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Introduction: Prostaglandin analogs are the first line of treatment in patients with glaucoma. Recently, many preservative-free
prostaglandin analogs have been marketed to increase their tolerance in chronic use. However, potentially safer formulations have been
reported to induce inflammation within ocular surface and adnexa, associated with pronounced activation of tissue macrophages.
Aim: We aimed to evaluate the effect of a Stearoyl-CoA desaturase-1 (SCD1) inhibitor, MF-438, on the differentiation of monocytes
exposed to eye drop detergents, representing saturated fatty acid derivatives.
Methods: A culture of human peripheral blood monocytes was exposed to eye drops containing fatty acid derivatives (eye drop
detergents), pf-latanoprost (Monoprost®, hydroxystearate macrogolglycerol – MGHS40) or pf-tafluprost (Taflotan®, polysorbate 80 –
PS80), as well as pf-latanoprost+MF-438, MGHS40, and PS80. For the negative control C(-), monocytes were cultured in basal
medium, and for the positive controls, monocytes were stimulated with Lipopolysaccharide (LPS) and Interferon γ (IFNγ) (M1
macrophages) or Interleukin-4 (IL-4) (M2 macrophages). The concentration of desaturase in the cell homogenates was determined by
ELISA. The number of cells was counted under a microscope at 20x magnification.
Results: The following concentrations of SCD1 (ng/mL) were measured: 7.8±0.3 – pf-latanoprost group; 1.5±0.4 – pf-tafluprost
group; 6.8±0.7 – MGHS40 group; 0.4±0.002 – PS80 group; 0.9±0.02 – pf-latanoprost+MF-438 group; 5.4±1.6 – C(-) control; 0.5
±0.04 – M1 control; 2.2±0.13 – M2 control. The percentages of macrophages in culture were 33.6%, 17.6%, 33%, 0%, 13.5%, 18.6%,
36.3%, and 39.3% for the pf-latanoprost, pf-tafluprost, MGHS40, PS80, pf-latanoprost+MF-438, C(-), M1, and M2 cultures,
respectively. There was a strong correlation between SCD1 concentration and macrophage count in the culture (r=0.8, p<0.05).
Conclusion: Inhibition of SCD1 in monocytes prevents their transformation into macrophages after exposure to saturated fatty acid
derivatives contained in eye drops, which may contribute to the limitation of latent inflammation within ocular adnexa and could
possibly translate into better tolerability of the topical treatment.
Keywords: prostaglandin analogs, Stearoyl-CoA desaturase-1, latent inflammation, macrophages

Introduction
Glaucoma is a chronic optic neuropathy that requires continuous topical treatment to control disease progression.1

Topical eye drops are the first line of treatment, with prostaglandin analogs (PA) as a recommended first choice in
therapy.2 Historically, all eye drop formulas have contained preservatives to make the eye drops sterile for long-term
application. Unfortunately, preservatives in eye drops have been identified to have detrimental effects on the eye surface,
leading to chronic inflammation, redness and dry-eye syndrome, which all affect patient compliance.3–5 To improve the
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tolerance of topical treatment, preservative-free (pf) formulas have been developed. Despite the introduction of pf
formulas, the most commonly used preservative-free prostaglandin analogs (pfPA) contain other excipients (ie, deter-
gents), which may also have negative effects on eye surface structures.6–8 Detergents are derivatives of fatty acids, which
can be saturated, for example macrogol-glycerol hydroxystearate 40 (MGHS40, stearate derivative) or unsaturated, such
as polysorbate 80 (PS80, oleate derivative). Delivery of these excipients to the eye surface enables penetration of PA
through the water/lipid barriers, such as tear film and corneal epithelium, but on the other hand, these substances
themselves are absorbed into the bloodstream, where they undergo further modifications, ie, within blood
monocytes.3,6,9,10 Both saturated and unsaturated derivatives may induce different metabolic pathways and activate
different enzymes within blood monocytes.10 Saturated fatty acid derivatives activate pathways, among which Stearoyl-
CoA desaturase-1 (SCD1) has been shown to be associated with the transformation of monocytes into macrophages,
while unsaturated fatty acid derivatives activate the Delta-6-desaturase (D6D), which is less likely linked to monocyte
transformation10 (Figure 1). For example, it is known that the delivery of saturated fatty acids and their accumulation
within adipose tissue may result in the development of latent inflammation, as shown by tissue macrophage infiltration
with only a low-grade increase in proinflammatory markers.10,11

