances.
This raises concerns about harmful ecosystem impacts aris-
ing from the potency of certain GR agonists; for example, a
recent study showed that environmentally relevant concentra-
tions (10's of ng L") of a synthetic GC and mineralocorticoid
(fludrocortisone acetate) had adverse effects on adult
zebrafish and their embryos, including decreased blood leu-
kocyte numbers, significant alterations in gene expression
and circadian rhythm, and increased heartrate and swim-
ming activity."

Studies have also demonstrated the persistence of GR ac-
tivity during conventional wastewater treatment processes, as
well as during some tertiary treatment techniques (e.g:, chlo-
rination).>'° Persistence of GR activity during chlorination is
notable, as others have demonstrated that chlorination can
induce modest chemical transformations to other steroidal
pollutants (e.g., estrogens), potentially resulting in conserved
or even enhanced bioactivity.>'* Such a scenario may also be
plausible for GCs. This is exemplified by comparing cortisol
to prednisolone (see Fig. 1), where a very minor structural
modification (i.e., dehydrogenation at C-1/C-2, an oxidation
step) results in a 4-fold increase in bioactivity. Moreover,
chemical transformations that only induce modest structural
changes, while conserving the characteristic steroidal back-
bone, could also lead to products exhibiting activity across
different biological endpoints.

In this study, we examine the potential for bioactive trans-
formation products generated during engineered water and

Endogenous Glucocorticoids:

Cortisone

Cortisol
Relative Potency: 1

Exogenous/Synthetic Glucocorticoids:

Prednisone

Prednisolone
Relative Potency: 4

Dexamethasone
Relative Potency: 25

Fig. 1 Endogenous (top) and synthetic (bottom) GCs, as well as their reported relative anti-inflammatory potencies (see citations in the text). Let-
ters in cortisone structure correspond to the conventional labeling of ring location, and numbers correspond to the conventional numbering of

carbon position in steroids.
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wastewater treatment to contribute to residual GR activity fre-
quently reported in water resources. Specifically, we explored
the reaction of natural (cortisone, cortisol) and synthetic
(prednisone, prednisolone, dexamethasone) GCs (see Fig. 1)
with free chlorine (HOCI) to simulate their fate during chemi-
cal disinfection of water and wastewater. We chose these GCs
because of their widespread use and frequent detection in
surface waters, as well as wastewater treatment plant (WWTP)
influent and effluent (at concentrations on the order of 10-
100 s ng L™").”® In laboratory experiments, we examined the
rate and extent of GC transformation through kinetic batch
studies that allowed us to quantify rate constants for their ox-
idation via free chlorine. Using semi-preparative high perfor-
mance liquid chromatography (HPLC), high resolution mass
spectrometry (HRMS) and nuclear magnetic resonance
spectroscopy (NMR), we then identified major transformation
products. Finally, to determine whether bioactivity is con-
served during GC chlorination, we used in vitro bioassays to
evaluate the GR activity of select product mixtures. Outcomes
of this work, including a comparison of GC fate during chem-
ical oxidation with ozone, may help to guide future occur-
rence studies, while also promoting the design of efficient
treatment systems for the removal of not only GCs but also
residual GR and other receptor endpoint activity.

Materials and methods
Reagents

Chlorination experiments used sodium hypochlorite (NaOCl;
Fisher Scientific; 5.65-6%), anhydrous potassium phosphate
monobasic (KH,PO,; RPI; ACS grade), deionized water (Milli-
pore, Q-Grad 2) and the following glucocorticoids: predni-
sone (Sigma; 98%), prednisolone (Sigma; 99%), cortisone
(Steraloids, Inc.; = 98%), cortisol (Sigma; 98%), and dexa-
methasone  (Sigma; 98%). Adrenosterone and d1-
adrenosterone standards were purchased from Steraloids. Re-
agents used for free chlorine concentration analysis included
anhydrous sodium phosphate dibasic (Na,HPO,; RPI; ACS
grade), anhydrous potassium phosphate monobasic (KH,PO,;
RPI; ACS grade), disodium ethylenediamine tetraacetic acid
dihydrate (EDTA; Sigma; ACS grade), ferrous ammonium sul-
fate hexahydrate (FAS; J.T. Baker; ACS grade), and N,N-
diethyl-p-phenylenediamine (DPD; Aldrich; 97%). Liquid-lig-
uid extractions were performed with chloroform (Fisher Sci-
entific; ACS grade). HPLC analysis used deionized water
(Millipore, Q-Grad 2) and acetonitrile (Fisher Scientific; ACS
HPLC grade) as the mobile phase.

Chlorination experiments

Aqueous stock solutions of HOCI were prepared by diluting
concentrated NaOCl to ~5000 mg as Cl, L™ in amber glass
bottles sealed with Teflon-lined screw caps and were stored
at 4 °C. Free chlorine concentrations of the HOCI stock solu-
tions were measured via titration prior to use: 5 mL of each
buffer reagent and the DPD indicator solution were added to
100 mL of diluted sample, with the solution turning pink in
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color in the presence of free chlorine. The free chlorine was
then quantified by titration with FAS solution until the pink
color was no longer visible.

