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ABSTRACT: Commercially utilized parabens are employed for their antimicrobial properties, but a weak binding to the
estrogen receptor alpha (ER,) may lead to breast cancer in some applications. Modification of the paraben scaffold should allow
for a disconnection of these observed properties. Toward this goal, various 3,5-substituted parabens were synthesized and
assessed for antimicrobial properties against S. aureus as well as competitive binding to the ER,. The minimum inhibitory
concentration assay confirmed retention of antimicrobial activity in many of these derivatives, while all compounds exhibited
decreased xenoestrogen activity as determined by a combination of competitive enzyme linked immunosorbent assay (ELISA),
proliferation, and estrogen receptor binding assay. Thus, these changes to the paraben scaffold have led to a multitude of paraben
derivatives with antimicrobial properties up to 16 times more active than the parent paraben and that are devoid or significantly

diminished of potential breast cancer causing properties.

KEYWORDS: Paraben, preservative, antimicrobial, cosmetic, cancer, xenoestrogen

P arabens have been used within cosmetics for over 30 years
with their initial safety assessment being performed in
1984" and reiterated by the Cosmetic Ingredient Review (CIR)
in 2008.” Despite approval under their current utility, parabens
are still met with controversy leading back to the Routledge et
al. publication that illustrated their xenoestrogenic properties in
1998.> The antiparaben sentiment was fueled in 2004 by the
finding breast tumor tissue that contained trace amounts of
parabens, despite the fact that the article failed to determine the
cause and effect relationship to their presence.4 Admittedly, the
debate over paraben safety is still ongoing, but the fear of their
utility can be seen in the ever increasing restrictions on their
use. Most recently, in 2014, the European commission reduced
the allowed maximum concentration of propyl and butyl
paraben from 0.4% to 0.14% in products.’

Topical applications of paraben containing cosmetics or
pharmaceuticals tend to be more problematic than ingestion.’
This is due to digestion through general stomach acids, and
esterases found in the kidneys and liver are extremely efficient
at hydrolyzing the ester function to the corresponding p-
hydroxybenzoic acid.” Alternatively, the carboxylesterases found
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on human skin are less effective at hydrolyzing the ester
function leading to epidermal penetration of the paraben.®’
This is made more concerning when combined with the finding
that indicates parabens remain in skin tissue samples or that
food consumption only accounts for a 1% of an individual’s
daily paraben exposure.’

A complete ban on paraben use has been avoided due to
their effectiveness and widespread application as preserva-
tives.'” The effectiveness of parabens is attributed to a
multitude of activities that involve their ability to inhibit
glycolysis,"" protein synthesis,'” and increasing cell membrane
permeability.* Comparing the bactericidal activities shows that
parabens are most potent in their action on the cell membrane
of bacteria. The exact mode of action is not entirely understood
but is thought to be similar to other organic compounds and
phenolic disinfectants.'”"> This is believed to involve a
nonspecific insertion into the cell membrane, which increases
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the membrane fluidity and decreases its integrity, while the
phenolic function is capable of disrupting the cation gradient
across the membrane leading to osmolysis.

Alternatively, parabens have been linked to breast cancer
through their xenoestrogen properties.” Many phenols can bind
the estrogen receptor (ERa) leading to upregulation of gene
expression similar to estrogen.'® Admittedly, the system is
complex such that the genes expressed by xenoestrogen
compounds of similar structures (even differing parabens) can
lead to varying gene expression profiles.'” This activity requires
a specific binding interaction between the paraben and the ER-
estrogen binding site."® From known xenoestrogen activities, it
has been shown that mimicking the phenolic function of
estrogen is most important for ERa binding and thus is the
most likely pharmacophore in parabens.'”

The nonspecific (lacking enzymatic binding) antimicrobial
activities associated with parabens should lend greater flexibility
in their structure—activity relationship (SAR). Alternatively, the
specific binding of the phenolic function to the ERa is likely to
result in a less amenable SAR associated with their
xenoestrogen properties. A plethora of molecules capable of
activating the estrogen receptor have been reviewed, which
does indicate a potential flexibility in the binding pocket.
However, Terasaki et al. examined the activation of the ERa by
chlorinated parabens produced during the chlorination of
wastewater and found that mono- and dichlorinated parabens
tend to be less active or entirely inactive.”” This work is
encouraging to the prospects that dissociation of the two
activities is possible.

