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Abstract. This paper investigates the topical anti-inflammatory effect of a fish oil preparation (FOP) in a croton oil
(CO) model of skin inflammation. The photoacoustic spectroscopy (PAS) was applied to estimate the percuta-
neous penetration of the FOP and as a model to evaluate the topical inflammatory response. After applying CO,
the groups of mice received a topical application of a FOP on the left ear. The right ear received the vehicle
that was used to dilute the CO. After 6 h, ear tissue was collected to determine the percent inhibition of edema,
myeloperoxidase (MPO) activity, and cytokine levels and to perform PAS measurements. Treatment with FOP
reduced edema and MPO activity, which was at least partially attributed to a decrease in the levels of tumor
necrosis factor, interleukin-1, interleukin-6, keratinocyte-derived chemokine, and monocyte chemoattractant
protein-1. The topically applied FOP penetrated into the tissue and decreased the area of the bands that
characterize inflamed tissue. The present results demonstrated the topical anti-inflammatory effect of the FOP.
PAS suggests that FOP anti-inflammatory activity is linked with its ability to penetrate through the skin. © 2017

Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.22.5.055003]
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1 Introduction

Fish oil (FO) is a rich natural source of omega-3 polyunsaturated
fatty acids, including eicosapentaenoic acid (EPA; 20:5n — 3)
and docosahexaenoic acid (DHA; 22 :6n — 3), with various ben-
eficial effects in many autoimmune and inflammatory diseases
when supplemented in the diet.'> The anti-inflammatory activ-
ity of FO in these studies may be at least partially attributable to
the insertion of EPA and DHA, which partially substitute for
arachidonic acid (ARA; 20:4n — 6) in phospholipids of the
cell membrane.* This substitution changes membrane fluidity,
decreases the production of eicosanoids that are derived from
ARA metabolism, and increases the synthesis of lipid mediators
that are derived from EPA that are less potent than those that are
derived from ARA. It also induces the synthesis of compounds
that stimulate the resolution of inflammation (e.g., resolvins that
are derived from DHA and EPA), and induces the synthesis of
protectins and maresins that are derived from DHA.'?

The anti-inflammatory activity of FO also involves other
mechanisms, including actions on signaling pathways that
reduce the expression of proinflammatory genes by binding
to G protein-coupled receptor 120, activate peroxisome
proliferator-activated receptor-y, and inhibit the activation of
factor kappa B (NF-xB).>$

Our group recently reported that a single oral dose of FO had
anti-inflammatory activity in two acute models of inflammation
(paw edema and pleurisy) that was induced by carrageenan
in rats. Treatment with a fish oil preparation (FOP) reduced

*Address all correspondence to: Ciomar A. Bersani-Amado, E-mail:
cabamado@uem.br
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the formation of edema and leukocyte recruitment at the site
of injury. Such effects were at least partially attributed to an
inhibitory effect of the FOP on the production or release of
cytokines and nitric oxide.’

These reports indicate beneficial effects of FO when orally
administered, either in a single dose or when FO is supple-
mented in the diet. Still unknown, however, is whether FO
has anti-inflammatory activity when it is topically applied to
the skin. The use of topically applied drugs has the advantage
of minimizing adverse effects that can be caused by systemic
administration.® Few studies”'” have evaluated the anti-inflam-
matory activity of topically applied FO.

‘We used a model of croton oil (CO)-induced ear edema, which
has been widely used to evaluate the topical anti-inflammatory
activity of compounds that are able to effectively be used for
the treatment of cutaneous inflammatory diseases.''"!2

The adequate penetration of topical anti-inflammatory agents
to reach regions of the skin where the inflammatory process
occurs is crucial for their efficacy. Thus, the efficacy of topically
applied compounds depends on their penetration characteristics,
which are related to the composition of the formulation and con-
ditions of the skin, such as moisture content and structure.'?
Photoacoustic spectroscopy (PAS) has been shown to be an
effective method in dermatological research to characterize
tissue and lesions'* and evaluate the distribution and penetration
of substances through the skin where the formulations are
applied.'>!*> Furthermore, PAS is relatively easy to perform,
does not require the use of reagents, and is nondestructive.
These features are important and desirable for preclinical studies
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in pharmaceutical research because of the need for a small
number of animals that are used and of the possibility of reusing
samples in additional tests.

PAS is a method that instead of measuring the radiation trans-
mitted or reflected by the sample, as happens for conventional
spectroscopic techniques operating in the UV—Vis region, deter-
mines the fraction of the absorbed energy that is transformed
into heat.'® The result is a spectrum similar to optical absorption,
enabling studying solid or semisolid materials in bulk or powder
and amorphous or crystalline substances, gel, and others.!”
Furthermore, scattered light from the sample generally is a prob-
lem for conventional spectroscopic techniques, for example,
to analyze biological tissues. However, these features present
no difficulties in PAS justifying its potential as an inspection
method to study healthy and lesioned tissues.

In fact, there is nowadays a great effort to establish photo-
acoustic and photothermal methods for clinical diagnosis. The
literature survey reveals some papers in this area using since
UV-Vis conventional PAS until those more sophisticated related
with photoacoustic imaging.'®!® There are even works using
these methods for diagnosis of inflammation in systemic
diseases.”**! This was our motivation to apply a photoacoustic
method in this work. We explored the simplicity of the conven-
tional photoacoustic method in an important area related to the
search of new formulations envisaging anti-inflammatory effects.

This study had two purposes: (1) to investigate the topical
anti-inflammatory effect of an FOP in a CO model of skin
inflammation in mice and (2) to evaluate the percutaneous
penetration of an FOP by PAS.