Glucocorticoid chlorination experiments were conducted
in amber glass bottles sealed with Teflon-lined screw caps.
Reactors were loaded with 20 mL of 5 mM potassium phos-
phate buffer (pH 7) and an initial aqueous GC concentration
of 5-100 uM (from freshly prepared saturated aqueous stock
solutions; solubility ~0.1-0.28 mg mL™" at 25 °C)."* Reactions
were then initiated by dosing reactors with an initial HOCI
concentration of 0.1-100 mg Cl, L™ (where GC: Cl, molar ra-
tios ranged from 1:0.014 to 1:280 mol). Reactions were
conducted at ambient temperature (~20 °C). Samples were
withdrawn periodically over time to monitor HOCI concentra-
tion (via titration), and the concentration of the parent GC
and any detectable transformation products (via HPLC
analysis).

Notably, we avoided quenching reactions with sulfite to
avoid altering product distributions. A limited number of ex-
periments were conducted using excess (40 mM) sodium
sulfite (Na,SO3) to quench residual free chlorine, and these
generally showed parent GC and transformation product sta-
bility under these conditions. However, there were some in-
stances where addition of sulfite altered product distribu-
tions (relative to those samples immediately analyzed
without use of sulfite), suggesting reduction of some prod-
ucts generated during chlorination. Instead, for product anal-
ysis, samples were extracted into chloroform and concen-
trated to a residue by a stream of compressed air before
further chemical analysis.

Ozonation experiments

Glucocorticoid ozonation experiments were conducted in am-
ber glass bottles sealed with Teflon-lined screw caps. Reac-
tors were loaded with 20 mL of 5 mM potassium phosphate
buffer (pH 7), and an initial aqueous glucocorticoid concen-
tration of 5 uM (from freshly prepared saturated aqueous
stock solutions). Reactors also contained 350 uM (~26 mg
L") of aqueous tert-butanol, which was used as a model radi-
cal scavenger. The presence of tert-butanol suppresses the
role of hydroxyl radical from ozone decomposition in GC
transformation, allowing changes in GC concentration over
time to be predominantly ascribed to direct oxidation via re-
action with ozone (rather than indirect oxidation processes
involving hydroxyl radical).'*"

Ozone stock solutions were prepared by bubbling an oz-
one/oxygen gas mixture generated by an LG-7 ozone genera-
tor into a flask of 5 mM phosphate buffer solution (pH 7)
chilled with an ice bath. Reactions were then initiated by
adding a volume of concentrated ozone stock solution (typi-
cally 25 mg L") to the reactors for an initial diluted ozone
concentration of 5-20 mg L. Ozone concentrations were
measured via direct UV absorbance measurements at 258
nm."®> Reactions were conducted at ambient temperature
(~20 °C) and samples were withdrawn periodically over time

This journal is © The Royal Society of Chemistry 2017
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for measurement of GC concentration and a preliminary as-
sessment of transformation product occurrence. Because the
primary goal of ozonation experiments was to provide a com-
parison of GC transformation rates relative to chlorination,
40 mM Na,SOj; (which exhibited no observable influence on
parent GC stability) was used to quench reactions prior to
HPLC analysis.

Analytical methods

High performance liquid chromatography. Samples were
analyzed by HPLC for reaction progress and post-extraction
for extraction efficiencies with an Agilent 1200 series HPLC-
Diode Array Detector (DAD) system. The method used either
an Agilent Zorbax Eclipse XDB-C;g (4.6 X 150 mm, 3.5 um) or
Agilent PREP-C;g Scalar (4.6 x 150 mm, 5 um) column with
acetonitrile/water gradient elution (25-80% acetonitrile over
11 min; 1 mL min~") and scanning 200-400 nm wavelength
detection. HPLC separations were performed using a
Beckman System Gold instrument with a model 166P variable
wavelength detector (VWD) connected to a 128P solvent mod-
ule, with acetonitrile/water gradient elution (2 mL min™"),
254 nm wavelength detection, and an Apollo C,;s semi-
preparative (10 x 250 mm, 5 um) column.

Nuclear magnetic resonance spectroscopy. 'H NMR,
Heteronuclear Single Quantum Coherence (HSQC) and
Heteronuclear Multiple Bond Correlation (HMBC) spectra
were recorded using a Bruker AVANCE-600 spectrometer.
Chemical shift values were referenced to the residual solvent
signal for CDCl; (du/dc, 7.26/77.2). All NMR data were
processed using either MestReNova 10.0 or Bruker TopSpin
3.5 software.

High resolution electrospray ionization time-of-flight mass
spectrometry (HRESITOFMS). HRESITOFMS data were
obtained using a Waters Premier Q-TOF instrument. We used
the same chromatographic method as described above (for
HPLC-DAD) with the addition of 0.1% formic acid. Analyses
were conducted using a reference standard of Leu-enkephalin
and positive electrospray ionization over a mass range of
120-1000 Da under the following instrument parameters: 20
pL injection volume; 2.8 kV capillary, 35.0 V sampling cone,
4.0 V extraction cone and 2.0 V ion guide voltages; 110 °C
source temperature and 400 °C desolvation temperature.