Herein, it can be seen that paraben activities can be
dissociated given that the antimicrobial properties result from a
nonspecific binding to the cell wall, while the precancerous
activity results from a specific binding of the ER. To show that
the disassociation of the SARs are related to a general blocking
of access to the phenolic function, a multitude of substituted
paraben was synthesized and screened. Thus, we report 3,5-
substitutions to butyl paraben derivatives that are equivalent if
not improved antimicrobial compounds that lack the
competitive ER binding. To confirm the continued antimicro-
bial properties of these compounds a microdilution assay was
used to determine minimum inhibitory concentrations (MIC).
Alternatively, an estradiol competition enzyme-linked immu-
nosorbent assay (ELISA) and cell proliferation assay were used
to illustrate the efficacy of these potential precancerous
activities. The affinity for the ERa was then determined by a
time-resolved fluorescence resonance energy transfer (TR-
FRET) binding assay.

Chemistry. To prevent alkylation of the phenolic function,
Fisher esterification, illustrated in Table 1, was used to convert
various 3,5-substituted p-hydroxybenzoic acid derivatives 1 to
their corresponding butyl or octyl esters, 2 and 3, respectively.
Catalytic amounts of sulfuric acid were used to enhance the
reaction rates, while tosylic acid failed to enhance conversion
despite being devoid of water. Ester formation often required
overnight (~18 h) reflux but failed to show complete
conversion by thin layer chromatography (TLC). Electron
withdrawing groups such as halides and nitro functions allowed
for faster reaction times.

This process proved reliable, but product purification often
required multiple flash chromatography purifications. Through-
out purification, the purity was confirmed by 'H NMR to
ensure that the reactant alcohol was removed. The purity of
individual column fractions could be qualitatively determined
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Table 1. Results from Paraben Derivative Synthesis and
Antimicrobial Screening against S. aureus

Z O zZ O
X oH ROH, H,S0, X OR
HO z reflux HO z
Y Y
2o0r3
rxn rxXn
time yield S. aureus MIC
XY, Z ROH compd (h) (%) pug/mL (uM)
F, F F BuOH 2a 18 35 128 (483)
Cl ClL H BuOH 2b 18 65 64 (245)
Br, Br, H BuOH 2¢ 18 53 32 (91)
Br, H, H BuOH 2d 18 66 64 (236)
LLH BuOH 2e 1 75 16 (36)
LH H BuOH of 18 42 64 (199)
CH,, CH,, H BuOH 2g 18 70 >256% (>1045)
By, ‘Bu, H BuOH 2h 18 67 >256" (834)
OH, OH, H BuOH 2i 18 50 512 (2055)
OMe, OMe, H  BuOH 2j 18 88 >256% (924)
NO,, NO,, H BuOH 2k 3 56 512 (1809)
LLH OctOH 3e 1 59 16 (31.8)
CH,, CH,, H OctOH 3g 18 71 64 (213)
OH, OH, H OctOH 3i 18 40 64 (210)
NO,, NO,, H OctOH 3k 18 82 16 (47)
butyl parabenb 256 (1320)
penicillin G 0.25 (0.749)

“Not soluble at the higher 512 pug/mL concentration and therefore
was not tested. quuivaIent to butyl ester (2) with X, Y, Z = H, H, H.

by staining TLCs with KMnO,. Moderate yields could be
achieved even with these extra purification steps and can be
seen in Table 1.

Biology. Antimicrobial activity was determined by finding
the MIC via dilution assays in 96-well plates. Reproducibility
was confirmed through trials run in duplicate across three
separate days for a total of six biological replicates. S. aureus was
used as a representative Gram-positive bacteria. Each paraben
derivative was dissolved in biological grade DMSO to generate
stock solutions at both 128 and 16 mg/mL. Serial dilution of
the paraben derivatives then began at 512 ug/mL and occurred
in half-fold dilutions with the exception of those not soluble
above 256 pug/mL. Some samples reported with MICs at or
greater than 256, most notably 2h, illustrate the first
concentrations that appear visibly cloudy. Due to the assay
pushing the limits of these compounds solubility, active
compounds were tested with a minimum of one trial beginning
at 128 pg/mL (~500 uM), including the parent butyl paraben,
to confirm dilution errors are not present. Butyl paraben and
penicillin G were used to compare activities. The results of
these studies can be found in Table 1.