2 Materials and Methods

2.1 Animals

Male Swiss mice, weighing 25 to 30 g, were kept in an
environment under controlled temperature (22°C + 2°C) and a
12 h/12 h light/dark cycle with free access to a standard pellet
diet and water. The experimental protocol was approved by
the Ethics Committee for Animal Experimentation of the State
University of Maringd (ECAE/UEM 045/2012).

|

(left ear Weightpositive control — left ear Weightlreated)

2.2 Fish Oil Preparation

The FO was commercially obtained from Naturalis®.
According to the manufacturer, each 500-mg capsule contains
250 mg DHA and 50 mg EPA. A previous study’ quantified the
fatty acids that were present in the capsule, validating the
aforementioned information from the manufacturer (data
not shown).

The contents of the FO capsule were diluted in olive oil (OO)
or in a solution of 70% acetone to obtain the fish oil preparations
(FOPgo and FOP,c) in amounts of (i) 0.25 mg DHA and
0.05 mg EPA, (ii) 0.5 mg DHA and 0.1 mg EPA, (iii) 1 mg
DHA and 0.2 mg EPA, (iv) 2 mg DHA and 0.4 mg EPA,
and (v) 4 mg DHA and 0.8 mg EPA. These preparations were
topically applied to the ears of different groups of animals. For
simplicity, we refer to the preparations below according only to
the amount of DHA in each preparation.

2.3 Croton Oil-Induced Ear Edema

Ear edema was induced on the ventral side of the left ear by
applying 20 pl of CO (200 pg) diluted in 70% acetone (vehicle),
adapted from the technique of Schiantarelli et al.”? The right ear
received only topical application of 20 ul of vehicle (70%
acetone) as a noninflamed control or negative control. Immedi-
ately after CO application, the animals received a topical appli-
cation of 20 ul of 70% acetone (inflamed control or positive
control), FOPgq (0.25, 0.5, 1, 2, or 4 mg DHA /ear) or FOP ¢
(0.25,0.5, 1, 2, or 4 mg DHA /ear). The other groups of animals
received a topical application of 20 ul of OO, dexamethasone
(Dexa; 0.1 mg/ear, used as anti-inflammatory reference drug),
or indomethacin (Indo; 1 mg/ear, used as anti-inflammatory
reference drug) immediately after CO application. After 6 h,
the animals were anesthetized and euthanized. The ears were
sectioned into 6.0-mm diameter discs and weighed (in milli-
grams) using an analytical balance. Ear edema was evaluated
as an increase in ear weight (n = 7 animals/group). The percent
inhibition of edema was determined according to the following
equation:

90inhibition =

left ear Welghtpositive control — I’lght ear Welghtnegative control

2.4 Myeloperoxidase Activity

Myeloperoxidase (MPO) activity was assessed in the superna-
tants of homogenates of ear sections (n = 7/group) in the
control groups and mice that received the aforementioned
treatments (CO-induced ear edema) according to the technique
of Bradley et al.”® The ear tissue was placed in a solution
that contained 0.5% hexadecyltrimethyl ammonium bromide
in potassium phosphate buffer (50 mM) and processed in a
homogenizer (60 s at 0°C). The homogenate was centrifuged
at 2500 rotations per minute (rpm) for 5 min. Afterward,

%inhibition =

(left car ODpositive control — left ear ODtreated)

X 100. (D

I
10 ul of the supernatant (in triplicate) was added to a 96-well
microplate, followed by the addition of 200 ul of a mixture
that contained O-dianisidine dihydrochloride (0.167 g/ml),
hydrogen peroxide (0.0005%), and potassium phosphate buffer
(50 mM). The reaction was stopped by the addition of 1.46 M
sodium acetate solution. Enzyme activity was determined by the
end-point technique by measuring absorbance at a wavelength
of 460 nm and expressed in optical density (OD). The percent
inhibition of MPO activity was determined according to the
following equation:

(1Gft ear ODpositive control — I"Ight ear ODnegative conlrol)
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2.5 Determination of Cytokine Levels

Cytokine levels were determined in the supernatants of homog-
enates from ear sections in the control groups and mice that were
treated with FOPgq (4 mg DHA /ear) or OO alone 6 h after top-
ical CO application (n = 7/group). The ear tissue was placed
in phosphate-buffered saline and processed in a homogenizer
(60 s at 0°C). The homogenate was centrifuged at 2500 rpm for
10 min, and the supernatant was separated and stored at —70°C
until the assay was performed. The analyses were performed
using a magnetic bead reader (Luminex 100TM/200TM) and
Cytokine Mouse Magnetic 20-Plex Kit (Invitrogen, Waltham,
Massachusetts, catalog no. LMCO006M, lot no. 1000793)
according to the manufacturer’s recommendations.

2.6 Determination of Percutaneous Penetration and
Topical Inflammatory Response by
Photoacoustic Spectroscopy

The measurements were performed on sections of right ear tis-
sue (negative control) and 6 h after applying CO in the positive
control group, FOPyo (4 mg DHA /ear) and OO alone, using
the experimental setup shown in Fig. 1 (n = 5/group). The
PAS homemade experimental setup is composed of a 1000-
W Xenon arc lamp (Oriel, model 68820) used as a light source,
which is diffracted when passing through the monochromator
(Oriel, model 77250) with 3.16-mm input and output slits. The
monochromator was equipped with a diffraction grade (Oriel,
model 77296) for UV—Vis spectral range between 200 up to
800 nm. The nominal power of the light source was 800 W.
The mechanical chopper (Stanford Research Systems, model
SR 540) was tuned at 15 Hz modulating the light that impinges
the sample. Higher order diffractions were eliminated by band-
pass filters. Thus, the monochromatic beam was focused in the
sample placed inside the photoacoustic cell, which was sealed
with a transparent quartz window (8-mm diameter and 2-mm
thickness). A Briiel and Kjaer model 2669 capacitive micro-
phone was coupled to collect the photoacoustic signal that
was generated from the pressure variation resulting from the
periodic heating of the sample. The used lock-in amplifier
was a EG&G Instruments, model 5110. The depth of the skin
sample contributing to the photoacoustic signal was estimated
using the thermal diffusion length (us): us = (d/=xf)1/2, in
which d is the sample thermal diffusivity and f is the light
modulation frequency. Taking the thermal diffusivity of the
skin (ventral and dorsal) as d = 4.0 X 10~ cm?s~! (Ref. 24)
and f = 15 Hz, the estimated us value of our measurements
was 30 ym. The final photoacoustic signal is proportional to