Glucocorticoid receptor assays

GR activity was determined with the GeneBlazer GR HEK293
T cell assay system (Life technologies, Madison, WI) as previ-
ously described.'® In brief, division-arrested cells were plated
at a density of 50000 cells per well into a 96-well plate in as-
say medium. Transformation products were diluted in DMSO
(Fisher Scientific) and a dilution series of four concentrations
was added to cells at an optimal DMSO concentration of
0.5% (prednisolone: 100-3.6 nM, cortisol: 180-6.6 nM; dexa-
methasone: 20-0.08 nM). Dexamethasone (nine concentra-
tions between 500-0.08 nM) was run as a reference com-
pound. For cortisol and prednisolone transformations, a

This journal is © The Royal Society of Chemistry 2017
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standard curve of parent cortisol (540-2.2 nM) and predniso-
lone (100-3.6 nM) was added. Cell-free wells were run as con-
trols. Cells were incubated overnight for 16 hours at 37 °C in
5% CO,. The following day, the 6x substrate solution was pre-
pared according to the manufacturer's instructions and 20 pL
was added to each well. The plate was incubated for 2 hours
in the dark at room temperature while covered in adhesive
film. Fluorescent intensity of blue (460 nm) and green (530
nm) emissions was measured by a Wallac Victor2 multilabel
plate reader (PerkinElmer, Waltham, MA). Background fluo-
rescence was determined by subtracting cell free controls.
The ratio between the blue and green fluorescence was deter-
mined, and a DMSO background control was subtracted. Per-
cent GR receptor activation was calculated dividing the com-
pound of interest by the maximum dexamethasone
activation. ECs, values, defined as the half-maximal effective
concentration, were calculated via the probit method.

Results and discussion

Timescales and rate coefficients for glucocorticoid
chlorination

To quantify rate coefficients for glucocorticoid (GC) chlorina-
tion, initial experiments were conducted with 100 mg Cl, L™
and 10 uM of GC, where excess chlorine allowed GC decay to
be approximated as pseudo-first order (see Fig. S1 and associ-
ated discussion in the ESIt). Indeed, measured HOCI concen-
trations revealed minimal variation across the reaction prog-
ress in these systems. Accordingly, based on measured
pseudo-first order rate coefficients (k.ps values), we observed
the following reactivity trend among the GCs considered,
where values in parentheses indicate half-lives [¢;/, values =
In(2)/kons] estimated from exponential decay model fits (see
Fig. S27) and standard deviations from 3 replicates: cortisol
(7 £ 1 h) > cortisone (20 + 1 h) > prednisolone (65 + 3 h) >

—\/— dexamethasone
prednisone
—{}- prednisolone
cortisone
cortisol

Normalized Concentration

0 24 48 72 96 120 144 168

Time (h)

Fig. 2 Concentration of GCs over time during reaction with free
chlorine. Reaction conditions: initial GC concentration of 10 uM, initial
chlorine concentration of 100 mg Cl, L™, and pH 7. Error bars
represent one standard deviation from n = 3 replicates.

Environ. Sci.: Water Res. Technol,, 2017, 3, 450-461 | 453


http://dx.doi.org/10.1039/c7ew00033b

Published on 03 March 2017. Downloaded by University of Washington on 28/08/2017 19:31:50.

Paper

Table 1 Second order rate coefficients for chlorination of GCs at pH 7.
To calculate k; values, we assumed HOCI to be the major reactive spe-
cies and [HOCI] = 0.75 x TOTo¢ at pH 7 based upon the reported acid
dissociation coefficient for hypochlorous acid.?> Uncertainties represent
one standard deviation from n = 3 replicates

Compound ky value (M " s7)
Cortisol 2.9 +0.47 x 1072
Cortisone 9.2+ 0.28 x 107
Prednisolone 2.8+0.12x10°
Prednisone 1.8+ 0.04 x 1073
Dexamethasone 9.2 +0.43 x107*

prednisone (100 + 3 h) > dexamethasone (200 + 20 h)
(Fig. 2). Further, with a constant chlorine concentration we
also estimated second-order rate coefficients for the oxida-
tion of each GC by HOCI {k, in (M™* s7") = kups/[HOCI]} and
these k, values are summarized in Table 1. We note that
these estimated k, values assume HOCI is the major reactive
species in our experimental systems, although other free
chlorine species (e.g.; Cl,, Cl,O or OCl') may also contribute
to the observed reactivity and merit additional exploration.

Because rate constants reported in Table 1 were measured
at chlorine concentrations far exceeding those typically used
in water and wastewater treatment,'” ' we also conducted se-
lect studies at more environmentally relevant reagent concen-
trations. For example, 50 ug L™ cortisol reacted with 5 mg
Cl, L™ with a half-life of ~120 hours (+15 h standard devia-
tion from 3 replicates), a much longer timescale due to the
lower reagent concentrations (as expected for a second-order
kinetic process). Under these conditions, as will also be the
case during water treatment, HOCI remains in excess, thereby
allowing us once again to invoke an exponential decay model.
Notably, the second-order rate coefficient obtained via these
data at environmentally relevant concentrations (3.0 + 0.45 X
10> M s7%; Fig. S31) agrees well with the value reported in
Table 1.