Screening against S. aureus allowed for a SAR that could be
compared directly to the commercially available paraben. In all
derivatives we saw comparable if not improved antimicrobial
activity from prepared 3,5-substituted parabens. The increased
activity is likely a result of a combined increase in hydro-
phobicity and decrease in phenolic pK,. Halogenated parabens,
2a—2f, provided the greatest increase in activity against S.
aureus; however, such changes in phenols have been
documented before.”” Aliphatic substitutions, 2g and 2h,
initially appeared to have lost all activity; however, increasing
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the hydrophobicity of the ester function led to recovered
activity in 3g.>" This indicates that more aliphatic aromatic
substitutions decrease solubility to a degree that underlying
antimicrobial activity may no longer be observable. Increasing
the lipophilicity of the ester increases antimicrobial activity
presumably faster than it is decreasing compound solubility.
Since all of these changes, 2 to 3, increased activity. It is
important to note that 3e is likely more active than 2e but
appears that the error in the serial dilution assay fails to allow
an exact determination of this extent.

Polar substitutions, 2i and 2k, allowed for increased solubility
and thus observable MIC values of 512 pug/mL were obtained.
These extremely polar substitutions reiterate that a multitude of
3,5-substitutions on the paraben can be tolerated in these
derivatives. Lengthening of these ester carbon chains, 3i and 3k,
also increased these activities. Most importantly these
derivatives provided a great recovery of antimicrobial activity
compared to their butyl esters and offer balanced water
solubility.

Cellular proliferation has been a hallmark measure for
precancerous activity and remains to be an indicator of such.
To investigate the MCF-7 cellular response from these new
paraben derivatives, we have grown cells in the presence and
absence of parabens and paraben derivatives 2 and 3. Figure 1
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Figure 1. Percent MCE-7 cell proliferation after 24 h stimulation.

contains the cellular proliferation as a percent difference relative
to proliferation in media for ethyl paraben, butyl paraben,
estrogen, and the most active antibiotic paraben derivatives (2c,
2e, 3e, 3k). As expected, cellular proliferation for butyl paraben
is very similar to estrogen stimulated cells; however, ethyl
paraben stimulates proliferation to a lesser extent. Compre-
hensively, all derivatives lacked the cellular response leading to
proliferation comparable to the control. The complete data set
was removed for clarity but can be found in the Supporting
Information. Cellular proliferation can be the response to
various cellular stimuli, and it is not necessarily a result of the
ER being stimulated. Therefore, it is important to look at a
stimulation more closely linked to the ER activity.

To determine the influence such substitution had on the
activation of the ER,, we chose to screen the compounds via an
estradiol competitive ELISA. MCF-7 cell response to the
presence of paraben derivatives was correlated to an increase in
estradiol concentration after 24 h of cell stimulation.”” Prior to
ELISA analysis, we verified that the cells were viable in the
presence of each paraben for this duration using the Pierce
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LDH Cytotoxicity Assay. All compounds proved to be nontoxic
to MCEF-7 cell proliferation and grew similar to the controls at
24, 48, and 72 h (results in Supporting Information).

Both commercially available ethyl and butyl paraben
stimulated the production of estrogen within MCF-7 cells as
shown in Figure 2. This matches the observed response from

Estrogen Receptor Response to Paraben
Derivatives
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Figure 2. MCF-7 estrogen receptor response to parabens and paraben
derivatives.

previous literature.”® As a control, DMSO was incubated with
MCE-7 cells for the 24 h duration at volumes equal to and
exceeding those required for compound addition (0, 1, 1.6, 8,
and 16 uL) from DMSO stocks. No statistical difference in cell
stimulation was observed for any of these volumes. The
parabens and paraben derivatives were screened at concen-
trations of 0.125, 1, 8, 64, and 128 pg/mL (representing a
maximum concentration tested range of 290 to 770 uM). While
the commercial parabens stimulated estrogen production, all
substituted derivatives failed to illustrate activities statistically
different from the control or a response across various
concentrations. For clarity, the more antimicrobial derivatives
(2¢, 2e, 3e, 3k) are shown in Figure 2, while the complete
figure can be found within the Supporting Information. These
combined data do tend to illustrate the reduced efficacy of
substituted parabens relative to commercial parabens; however,
it does not preclude the possibility of some binding interaction.