Monochromator

Chopper
[ ) X |:> I:\>Nirror
Filter set ﬂ

-

Lens set

Chopper

O
driver ﬂ
Lockin —CDS':D :ﬂ%:

Photoacoustic cell

Computer
aquisition

Fig. 1 Experimental setup of the used PAS.
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Fig.2 Schematic of spectral readings for illumination of the (a) ventral
surface and (b) dorsal surface of ear tissue in mice (modified from
Ref. 15).

the sample absorption coefficient, then the photoacoustic spectra
can be interpreted by means of absorption bands.!” To correct
the source emission intensity in each wavelength, all spectra
were normalized with respect to a carbon black sample signal.

The spectra of each ear were obtained positioning the sample
into the photoacoustic cell, illuminating the face to be measured.
Afterwards, the ear was turned upside down to illuminate the
opposite side, as shown in Figs. 2(a) and 2(b). Considering
the chosen light modulation frequency at 15 Hz (us of about
30 yum) and that the total sample thicknesses were always
around 445 um, in all cases the measurements were performed
near the surface of the samples exposed to the incident light.
Then, detecting the presence of FOPyo band on the dorsal
side (opposite side of FOPqq application) indicates that the
topically applied formulation permeated through the ear tissue.
In addition, the quantification of the bands associated with
the inflammatory response in the inflamed and treated ears
may provide information regarding the inflammatory processes
and the treatment effect.

2.7 Statistical Analysis

Edema values, MPO activity, and cytokine levels are presented
as mean = standard error of the mean (SEM). The data were
analyzed using analysis of variance (ANOVA) followed by
Tukey’s test. Values of p < 0.05 were considered statistically
significant.

3 Results

3.1 Effect of Fish Oil Preparations on Croton
Oil-Induced Ear Edema and Myeloperoxidase
Activity

The application of CO on the left ear (inflamed control or pos-
itive control) caused an evident inflammatory response at 6 h
compared with the right ear (noninflamed control or negative
control). Topical application of FOPqq at 0.25, 0.5, 1, 2, and
4 mg DHA /ear and OO alone significantly reduced the forma-
tion of ear edema [93.3%, 81.4%, 85.5%, 72%, 83.7%, and
85.5%, respectively; Fig. 3(A)]. Because these reductions of
ear edema were similar, independent of treatment, we conducted
a further experiment using 70% acetone as the diluent to discard
the possible action of OO on the FO response.

May 2017 « Vol. 22(5)
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Fig. 3 Effect of FOP on ear edema induced by CO (200 xg) in mice.
(A) FOPgo at the amounts indicated and OO alone were topically
applied immediately after the application of CO on the left ear.
(B) FOP4c at the amounts indicated and OO diluted in 70% acetone
were topically applied immediately after the application of CO on the
left ear. Dexa and Indo were used as anti-inflammatory reference
drugs and diluted in 70% acetone and topically applied at doses of
0.1 and 1 mg/ear, respectively. V = right ears that received only appli-
cation of the vehicle (70% acetone) as a negative control. The data
are expressed as the mean + SEM ear weight for each group (n = 7)
6 h after the application of CO. *p <0.001, compared with V;
o < 0.001, compared with positive control group (CO); °p < 0.05,
compared with positive control group (CO; ANOVA followed by
Tukey’s test).

FOP,c at 0.5, 1, 2, and 4 mg DHA/ear and OO diluted in
70% acetone significantly reduced the intensity of ear edema
(31.4%, 51.3%, 72.4%, 74.4%, and 59.9%, respectively).
These reductions were less than those of Dexa (0.1 mg/ear)
and Indo [l mg/ear; 98.5% and 98.3%, respectively;
Fig. 3(B)].

MPO activity increased after CO application. The topical
application of FOPqyq at 0.25, 0.5, 1, 2, and 4 mg DHA /ear
and OO significantly inhibited MPO activity [98.3%, 89%,
99%, 99%, 97.8%, and 93.6%, respectively; Fig. 4(A)].

FOP,c at0.25,0.5, 1, 2, and 4 mg DHA /ear and OO diluted
in 70% acetone significantly reduced MPO activity (76.1%,
86.6%, 91.6%, 96.9%, 92.3%, and 80.1%, respectively). These
reductions of MPO activity were greater than the effect of
Indo (1 mg/ear; 48%), which did not significantly inhibit
MPO activity. Dexa (0.1 mg/ear) also inhibited MPO activity
[80.6%; Fig. 4(B)].
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Fig. 4 Effect of FOP on MPO activity in supernatants of homogenates
of ear tissue in mice. (A) FOPoo at the amounts indicated and OO
alone were topically applied immediately after the application of
CO on the left ear. (B) FOP,c at the amounts indicated and OO
diluted in 70% acetone were topically applied immediately after
the application of CO on the left ear. Dexa and Indo were used as
anti-inflammatory reference drugs and diluted in 70% acetone and
topically applied at doses of 0.1 and 1 mg/ear, respectively. V =
right ears that received only application of the vehicle (70% acetone)
as a negative control. The data are expressed as the mean + SEM
OD for each group (n=7) 6 h after the application of CO.
2p < 0.001, compared with positive control group (CO; ANOVA
followed by Tukey’s test).