Generally, the timescales we report for GC chlorination
are slow relative to other steroid classes. We conducted addi-
tional chlorination experiments with 17f-trenbolone (a syn-
thetic androgen) and estrone (an endogenous estrogen), and
rapid degradation (¢;, ~ 1 h) was observed for both species
at low initial chlorine concentrations (initially 2.5 mg Cl, L™";
Fig. S471). These trends in reactivity among steroid classes are
consistent with literature data.>*>* Based on published sec-
ond order rate coefficients, estrogens react much more rap-
idly with free chlorine (reported k, values from 1.1-1.3 X
10> M' s7', several orders of magnitude greater than for
GCs)** due to their phenolic moiety that acts as a good nucle-
ophile toward the electrophilic HOCI species. Likewise,
others have ascribed the reactivity of 17p-trenbolone
(reported k, value = 2.5 x 10" M s7)** to its extended conju-
gated m-bond system (ie., trienone moiety), which renders
the compound susceptible to various acid or base catalyzed
oxidation reactions. Incidentally, testosterone (an endoge-
nous androgen) and progesterone (an endogenous progestin)
have been reported to exhibit little-to-no observable reactivity
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toward free chlorine (conditions: 0.25 mg L™ testosterone, 4
mg Cl, L™ for 7 days and 0.32 mg L™ progesterone, 14 mg
Cl, L™ for 30 minutes).>>** Notably, these two steroids share
some common functional groups with these GCs, such as a
cyclic enone or secondary alcohol, both of which are known
to have little-to-no reactivity toward free chlorine at water
treatment levels.

Collectively, our results suggest that GCs will be, at most,
only partially degraded in water and wastewater treatment
systems during chemical disinfection. Typical chlorine doses
for municipal wastewater disinfection range from 5-20 mg
Cl, L™ over 30-120 minutes of contact time, with higher
doses (up to 60 mg Cl, L") and longer contact times required
for low quality wastewater (e.g., primary or trickling filter ef-
fluents)."”"***® For municipal drinking water disinfection,
typical chlorine doses range from 1-10 mg Cl, L' with a
range of distribution system contact times from chlorination
to first consumer of 1-20 hours and up to 150 hours in some
instances.?®*' Moreover, chlorine residuals at the first con-
sumer have an average concentration of ~1 mg Cl, L™ and
up to 2 mg Cl, L™ in some municipalities.>® Accordingly, if
we assume representative values of chlorine residual (1 mg
L") and reaction time (85 h, including treatment and distri-
bution), second-order rate coefficients in Table 1 estimate
transformation of GCs up to ~10% for the most reactive spe-
cies (assuming a constant and excess chlorine residual).

Transformation product identification

Although the extent of GC transformation is limited, we con-
tend it is nevertheless important to identify reaction products
because of the high use of GCs (and thus high probable envi-
ronmental concentration) and the potential for risks associ-
ated with structurally analogous, bioactive transformation
products and their mixtures. Initial HPLC assessment of reac-
tion mixtures generally showed formation of multiple, more
hydrophobic transformation products (Fig. S5f). To assess
how product distributions and yields evolved as a function of
chlorine exposure, we conducted chlorination reactions
across a range of HOCI to GC molar ratios ([HOCI]:[GC] from
~14:1-140:1). As shown in Fig. 3, generally we observed lit-
tle difference in the yields and identity of major products as
a function of parent transformation across the molar ratios
considered, with product formation increasing with chlorine
exposure as expected. In some instances, secondary, presum-
ably higher order chlorination products were observed under
very high exposure conditions (i.e., high [HOCI]:[GC] ratios).
Given the likelihood of only partial transformation during
treatment, however, we focused our attention on the identity
of the initial (primary) transformation products or those that
were observed and persistent across all exposure conditions.
An overview of the products identified for each GC are
discussed below, and summarized in Table S1 of the ESLf
Where possible, we report product yields on a percent basis,
calculated as mole product/mole parent consumed, for com-
pounds for which we were able to acquire an analytical
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Fig. 3 Product formation (in uM) as a function of parent GC transformation during chlorination of (A) cortisone and (B) prednisone. Data are
shown for different chlorine exposures, where product formation at a low molar ratio ([HOCI]: [GC] ~ 14:1) is shown in green, a medium molar
ratio ([HOCI] : [GC] ~ 70:1) is shown in blue and a high molar ratio ([HOCI]: [GC] ~ 140:1) is shown in red. Concentrations were calculated from
calibration curves of known standards (although in the case of hydroxyprednisone, it was assumed that its molar absorptivity was the same as that

reported for prednisone).

standard. In the subsequent discussion, patterns in product
formation emerged, and it became evident that our previ-
ously reported reactivity trend can be rationalized by the oxi-
dative transformations most routinely observed. These are: (i)
oxidation at C-1/C-2 in the A ring (cross-conjugated enone
formation); (ii) oxidation at C-11 in the B ring (alcohol to ke-
tone transformation); and (iii) C-17 side-chain cleavage in the
D ring (ketone formation).

Prednisone. Analysis of product mixtures via
HRESITOFMS and NMR (select reactions) revealed that chlo-
rination of prednisone resulted in the formation of four pri-
mary transformation products. For example, at an initial
[HOCI]: [prednisone] ratio of 140:1, ~65% of the initial par-

ent mass remained after 48 h of reaction. The corresponding
product mixture included 9-chloro-prednisone (~80% yield)
and a hydroxyprednisone derivative, the latter of which we
failed to isolate for further characterization. Two other prod-
ucts were known androgens, di-adrenosterone (~5% yield)
and a chlorinated d1-adrenosterone derivative (only at greater
HOCI exposure), both of which were generated via C-17 side-
chain cleavage (a base-catalyzed mechanism for such a pro-
cess has previously been reported during the synthesis of 17-
ketosteroids).>>>” The structure of 9-chloro-prednisone was
determined by detailed analysis of MS and NMR data, with
the molecular formula of the product established by
HRESITOFMS analysis and the chlorination position assigned

Prednisone Chlorination Fraction 3

(CDCl)