A terbium based time-resolved fluorescence resonance
energy transfer (TR-FRET) binding assay was used to
determine the extent to which these parabens are interacting
with the estrogen receptor. The assay used is a service of
SelectScreen nuclear receptor profiling (Madison, WI) under
Thermo Fisher Scientific. Within this assay a terbium-labeled
anti-GST antibody binds the GST domain of the estrogen
receptor. When a fluorescently tagged estrogen is bound to the
estrogen receptor, there is high TR-FRET response. Competi-
tion with this labeled estrogen leads to a decreased response
allowing for a 50% inhibitory concentration (ICs,) to be
determined. This ICy, is then related to the ability for the
parabens to displace 50% of the tagged estrogen. For reference,
17-p-estradiol displaces 50% of this labeled estrogen at an ICsj
of 0452 nM, when the tagged estrogen is maintained at a
concentration of 3 nM. It is also important to note that
increased concentrations (up to 200,000 nM or roughly 64 ug/
mL for MIC comparison) were investigated since the typical
maximum 10,000 nM concentrations were suspected to miss
the weaker ICy, values.
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Under these conditions, butyl paraben displaced 50% of the
labeled estrogen at 1420 nM. Table 2 shows that all substituted

Table 2. ICys for Paraben Binding to ER« as Determined by
TR-FRET Analysis

XY Z compd ICy, (nM)
F, F F 2a 29400
cl, ClL, H 2b 55300
Br, Br, H 2c 39400
Br, H, H 2d 8210
LLH 2e 34600
LHH 2 7980
CH,, CH,, H 2g 32500
‘Bu, ‘Bu, H 2h >200000
OH, OH, H 2i 8970
OMe, OMe, H 2j >200000
NO,, NO,, H 2k >200000
LLH 3e 13200
CH,, CH, H 3g 16200
OH, OH, H 3i 8740
NO,, NO,, H 3k 60400
H H H butyl paraben 1420
17-f-estradiol 0.452

parabens proved to be weaker binders than this parent paraben.
Most of which were between 20 and 40 times weaker binders
with the exceptions being monosubstituted 2d and 2f and
polyphenol 2i. These illustrated only six-fold weaker binding,
which shows that substitution to both sides of the phenols is
required to see drastic changes in binding. Also the poly-phenol
derivative is most likely made weaker by the additional sterics,
but the additional points of attachments in the other phenols
allow it to maintain significant binding potential. The increased
binding from longer alkyl chains of esters 3 is analogous to the
tritium based competition assay performed by Blair et al.'’
Compounds 2h, 2j, and 2k appear to have lost affinity for the
estrogen receptor, but it is important to note that these
compounds displaced nearly 20% of the labeled estrogen at the
highest concentrations tested. Even if solubility prevents
identification of their ICy, this indicates that they may still
have some affinity for the estrogen receptor and that binding is
not entirely abolished in any of these cases.

In summary, we have produced paraben derivatives that have
improved antimicrobial properties while lacking the undesirable
xenoestrogen properties associated with tumor cell production.
Increased substitution near the phenolic function of the
parabens has led to weaker association to the estrogen receptor.
The broad lack of estrogen receptor activation is expected to
be, in part, a response to this decreased affinity. With most of
the modifications (except 2i, 2k, 3i, and 3k) arising in more
hydrophobic parabens, the investigations into mammalian cell
permeability and other mammalian cell membrane associations
is important for a complete understanding of the intracellular
activity. Most importantly these substitutions allow the
lengthening of the ester alkyl chain to improve antimicrobial
properties while decreasing the cost of added precancerous
activities. We are working now to confirm that ester chain
lengths follow the general trends associated with commercial
parabens and to complete computational analysis of such
substituted parabens bound within the known crystal structure
of ER,. The latter will hopefully provide insight into the extent
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that distortions of the binding pocket might provide the
remainder of activity lost.
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