3.2 Effect of Fish Oil Preparation on Cytokine and
Chemokine Levels in Supernatants of
Homogenates from Ear Sections

The levels of the proinflammatory cytokines tumor necrosis
factor (TNF), interleukin-1§ (IL-1f), and IL-6 as well as
chemokines keratinocyte-derived chemokine (KC/CXCL-1) and
monocyte chemoattractant protein-1 (MCP-1/CCL2) increased
in the supernatants of homogenates from the ear sections 6 h
after the induction of the inflammatory response by topical
application of CO. Topical treatment with FOPgg at4 mg DHA/
ear reduced TNF, IL-1p, IL-6, KC, and MCP-1 levels in the
supernatants of homogenates from the ear sections [Fig. 5(A)-
5(E), respectively]. Topical application of OO reduced IL-1,
IL-6, and MCP-1 levels [Fig. 5(B), 5(C), and 5(E), respectively]
but did not reduce TNF or KC levels [Fig. 5(A) and 5(D),
respectively]. Topical treatment with FOPyo at 4 mg DHA/
ear and OO alone did not alter the levels of the anti-inflamma-
tory cytokines IL-10 and IL-4 (data not shown).
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Fig. 5 Effect of FOP on the levels of the cytokines (A) TNF, (B) IL-1p, and (C) IL-6 and chemokines,
(D) KC, and (E) MCP-1 in supernatants of homogenates of ear tissue in mice. FOPgq (4 mgDHA/ear)
and OO alone were topically applied immediately after the application of CO on the left ear. Cytokine and
chemokine levels were calculated by subtracting the value obtained for the right ear (V, negative control)
from the value obtained for the left ear in the different groups. The data are expressed as the mean +
SEM for each group (n = 7) 6 h after the application of CO. ®p < 0.05, compared with positive control

group (CO; ANOVA followed by Tukey’s test).

3.3 Determination of Percutaneous Penetration of
Fish Oil Preparation and Its Effect on
the Topical Inflammatory Response by
Photoacoustic Spectroscopy

The photoacoustic spectra for CO, FO, OO, and FOPyq at
4 mg DHA /ear (Fig. 6) indicated that these substances featured
absorbing chromophores in the region from 200 to 350 nm.
The CO spectrum was broadband, without the presence of
well-defined bands compared with the FO, OO, and FOPgq
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spectra. The FO spectrum had two absorption bands with
peaks around 246 and 280 nm. The OO spectrum had a band
centered around 234 nm. The FOPgq spectrum had two absorp-
tion bands with peaks around 246 and 273 nm. The detection of
these characteristic bands along the thickness of the ear tissue
indicated the presence of FOPgn and OO.

The readings from the ventral and dorsal sides of the right
(negative control) and the left (positive control) ear tissue
6 h after the application of CO showed the presence of two
bands in the left ear tissue spectrum centered around 225 and

May 2017 « Vol. 22(5)
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Fig. 7 Photoacoustic spectra for the ventral and dorsal sides of right
ear tissue (negative control, skin ventral, skin dorsal) and left ear
tissue (positive control, skin + CO ventral, skin + CO dorsal) 6 h after
the application of CO on the ventral side of the left ear (n = 5).

270 nm (Fig. 7, arrows). These bands were absent in the right ear
tissue spectrum. These results show that PAS detected the
inflammatory response in ear tissue 6 h after the CO-induced
inflammatory response.

Fig. 8(a) shows the spectra that were obtained from readings
on the ventral side of the right and left ears tissue (negative and
positive controls, respectively) and ear tissue that was treated
with FOPgq (skin + CO + FOP(() and OO (skin + CO + OO).
The spectra for ear tissue that was treated with OO have spectral
characteristics that were similar to the positive control ear tissue
spectrum, with bands at 225 and 270 nm. The ear tissue that was
treated with FOPgq presented a band at 270 nm, but at a lower
intensity compared with this same band from the positive
control and no band at 225 nm. This strong reduction of the
225 nm band appears to be a fingerprint showing that the
FOPyo presented an anti-inflammatory effect on the ventral
side of the ear.

Because of the overlapping of the 210 to 250 nm bands from
FOPgg and OO with that characteristic of inflamed tissue, we
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Fig. 8 (a) Photoacoustic spectra obtained from readings of the ventral
side of right ear tissue (negative control, skin ventral), left ear tissue
(positive control, skin + CO ventral), ear tissue treated with FOPgg
(4 mgDHA /ear; skin + CO + FOPgq ventral) and ear tissue treated
with olive oil (skin + CO + OO ventral), 6 h after topical application of
CO on the ventral side of the left ear (n = 5). (b) Gaussian adjust-
ments of spectra for skin + CO + FOPgg ventral. The dashed lines
show the bands that make up the spectrum, and the solid line indi-
cates the sum of all bands.

could not directly observe the presence of substances that were
topically applied on the ears. Therefore, fittings were made
using Gaussian functions [Fig. 8(b)] to decompose the photo-
acoustic spectra into constituent bands, thus allowing the iden-
tification of characteristic bands for FOP5q and OO in the ear
tissue. This procedure was performed for all of the photoacous-
tic spectra for the treated ear tissue and pure substances. In
Fig. 8(b), the dashed lines show the bands in the photoacoustic
spectrum for the ventral side of the ear tissue that was treated
with FOPgg. The solid line is the Gaussian functions sum,
which represents the best fitting of the sample spectrum.

With Gaussian fitting, the separation of the spectrum of the
positive control ear tissue (skin + CO) showed peaks centered at
200, 225, 270, and 280 nm. The separation of the spectrum of
the ear tissue that was treated with FOPgq (skin 4+ CO +
FOPgp) had bands centered at 200, 246, 270, 273, and
280 nm. The separation of the spectrum of ear tissue that was
treated with OO (skin + CO + OO) exhibited Gaussian peaks
centered at 200, 225, 234, 270, and 280 nm. Thus, the bands
of the substances that were topically applied that differed from
the characteristic bands of inflamed tissue (225 and 270 nm)
were centered at 246 and 273 nm for FOPgg and 234 nm for
0O, indicating the presence of such substances on the ventral
surface of the treated ears. These same bands were obtained
with the Gaussian fittings of the pure substances.