9-chloro-prednisone

Key HMBC correlations:

Co8.=78.0ppm OH

AL

1l _ N,\H:JM\JILU ‘ w‘lx_‘%

7.0 6.0 5.0 4.0 3.0 2.0 10

f1 (ppm)

d1-adrenosterone standard

(CDCls)

u» \ .JJ'» b U kL

70 6.0 50 40 3.0 2.0 1.0

f1 (ppm)

Fig. 4 Key HMBC correlations of 9-chloro-prednisone and IH NMR spectra of prednisone chlorination fraction 3 (top) and dl-adrenosterone
standard (bottom). Signal at 1.6 ppm in prednisone chlorination fraction 3 corresponds to residual trace of water in CDCls.
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on the basis of HMBC data (Fig. 4, see Table S27 for complete
NMR assignments). The HMBC spectrum showed expected
correlations from H-19 to C-1, C-5, and C-10, with an addi-
tional correlation to a carbon at 78.0 ppm (C-9), which is typi-
cal of a halogenated carbon. In addition, formation of di-
adrenosterone was also confirmed by comparison of the 'H
NMR spectrum of the isolated product sample to that of a
known standard (see Fig. 4).

We note that the lack of a commercial or isolated stan-
dard for the hydroxylated GC transformation product pre-
cludes us from reporting its definitive yield. However, if we
assume that hydroxylation does little to effect the molar ab-
sorptivity of prednisone, as is the case when comparing 11-
desoxycortisol (¢ = 17 323 at 242 nm) with cortisol (¢ = 16129
at 242 nm),"* then the yield of hydroxyprednisone can be esti-
mated as ~10%.

The observation of these NMR-confirmed products is note-
worthy, as both 9-chloro-prednisone and d1-adrenosterone are
previously reported to display bioactivities.”**° Chlorination
at the C-9 position of prednisone has been reported to en-
hance its GC activity 4-fold.* In addition, d1-adrenosterone is
known to have weak anabolic and androgenic activity (20%
and 5% as potent as testosterone, respectively),”® implying
that interconversion of GCs to androgens can occur readily
upon chlorination treatment and could therefore impart re-
sidual androgen receptor (AR) activity in treated effluents or
finished water supplies.

Prednisolone. The chlorination of prednisolone exhibited
similar trends in product formation and yields. At a
[HOCI]: [prednisolone] ratio of 140:1, ~60% of the initial par-
ent mass remained after 48 h of reaction and six transforma-
tion products were detected. Two products were identified as
prednisone (~30% yield), via C-11 oxidation, and the known
androgen 11B-hydroxyboldione, which was formed from C-17
side-chain cleavage of the parent prednisolone. Assuming
that 11f8-hydroxyboldione has approximately the same molar
absorptivity as d1-adrenosterone, as is the case when compar-
ing prednisolone (¢ = 15000 at 242 nm) with prednisone (¢ =
15500 at 238 nm),"® then the yield of 11B-hydroxyboldione is
estimated at ~5%. At greater HOCI exposure (or higher
[HOCI]: [prednisolone] ratios), three more products were iden-
tified: chlorinated prednisone and prednisolone derivatives
and the known androgen di-adrenosterone (~5% yield),
which was also formed via C-17 side-chain cleavage of the re-
action product prednisone. di-Adrenosterone then reacted
further to yield a chlorinated di-adrenosterone derivative.
While the precise location of chlorination was not rigorously
determined for the chloroprednisone derivative, we speculate
that it is also occurring at C-9 by analogy to the results de-
scribed above for 9-chloro-prednisone (e.g., both have the
same retention time and A, 240 nm). This chlorinated pred-
nisone is produced at a yield of ~20%.

Likewise, the chloroprednisolone product was not isolated
and therefore the location of chlorination was not deter-
mined. We estimate its yield between 1-10%. The lower end
of this estimate assumes that chlorination does not affect its
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molar absorptivity relative to prednisolone (i.e., a predniso-
lone standard was used to calculate this yield). However, as
found through our isolation of 9-chloro-prednisone, chlorina-
tion can have a significant impact on molar absorptivity.
Thus, the upper end of this range accounts for such a sce-
nario (i.e., the isolated 9-chloro-prednisone was used as a
standard to estimate yield).

After accounting for these products, roughly a third of the
parent GC appears to be transformed to as-yet unidentifiable
products. We did observe a relatively more polar product with
a maximum absorbance wavelength of less than 220 nm, but
it did not readily ionize during repeated attempts to charac-
terize it further via MS (see Fig. S51). We speculate that the
unaccounted mass lies in one or more products resulting
from localized A-ring reactivity that eliminates the enone
chromophore, thereby also limiting its ionization potential.
Given their greater polarity and presumed structural changes,
it is likely that these unidentified products exhibit little or no
residual GC activity (e.g., both the 3-keto group and C-4/C-5
double bond are required for GR binding).*”

Prednisone is a product that will retain biological activity,
after in vivo 11-keto reduction back to prednisolone. In addi-
tion, as with di-adrenosterone, 11p-hydroxyboldione is a
known, weak androgen, reported to be <5% as potent as tes-
tosterone.>® Moreover, 11B-hydroxyboldione has been shown
to be an inhibitor of estrone-induced growth of the uterus
(i.e., antiuterotrophic activity), with potency ~40% of that
reported for progesterone.*® Finally, as previously discussed,
chlorination at the C-9 position (as in 9-chloro-prednisone) is
known to result in a 4-fold increase in GC activity.*’ Based
upon this reported biological activity, we speculate that the
chlorinated prednisolone derivative is at least as active as
parent prednisolone.

Cortisone. At an initial [HOCI]:[cortisone] ratio of 140:1,
chlorination of cortisone resulted in ~40% of the initial par-
ent mass remaining after 24 h of reaction and the formation
of five identifiable transformation products. One product was
prednisone (~15% yield), generated via C-1/C-2 unsaturation.
Two chlorinated prednisone derivatives were also observed,
one of which is presumably 9-chloro-prednisone (i.e., it had
the same retention time and 1,,,x 240 nm as described above,
corresponding to ~15% yield), and another that was only ob-
served at very high [HOCI]:[GC] molar ratios (i.e., 140:1). An-
other product detected was adrenosterone (~5% yield), a
known androgen produced via C-17 side-chain cleavage of the
parent cortisone. As with prednisone and prednisolone, forma-
tion of d1-adrenosterone (~5% yield) was again observed after
long chlorine exposures (or alternatively at very high
[HOCI]: [GC] molar ratios), produced via side-chain cleavage
of the reaction product prednisone. Some of the remaining prod-
uct mass was accounted for by two additional products (ob-
served M + H values at m/z 411 and 359), which were observed
by MS but not isolated. One, likely a hydroxylated cortisone
derivative, also has an incorporated single chlorine atom due
to the diagnostic chlorine isotopic pattern in the MS data, and
absorbs at wavelengths less than 220 nm. The other product
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has the same mass as prednisone (M + H 359), but with a
shorter retention time, and thus likely slightly more polar.

The oxidation of cortisone to form prednisone will result in
a 4-fold increase in GC activity, after metabolic reduction to the
active 11-hydroxy form. Additional enhancement of bioactivity
will result from the formation of 9-chloro-prednisone (an 8-fold
increase in GC activity over parent cortisone). Thus, cortisone
oxidation to yield a synthetic analogue (prednisone) and a chlo-
rinated derivative would be expected to preserve some degree of
bioactivity through the chemical disinfection process.

Formation of adrenosterone also has potential ecosystem
implications. Not only is it a weak endogenous androgen in
mammals and fish, where it is ~25% as potent as testoster-
one,*® it is also enzymatically converted in vivo by the action
of 17B-hydroxysteroid dehydrogenase (17BHSD) to form 11-
keto-testosterone, a potent androgen (equivalent in potency to
testosterone) and the main endogenous androgen in
fish.>*® The transformation of adrenosterone to 11-keto-
testosterone has also been shown to occur in a common
green alga (Scenedesmus quadricauda).> Moreover, 11-keto-
testosterone can be further enzymatically reduced by the ac-
tion of 5a-reductase (SRD5A) to the androgen 11-keto-
dihydrotestosterone, which is equivalent in potency to dihy-
drotestosterone, the most potent natural androgen.*” Lastly,
as with 11f-hydroxyboldione, adrenosterone has been shown
to have antiuterotrophic activity, with potency roughly half of
that observed for progesterone.*’

Cortisol. At the [HOCI]:[cortisol] ratio of 140:1, ~60% of
the initial parent mass remained after 3 h of reaction and
four transformation products were identified. One of these
products was prednisolone (~20% yield; structure confirmed
by NMR), presumably generated via the same C-1/C-2
unsaturation process observed in the conversion of cortisone
to prednisone. Another product identified was cortisone
(~10% yield), formed via C-11 oxidation. Two chlorinated
prednisolone derivatives were also identified by MS, only one
of which was generated across the full range of chlorine expo-
sures and [HOCI]:[cortisol] molar ratios investigated (esti-
mated between 10-70% yield, using the same assumptions
previously applied to the chloroprednisolone product).

The conversion of cortisol to prednisolone results in a 4-fold
increase in bioactivity and shows that GC interconversion from
an endogenous steroid to an exogenous analog can occur read-
ily during chlorination. In fact, a recent study monitoring GC
levels in WWTP effluent and treated effluent showed a slight
decrease in cortisol and increase in prednisolone levels after
chlorination, which could, in part, be explained by the C-1/C-2
oxidation process evident from our results.® In addition, corti-
sone is a product that will retain biological activity, after
in vivo 11-keto reduction back to cortisol. Also, based upon the
reported biological activity of 9-chloro-prednisone,®" we specu-
late that the chlorinated prednisolone derivatives are at least as
active as prednisolone, with a possible 4-fold increase in GR ac-
tivity over parent cortisol.

Dexamethasone. Chlorination of dexamethasone resulted
in the formation of two known compounds, 11-keto-
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dexamethasone and 17-oxo-dexamethasone. Although oxidized,
11-keto-dexamethasone retains its GR binding affinity (as po-
tent as dexamethasone), in contrast to the other C-11 keto
GCs.*® In addition, unlike the other adrenosterone class of
weak androgens discussed previously, 17-oxo-dexamethasone
does not exhibit any androgenic or antiuterotrophic activ-
ity.>*® Both 11-keto and 17-oxo-dexamethasone were only
found to be formed under the very high [HOCI]:[GC] molar ra-
tios (140:1), therefore, they are not likely to be major
byproducts of chlorination (i.e., we expect dexamethasone to
persist through chlorination).