The spectra that were obtained from reading the dorsal side
of the right and left ears tissue (negative and positive controls,
respectively) and ear tissue that was treated with FOPgq
(skin + CO + FOPgq) and OO (skin + CO + OO) are shown
in Fig. 9. Figure 9(a) shows the presence of the optical absorp-
tion bands that characterize inflamed tissue in the photoacoustic
spectra of the ear tissue that was treated with FOPgg5 and OO,
but at a lower intensity compared with the positive control ear,
indicating an inhibitory effect. Similar to the ventral side, mea-
surements of the dorsal side were also performed using Gaussian
fittings [Fig. 9(b)]. In the photoacoustic spectra of the samples
that were treated with FOPgq and OO, decomposed by Gaussian
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Fig. 9 (a) Photoacoustic spectra obtained from readings of the dorsal
side of right ear tissue (negative control, skin dorsal), left ear tissue
(positive control, skin + CO dorsal), ear tissue treated with FOPqq
(4 mgDHA/ear; skin + CO + FOPgg dorsal) and ear tissue treated
with olive oil (skin + CO + OO dorsal), and 6 h after topical application
of CO on the ventral side of the left ear (n = 5). (b) Gaussian adjust-
ments of spectra for skin + CO + FOPgo dorsal. The dashed lines
show the bands that make up the spectrum, and the solid line indi-
cates the sum of all bands.

functions, bands were centered at 246 and 273 nm for FOP(
and 234 nm for OO, indicating the presence of these substances
on the dorsal side of the ear tissue. This shows that both FOP(
and OO permeated the ear tissue to the dorsal side. The topical
application of both substances occurred on the ventral side.
Fig. 10 shows the average areas of the optical absorption
bands that characterize inflamed tissue that was induced by
CO, centered at 225 and 270 nm, obtained from readings
from the ventral and dorsal sides of inflamed control ear tissue
(skin + CO) and ear tissue that was treated with FOPgq
(skin + CO + FOPqg) and OO (skin + CO + OO). The areas
of each photoacoustic spectra were obtained using Gaussian fit-
tings. On the ventral side [Fig. 10(a)], there was a reduction of
the areas of the bands that characterize inflamed tissue for ear
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Fig. 10 Average areas of optical absorption bands that characterize
inflamed tissue (225 and 270 nm) in photoacoustic spectra after
the CO-induced inflammatory response in positive control ear tissue
(skin + CO), ear tissue treated with FOPgo [4 mgDHA/ear
(skin + CO + FOPgp)], and ear tissue treated with olive oil (skin +
CO + OO) (n =5). (a) Ventral side. (b) Dorsal side.
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tissue that was treated with FOPyq compared with the inflamed
control ear. Ear tissue that was treated with OO presented areas
of the bands that characterize inflamed tissue that were similar to
the control inflamed ear. Figure 10(b) shows a reduction of the
areas of the optical absorption bands that characterize inflamed
tissue on the dorsal side for both FOPq and OO treatment com-
pared with the control inflamed ear. Note that in the treated ear
with FOPq, the areas of the bands related to the inflamed tissue
were smaller than those treated with OO.

4 Discussion

This study demonstrated an anti-inflammatory effect of topical
application of FOPgo on CO-induced ear edema in mice.
We also found evidence of the percutaneous penetration of
FOPq after topical application.

CO is a complex mixture of lipids that are extracted from
Croton tiglium L. (Euphorbiacea), which contains 12-O-tetraca-
noilphorbol-13-acetate (TPA) and other phorbol esters with irri-
tating properties. The topical application of CO induces a local
inflammatory response that is characterized by edema formation
and leukocyte infiltration through the direct activation of protein
kinase C and subsequent activation of other enzymatic systems,
including the production of prostaglandins, leukotrienes, and
proinflammatory cytokines.'*>?6 In this model of ear edema,
topical treatment with FOPgq, regardless of the amount tested,
prevented the formation of edema and reduced MPO activity in
homogenates of ear tissue. MPO activity was used as an indirect
marker of the recruitment or activation of neutrophils in the
inflamed tissue.”

The levels of the proinflammatory cytokines TNF, IL-14, and
IL-6 and chemokines KC and MCP-1 increased in the inflamed
ear tissue, which is consistent with previous reports.”’ TNF
plays a role in the cutaneous inflammatory response by inducing
the expression of leukocyte adhesion molecules, which stimu-
lates the release of other cytokines, such as IL-14 and IL-6,
and increases vascular permeability.”>?*?° The actions of
IL-1p involve the activation of leukocytes and induction of
the expression of adhesion molecules, chemokines, and other
cytokines.*>! IL-6, in turn, induces the expression of chemo-
kines and adhesion molecules and consequently influences
the recruitment of leukocytes to the inflammatory site.>!
Chemokines, such as KC and MCP-1, are low-molecular-weight
cytokines that stimulate leukocyte migration and actively par-
ticipate in the inflammatory response after injury.*

Thus, the inhibitory effect of topically applied FOPgq on
the CO-induced inflammatory response was at least partially
attributed to a decrease in the levels of these cytokines. Our
data corroborate other studies that reported inhibitory effects of
FO on the inflammatory response and cytokine production in
other experimental models.>**