Summary of reaction pathways observed for GC chlorination

Overall trends in product formation suggest several common
transformation pathways shared across endogenous and ex-
ogenous GCs. These include GC interconversion (hereafter
“GI”), GC to androgen transformation (hereafter “G to A”)
and formation of chlorinated steroidal byproducts (hereafter
“+CI”). These pathways are summarized in Fig. 5 for the chlo-
rination of cortisol, cortisone, prednisolone, and prednisone.

From the perspective of conserved or enhanced bioactivity
through environmental transformation, among the most no-
table products and pathways are: (i) 9-chloro-prednisone,
from the direct chlorination of prednisone and from C-1/C-2
unsaturation, followed by chlorination of cortisone (with an
anticipated 4 and 8-fold increase in GC activity, respectively);
(ii) prednisone, from either C-1/C-2 unsaturation of cortisone
(with an anticipated 4-fold increase in GC activity) or C-11 ox-
idation of prednisolone (conservation of GC activity); and (iii)
prednisolone, from C-1/C-2 unsaturation of cortisol (with an
anticipated 4-fold increase in GC and GR activity). Further,
notable examples of transformation products with receptor
endpoints distinct from their parent compound include: (i)
adrenosterone, from C-17 side-chain cleavage of cortisone;
(ii) d1-adrenosterone, from C-17 side-chain cleavage of pred-
nisone; and (iii) 11p-hydroxyboldione, from C-17 side-chain
cleavage of prednisolone.

Given the consistency of transformation pathways across
different GCs and the ubiquity of GCs in therapeutic use, we
can reasonably extend the above transformation pathways to
predict products of other, potent GCs not included in this
study including 6o-methylprednisolone (potency: 5),
betamethasone (potency: 25) and triamcinolone acetonide
(potency: 30)° (see Fig. $6 in the ESI}). For example, we pre-
dict 6a-methylprednisolone to behave analogously to prednis-
olone, yielding two main products, 6o-methylprednisone and
11B-hydroxy-60-methylboldione, both of which are known,
bioactive steroids.*>*° 6a-Methylprednisone is predicted to
form via C-11 oxidation of parent 6o-methylprednisolone
(analogous to formation of prednisone from prednisolone)
and is a product that will retain biological activity, after
in vivo 11-keto reduction back to 6a-methylprednisolone.*® In
addition, 11p-hydroxy-6a-methylboldione is known to possess
anti-lipaemic activity and is suspected to form via C-17 side-
chain cleavage of parent 6a-methylprednisolone (analogous
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Fig. 5 Generalizable trends in product formation during GC chlorination under low HOCLI exposure conditions (i.e., initial chlorine concentration
of 50 mg Cl, L™). Common pathways include: GC interconversion (Gl) shown in blue, GC to androgen transformation (G to A) shown in red, and
GC chlorination (+Cl) shown in purple. Product prednisolone, 9-chloro-prednisone, and dl-adrenosterone were confirmed via NMR.
Adrenosterone was confirmed via HRMS and by matching retention time to a standard.

to formation of 11p-hydroxyboldione from prednisolone).*’
Although, to the best of our knowledge, the androgenic activ-
ity of 11p-hydroxy-60-methylboldione has not been reported,
methylation at C-6 is known to increase the androgenic activ-
ity of testosterone,” therefore, we would suspect 11p-hydroxy-
6a-methylboldione to have a higher androgenic activity com-
pared to that of 11f-hydroxyboldione.

In contrast, evidence suggests that betamethasone and tri-
amcinolone acetonide will react similarly to dexamethasone,
given their structural similarities (e.g., cross-conjugated en-
one in ring A, fluorine atom at position C-9, and methyl or
protected alcohol at position C-16). Thus, it is highly likely
that these potent GCs will be relatively resistant to chlorina-
tion and persist through the disinfection process, as we ob-
served experimentally for dexamethasone. Indeed, a recent
study showed WWTP effluent and treated effluent levels of
betamethasone, triamcinolone acetonide, and dexamethasone
to be relatively stable throughout the chlorination process.®

Glucocorticoid receptor bioassays

Despite reported product bioactivity noted in the discussion
above, in vitro assays generally suggest GR activity loss corre-
lating with the extent of parent decay during chlorination
(Fig. 6). This is exemplified by assay results for dexametha-
sone (3-fold reduction in potency as ECs, value with 80% re-
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duction in parent concentration) and prednisolone (4-fold re-
duction in potency with 70% reduction in parent
concentration). Cortisol was the exception, however, with as-
says of this reaction mixture suggesting only a 2-fold reduction
in potency (increase in ECs,) despite a 95% reduction in par-
ent concentration. This result is not surprising, as formation

250
A cortisol
)A [0 prednisolone
200
/ & dexamethasone
/7 G
s A
= 15014 <
~— /
[=}
B ol
o 100
L 'we.g‘i,ﬂ
50 o
05/ . . - . T T
0 24 48 72 96 120 144 168

Reaction Time (h)

Fig. 6 Product mixture ECso values from GC receptor bioassays as a
function of reaction time for cortisol, prednisolone, and
dexamethasone. Product mixtures were generated at pH 7 using high
molar ratio ([HOCI] : [GC] ~ 140 :1) conditions for GC chlorination.
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of the more potent prednisolone and chloro-prednisolone
products contribute significantly to residual GR activity.

We caution that these GR bioassay results do not account
for the entirety of known, bioactive GC transformation prod-
ucts that we observed. For example, cortisone chlorination
yields primarily prednisone and 9-chloro-prednisone, neither
of which are directly GR active because C-11 is in its oxidized
(ketone) form (this also applies to cortisone).*' However, it is
known that ~95% of an administered dose of prednisone is
reduced to its GR active, 11B-hydroxy form (prednisolone) by
the action of 11B-hydroxysteroid dehydrogenase.*' Thus, al-
though prednisone and 9-chloro-prednisone will not function
as GR agonists, they are expected, after metabolism, to be 4
and 8 times more biologically active than cortisone, respec-
tively. Further, our evaluation of bioactivity only considered
one receptor endpoint (i.e., GR), when similar analyses with
androgen receptor (AR) assays are also necessary given the
known androgens produced during GC chlorination.

Ozonation for chemical oxidation

As an alternative treatment approach for managing persistent
GR activity, we explored the ability of chemical oxidation with
ozone to increase the rate of GC transformation and limit for-
mation of known, bioactive transformation products. As
shown in Fig. 7, with conditions representative of water/
wastewater treatment, GCs reacted much more rapidly with
ozone (t;, ~ 0.4-1.3 min) relative to free chlorine. We reiter-
ate that tert-butanol was used as a model radical scavenger in
these systems, allowing changes in GC concentration over
time to be primarily ascribed to direct oxidation via reaction
with ozone. Moreover, no UV-active products were detected
via LC-DAD analysis. This was the case regardless of whether
reactions were either quenched with sulfite or allowed to pro-
ceed to completion. Thus, for ozonation, we report the fol-
lowing reactivity trend (with half-lives estimated from expo-
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Fig. 7 Normalized GC concentration over time during reaction with
ozone. Reaction conditions: 5 uM aqueous GC (~2 mg L™), 5-20 mg
L™ of Os (as indicated), 350 uM aqueous tert-butanol as a model radi-
cal scavenger, and pH 7.
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nential decay model fits): cortisone (0.4 min at 5 mg L™ O;)
~ prednisone (0.5 min at 5 mg L™" O;) ~ cortisol (0.7 min at
5 mg L' O;) > prednisolone (0.5 min at 15 mg L™ O;) >
dexamethasone (1.3 min at 20 mg L™ O;).

Most likely, ozone reacts to disrupt the GC conjugated
n-electron and ring systems, presumably altering the struc-
tures sufficiently to mitigate or eliminate biological activity.
Indeed, previous research suggests that o/B-unsaturated cyclic
ketones undergo an oxidative ring-opening reaction with oz-
one, through an ozonide intermediate.*” Likewise, ozonation
of progesterone, an endogenous progestin that shares struc-
tural commonalities with GCs (e.g., cyclic enone in the A-
ring), produced oxidative A-ring-opening over similar time-
scales (t;, ~ 1 min) to that observed herein for GCs.** Typical
ozone doses for municipal wastewater disinfection are 5-15
mg L™ and 15-30 minutes of contact time, with higher doses
(up to 40 mg L™ O;) and longer contact times required for
low quality wastewater (e.g., raw wastewater and primary efflu-
ents)."”*" Thus, our results are within environmentally rele-
vant range of doses of ozone and contact times and indicate
ozonation to be a more promising approach to chemical oxi-
dation of GCs that also limits the formation of bioactive trans-
formation products compared to the use of chlorination.

Conclusions

Overall, GCs are relatively slowly degraded by HOCI. It is rea-
sonable to expect, therefore, at best partial degradation dur-
ing chemical disinfection, with mixtures of parents and prod-
ucts discharged to water distribution systems and in WWTP
effluent. Chlorination generally results in interconversion of
GCs (e.g., cortisol to prednisolone), production of androgens,
and formation of chlorinated steroid derivatives. These trans-
formations appear common for GCs as a class, suggesting
they can reasonably be extended to other GCs not explicitly
investigated herein to predict their likely extent of reaction
and products during chemical disinfection with free chlorine.
Although many identifiable GC transformation products
represent known steroids with established bioactivity, in vitro
assays conducted herein generally indicated that GR activity
decreases with the extent of parent decay. However, our as-
says likely under-predict the bioactivity of transformation
product mixtures because they do not account for activity
arising from 11-keto GC products (which require metabolic
activation through enzymatic reduction), nor did we assess
the androgenicity of products formed via C-17 side-chain
cleavage in the D ring. Ultimately, therefore, we conclude that
transformation products arising from GC chlorination are
likely to contribute to some, but not all, of the unaccounted
for GR activity often reported for surface water resources.
More broadly, this work provides yet another example
where a common environmental transformation process
(chemical disinfection, particularly by free chlorine) does not
entirely eliminate ecosystem risks associated with emerging
pollutant classes. Conserved, enhanced, or broader spectrum
receptor bioactivity through environmental transformation
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processes challenges our current regulatory and risk assess-
ment approaches, while also complicating prioritization of
analytical targets for environmental monitoring. Notably, as
we showed herein, management of steroidal bioactivity dur-
ing engineered treatment may require the more widespread
adoption of advanced technologies, like ozonation, with dem-
onstrated ability to limit the formation of bioactive transfor-
mation products. Collectively, outcomes of this work may
help to guide future occurrence studies for persistent and
bioactive GC transformation products, while also guiding the
design of more efficient treatment systems for removal of not
only GCs but also all associated GR activity.
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