We also investigated the percutaneous penetration of topi-
cally applied FOPoo using PAS. The photoacoustic signals
that are obtained by this technique depend on the optical and
thermal properties of the sample. When samples undergo
changes in their composition and/or structure, such as in
cases of inflammatory responses associated with the formation
of edema, recruitment of leukocytes, and production of inflam-
matory mediators, the heat propagation and the optical absorp-
tion of the sample can change, thus altering the photoacoustic
signal."”> Thus, PAS can also be used to evaluate changes that
occur in the photoacoustic signal of tissue after establishment
of the inflammatory process.
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As observed, the photoacoustic signal of inflamed ear tissue
had two characteristic bands with peaks around 225 and 270 nm.
It is important to mention that these bands were not present in
the negative control. Thus, these bands can be attributed to the
presence of components that participate in inflammatory events,
demonstrating the applicability of PAS for studies on skin
inflammation. Previous studies have shown that leukocytes
exhibit characteristic fluorescence patterns with an intense exci-
tation peak in the region between 250 and 265 nm.***” More
recently were demonstrated absorption bands of leukocytes
between 200 to 220 nm and 240 to 290 nm.*® These bands
of leukocytes are similar to the absorption bands that were
observed centered at 225 and 270 nm in the inflamed ear tissue.
Therefore, based on that, we hypothesize that the bands deteced
in this study are due to the leukocyte infiltration in the ear tissue
that occurs after the CO-induced inflammatory response. In
addition, the reduction of the 225 and 270 nm bands of the
FOPq treated ear may be associated with a reduction of the
leukocytes population in the inflamed area, as demonstrated
by the evaluation of the MPO activity, occurring as a conse-
quence of the FOP,q effect.

The analysis of the photoacoustic signals clearly demonstrated
the percutaneous permeation of FOP(q after topical application,
which also evidenced that PAS is an effective technique that may
be used safely for determining the optical absorption character-
istics of inflamed ear tissue. It was possible to detect the inhibitory
effect of the topically applied FOP by decreases on the area of the
optical absorption bands that characterize inflamed tissue 6 h after
the CO-induced inflammatory response. The anti-inflammatory
effect that was observed after topical treatment with FOPgq
and OO was reflected by decreases in edema intensity, MPO
activity, and cytokine levels. These decreases were strongly
correlated with the inhibitory effect that was observed in the
PAS analysis. We have previously used PAS to evaluate the
penetration of a topically applied plant extract immediately after
the CO-induced inflammatory response in ear tissue in mice.'
However, to our knowledge, for the first time this technique
was used in order to exploit some features of the inflammatory
response in this experimental model.

The different intensities that were observed between the
photoacoustic spectra of the ventral and dorsal sides may be
attributable to the different time intervals that the sample was
placed in the photoacoustic cell. Both sides of the same sample
were measured. The time of light exposure during the reading of
the first side may have caused dehydration of the tissue, thus
making it slightly thinner. Therefore, when the other side was
read, the tissue may have filled the photoacoustic cell differ-
ently, thus causing differences in the signal intensity between
readings.

The choice of OO as the diluent to obtain the FOPyq was
based on studies that evaluated the benefits of FO in arthritis
and administered OO in control animals.**** Topically applied
OO exerted an inhibitory effect on ear edema that was induced
by CO. de la Puerta et al.*' showed that specific minor com-
pounds of OO [phenolic compounds (e.g., tyrosol, hydroxytyr-
osol, caffeic acid, and oleuropein) and compounds of the
nonsaponified fraction (e.g., f sitosterol and erythrodiol)]
exert anti-inflammatory effects in models of ear edema that is
induced by ARA and TPA. One explanation for these effects
is that these compounds inhibit prostanoid production and con-
sequently reduce the influx of neutrophils, which may contrib-
ute to the anti-inflammatory properties of OO.
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To discard the possible effect of OO on the FO response
(FOPgp) in ear edema, an additional experiment was performed
using 70% acetone as the diluent. We found an inhibitory effect
of FOP,c on both the development of edema and MPO activity,
demonstrating that FO, even in the absence of OO, exerts an
anti-inflammatory effect. When equal amounts of FOPyq and
FOP,- were applied, the first preparation produced more
intense inhibitory effects, suggesting that OO can contribute to
the anti-inflammatory effect that is observed in this experimental
model of ear edema. The PAS data may confirm this theory,
in which the topical application of FOPyo more effectively
reduced the optical absorption bands that characterize inflamed
tissue compared with topical administration of OO alone.

5 Conclusion

The results of this study showed evidence that the topical appli-
cation of FOPgq inhibited the inflammatory response in an
experimental model of CO-induced ear edema. The mechanism
of action of FOPyq was at least partially attributable to inhib-
ition of the production of proinflammatory cytokines. Further-
more, PAS showed that this anti-inflammatory activity was
associated with percutaneous penetration of FOPqq.

Disclosures

The authors declare that there are no conflicts of interest.

Acknowledgments

The authors are thankful to Coordenacdo de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES), Conselho Nacional
de Desenvolvimento Cientifico e Tecnolégico (CNPq), and
Fundacgdo Araucdria (FA) for financial support and the technical
assistance of Jailson Aratjo Dantas and Célia Regina Miranda.

References

1. P. C. Calder, “Marine omega-3 fatty acids and inflammatory processes:
effects, mechanisms and clinical relevance,” Biochim. Biophys. Acta
1851, 469484 (2015).

2. S. M. Proudman et al., “Fish oil in recent onset rheumatoid arthritis:
a randomised, double-blind controlled trial within algorithm-based
drug use,” Ann. Rheum. Dis. 74, 89-95 (2015).

3. A. P. Simopoulos, “Omega-3 fatty acids in wild plants, nuts and seeds,”
Asia Pacific J. Clin. Nutr. 11(6), S163-S173 (2002).

4. P. C. Calder, “n-3 polyunsaturated fatty acids, inflammation, and
inflammatory diseases,” Am. J. Clin. Nutr. 83(6), S1505-1519S (2006).

5. W. Raphael and L. M. Sordillo, “Dietary polyunsaturated fatty acids and
inflammation: the role of phospholipid biosynthesis,” Int. J. Mol. Sci.
14, 21167-21188 (2013).

6. P. C. Calder and R. J. Decklbaum, “Intravenous fish oil in hospitalized
adult patients: reviewing the reviews,” Curr. Opin. Clin. Nutr. 16, 119—
123 (2013).

7. L. L. M. Arruda, “Effect of fish oil on the nonimmune acute inflamma-
tory response,” Master degree dissertation, State University of Maringa,
Maringd, Parand (2013).

8. E. L. Wyatt, “Farmacologia dermatolégica,” in Goodman & Gilman:
As Bases Farmacologicas da Terapéutica, L. L. Brunton, Ed., 12th ed.,
pp. 1349-1365, McGraw-Hill, Rio de Janeiro (2012).

9. S. Yoganathan et al., “Antagonism of croton oil inflammation by topical
emu oil in CD-1 mice,” Lipids 38(6), 603-607 (2003).

10. C. Puglia et al., “In vitro percutaneous absorption studies and in vivo
evaluation of anti-inflammatory activity of essential fatty acids (EFA)
from fish oil extracts,” Int. J. Pharm. 299(1), 41-48 (2005).

11. M. Gabor, Mouse Ear Inflammation Models and Their Pharmacological
Applications, Akadémiai Kiad6, Budapest (2000).

12. D. L. Simmons, “What makes a good anti-inflammatory drug target?,”
Drug Discov. Today 11(5-6), 210-219 (20006).

May 2017 « Vol. 22(5)


http://dx.doi.org/10.1016/j.bbalip.2014.08.010
http://dx.doi.org/10.1136/annrheumdis-2013-204145
http://dx.doi.org/10.1046/j.1440-6047.11.s.6.5.x
http://dx.doi.org/10.3390/ijms141021167
http://dx.doi.org/10.1097/MCO.0b013e32835dbde9
http://dx.doi.org/10.1007/s11745-003-1104-y
http://dx.doi.org/10.1016/j.ijpharm.2005.04.031
http://dx.doi.org/10.1016/S1359-6446(05)03721-9

14.

15.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

Journal of Biomedical Optics

Ames et al.: Evidence of anti-inflammatory effect and percutaneous penetration. . .

. J.P.Motaet al., “Photoacoustic technique applied to skin research: char-

acterization of tissue, topically applied products and transdermal drug
delivery,” in Acoustic Waves: From Microdevices to Helioseismology,
M. G. Beghi, Ed., pp. 287-302, InTech, Rijeka (2011).

J. A. Swearingen et al., “Photoacoustic discrimination of vascular and
pigmented lesions using classical and Bayesian methods,” J. Biomed.
Opt. 15(1), 016019 (2010).

J. O. de Melo et al., “Evidence of deep percutaneous penetration asso-
ciated with anti-inflammatory activity of topically applied Helicteres
gardneriana extract: a photoacoustic spectroscopy study,” Pharm. Res.
28(2), 331-336 (2011).

. A. Rosencwaig, “Photoacoustics and photoacoustic spectroscopy,” in

Chemical Analysis, P. J. Elving, J. D. Winefordner, and 1. M.
Kolthoff, Eds., Vol. 57, Wiley, Chichester, United Kingdom (1980).

. A. Rosencwaig and A. Gersho, “Theory of the photoacoustic effect with

solids,” J. Appl. Phys. 47(1), 64-69 (1976).

. K. Kim et al., “Photoacoustic imaging of early inflammatory response

using gold nanorods,” Appl. Phys. Lett. 90, 223901 (2007).

. H. Lei et al.,, “Characterizing intestinal inflammation and fibrosis

in Crohn’s disease by photoacoustic imaging: feasibility study,”
Biomed. Opt. Express 7(7), 2837 (2016).

N. Beziere et al., “Optoacoustic imaging and staging of inflammation in
a murine model of arthritis,” Arthritis Rheumatol. 66, 2071-2078
(2014).

J. R. Rajian et al., “Characterization and treatment monitoring of inflam-
matory arthritis by photoacoustic imaging: a study on adjuvant-induced
arthritis rat model,” Biomed. Opt. Express 4(4), 900 (2013).

P. Schiantarelli et al., “Antiinflammatory activity and bioavailability
of percutaneous piroxicam,” Arzneimittelforschung 32(3), 230-235
(1982).

P. P. Bradley et al. “Measurement of cutaneous inflammation: estimation
of neutrophil content with an enzyme marker,” J. Invest. Dermatol. 78,
206-209 (1982).

M. L. Baesso et al., “Laser-induced photoacoustic signal phase study of
stratum corneum and epidermis,” Analyst 119, 561-562 (1994).

M. Murakawa et al., “Involvement of tumor necrosis factor (TNF)-a in
phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced
skin edema in mice,” Biochem. Pharmacol. 71, 1331-1336 (20006).
R. Garg et al., “Curcumin decreases 12-O-tetradecanoylphorbol-13-
acetate-induced protein kinase C translocation to modulate downstream
targets in mouse skin,” Carcinogenesis 29(6), 1249-1257 (2008).

H. Tian et al., “Thioredoxin ameliorates cutaneous inflammation by
regulating the epithelial production and release of pro-inflammatory
cytokines,” Front. Immunol. 4(2), 269 (2013).

R. W. Groves et al., “Tumour necrosis factor alpha is pro-inflammatory
in normal human skin and modulates cutaneous adhesion molecule
expression,” Br. J. Dermatol. 132, 345-352 (1995).

E. Ferrero et al., “Roles of tumor necrosis factor pS5 and p75 receptors
in TNF-(-induced vascular permeability,” Am. J. Physiol. Cell Physiol.
281, C1173-C1179 (2001).

M. Schén et al., “Pathogenic function of IL-1/ in psoriasiform skin
lesions of flaky skin (fsn/fsn) mice,” Clin. Exp. Immunol. 123, 505—
510 (2001).

H. Y. Lee et al., “Cytokines and chemokines in irritant contact derma-
titis,” Mediators Inflamm. 2013, 916497 (2013).

M. Romano et al., “Role of IL-6 and its soluble receptor in induction
of chemokines and leukocyte recruitment,” Immunity 6(3), 315-325
(1997).

. A. Zlotnik and O. Yoshie, “Chemokines: a new classification system

and their role in immunity,” Immunity 12, 121-127 (2000).

S. Sierra et al., “Dietary fish oil n-3 fatty acids increase regulatory cyto-
kine production and exert anti-inflammatory effects in two murine
models of inflammation,” Lipids 41, 1115-1125 (2006).

C. C. Li et al., “Dietary fish oil reduces systemic inflammation and
ameliorates sepsis-induced liver injury by up-regulating the peroxisome

055003-9

proliferator-activated receptor gamma-mediated pathway in septic
mice,” J. Nutr. Biochem. 25, 19-25 (2014).

36. M. Monici et al., “Natural fluorescence of white blood cells: spectro-
scopic and imaging study,” J. Photochem. Photobiol. B 30(1), 29-37
(1995).

37. N. Kollias et al., “Fluorescence spectroscopy of skin,” Vib. Spectrosc.
28, 17-23 (2002).

38. Y. G. Terentyeva et al., “The manifestation of optical centers in UV-Vis
absorption and luminescence spectra of white blood human cells,”
Methods Appl. Fluoresc. 4, 044010 (2016).

39. J. M. Kremer et al., “Dietary fish oil and olive oil supplementation in
patients with rheumatoid arthritis: clinical and immunologic effects,”
Arthritis Rheum. 33(6), 810-820 (1990).

40. K. L. Soeken et al., “Herbal medicines for the treatment of rheumatoid
arthritis: a systematic review,” Rheumatology 42(5), 652-659 (2003).

41. R. de la Puerta et al., “Effect of minor components of virgin olive oil on
topical antiinflammatory assays,” Z. Naturforsch C. 55(9-10), 814-819
(2000).

Franciele Q. Ames is currently a PhD student in pharmaceutical sci-
ences at the State University of Maringa, Brazil, under the supervision
of Dr. Ciomar A. Bersani-Amado. Her research focuses on the phar-
macology with emphasis in the inflammatory response, including
the application of spectroscopic techniques as experimental tools
for the detection and analysis of inflammatory process and for the
evaluation of potential anti-inflammatory activity of new compounds.

Francielle Sato is a research staff at the State University of Maringa,
Brazil. She has expertise in the application of spectroscopic tech-
niques such as photoacoustics, Raman scattering, and Fourier trans-
form infrared spectroscopy for biomaterials studies.

Lidiane V. de Castro is a PhD student in the physics department,
State University of Maringa, Brazil, under the supervision of Dr.
Francielle Sato. Her project is related to the application of photother-
mal methods for spectroscopic analysis of biomaterials.

Laura L. M. de Arruda received her MSc degree in pharmaceutical
sciences from the State University of Maringd, Brazil. Her work was
about the evaluation of fish oil anti-inflammatory activity on acute
inflammatory response and her research interest is in pharmacologi-
cally active natural products.

Bruno A. da Rocha is a PhD student in pharmaceutical sciences
at the State University of Maringa, Brazil, under the supervision of
Dr. Ciomar A. Bersani-Amado. His research focuses on pharmacology
of inflammation, with emphasis in natural products and development of
drug delivery systems.

Roberto K. N. Cuman is an associate professor and coordinator of
the Health Sciences Center, State University of Maringa, Brazil. His
research focuses predominantly on the pharmacology, including
inflammation, diabetes, and pharmacoepidemiology.

Mauro L. Baesso is a full professor at the University of Maringa,
Brazil. His expertise is in the area of physics, working mainly on
the photothermal phenomena area applied to the study of special
glasses, biomaterials, and biological systems.

Ciomar A. Bersani-Amado is associate PhD professor at University
of Maringé in Brazil. She is graduated in biomedicine and received her
MSc and PhD in pharmacology from Medical School of Ribeirao
Preto, USP, Brazil and Institute of Biomedical Sciences, USP, Sao
Paulo, Brazil, respectively. Her research interest is in the area of phar-
macology, working on the following topics: inflammation, anti-inflam-
matory, natural products, toxicity, hepatic metabolism and biophysics.

May 2017 « Vol. 22(5)


http://dx.doi.org/10.1117/1.3316297
http://dx.doi.org/10.1117/1.3316297
http://dx.doi.org/10.1007/s11095-010-0279-3
http://dx.doi.org/10.1063/1.322296
http://dx.doi.org/10.1063/1.2743752
http://dx.doi.org/10.1364/BOE.7.002837
http://dx.doi.org/10.1002/art.v66.8
http://dx.doi.org/10.1364/BOE.4.000900
http://dx.doi.org/10.1111/1523-1747.ep12506462
http://dx.doi.org/10.1039/an9941900561
http://dx.doi.org/10.1016/j.bcp.2006.01.005
http://dx.doi.org/10.1093/carcin/bgn114
http://dx.doi.org/10.3389/fimmu.2013.00269
http://dx.doi.org/10.1111/bjd.1995.132.issue-3
http://dx.doi.org/10.1152/ajprenal.0116.2001
http://dx.doi.org/10.1046/j.1365-2249.2001.01421.x
http://dx.doi.org/10.1155/2013/916497
http://dx.doi.org/10.1016/S1074-7613(00)80334-9
http://dx.doi.org/10.1016/S1074-7613(00)80165-X
http://dx.doi.org/10.1007/s11745-006-5061-2
http://dx.doi.org/10.1016/j.jnutbio.2013.08.010
http://dx.doi.org/10.1016/1011-1344(95)07149-V
http://dx.doi.org/10.1016/S0924-2031(01)00142-4
http://dx.doi.org/10.1088/2050-6120/4/4/044010
http://dx.doi.org/10.1002/(ISSN)1529-0131
http://dx.doi.org/10.1093/rheumatology/keg183