Figure 1 The impact of MGHS40 and PS80 on the molecular pathways of fatty acids desaturation and desaturase enzymes. Red color indicates the pathways associated with
macrophages stimulation, mostly by SCD1 activation. MGHS40 directly translates into stearate content that undergo desaturation by SCD1. Green color shall be identified
with the molecular pathways of fatty acids desaturation that do not induce macrophages saturation. PS80, as a oleate derivative can be processed in cells by the ELOVL-
family enzymes that do not affect macrophages turnover and by D6D that has only minimal impact on macrophages (brown color).
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In our previous study, we detected the presence of latent inflammation within rabbit ocular adnexa and ocular surface
after exposure to pfPA eye drops containing MGHS40.6 Macrophage infiltration was absent after treatment with pfPA eye
drops containing PS80. Since we suspected that this phenomenon is related to the impact of the stearate derivative
MGHS40 on blood monocyte enzymes that can induce their maturation and migration, we aimed to investigate this
hypothesis in the current study. Using an in vitro culture of human peripheral blood monocytes (HPBMs), we showed
that the transformation of monocytes into macrophages induced by MGHS40 is correlated with the content of SCD1
desaturase and that inhibition of this enzyme may be used to control the transformation process. Moreover, we were able
to distinguish morphological subtypes of macrophages (ie, M1- and M2-like cells) that were differentiated from
monocytes depending on the applied eye drop excipients.

Methods
Chronic topical treatment may induce latent inflammation within ocular adnexa. The aim of this study was to evaluate the
effect of SCD1 inhibitor (MF-438) on the maturation of monocytes exposed to saturated fatty acid derivatives from eye
drops.

Study Groups and Experimental Design
We used an in vitro culture of human peripheral blood monocytes (Sigma, Saint Louis, MO, USA) seeded at a density of
1.5^105 cells per well in 24-well plates. The cells were cultured in basal Blood Cell Culture Medium (Sigma)
supplemented with the following excipients: pf-latanoprost (Monoprost®, Thea, France), pf-tafluprost (Taflotan®,
Santen, Japan), polysorbate 80 (Sigma), macrogol-glycerol-hydroxystearate-40 (Sigma), and pf-latanoprost+MF-438
(SCD1 inhibitor, Calbiochem, San Diego, CA, USA). As a negative control, we used cells cultured in unsupplemented
Blood Cell Culture Medium (Sigma). There were two positive control groups: M1 macrophages cultured in ImmunoCult
SF Macrophage Medium supplemented with macrophage colony-stimulating factor (M-CSF), lipopolysaccharide (LPS)
and interferon γ (IFNγ), and M2 macrophages cultured in ImmunoCult SF Macrophage Medium supplemented with
M-CSF and Interleukin-4 (IL-4) (all from STEMCELL Technologies, Canada).

To optimize the concentration of the applied supplements, we based our calculations on their concentration in the
original eye drop formulations and the pharmacokinetic principles of topical application, where it is known that
approximately 50% of the applied dose is absorbed systemically to conjunctival vessels and bloodstream.7,12 Based on
this, we calculated the desired concentrations of the chosen excipients per volume of culture medium, to mimic
conditions that are observed in vivo. However, the systemic absorption of topically applied ocular dugs represents
very complex problem, since extraocular structures, especially nasolacrimal drainage and nasal mucosa may determine
the level of systemic absorption via non-conjunctival route.

The cells were first seeded in the culture wells and were grown for 24 h in basal medium to let them attach and adapt
to culture conditions. After 24 h, the culture medium was exchanged, and the cells were divided into 8 groups: negative
control, M1-positive control (supplement concentrations based on the manufacturer’s instructions), M2-positive control
(supplement concentrations based on the manufacturer’s instructions), pf-latanoprost (3 μL of commercially available eye
drops per 3 mL of culture medium), pf-tafluprost (3 μL of commercially available eye drops per 3 mL of culture
medium), PS80 (2.5 μg of excipient per 3 mL of culture medium), MGHS40 (150 μg of excipient per 3 mL of culture
medium), pf-latanoprost+MF-438 (3 μL of commercially available eye drops + 3 μL of inhibitor per 3 mL of culture
medium – the final concentration of MF-438 was 1 µmol/mL). MF-438 is a thiadiazol–pyridazine compound that acts as
an inhibitor of SCD1. Drugs from this group are used in cancer therapies and for the treatment of infectious diseases
caused by viruses, bacteria and parasites. The cells were cultured for 7 days to observe their transformation into
macrophages. The supplemented culture medium was exchanged every third day. We used partial medium exchange
(500 μL out of a total of 1 mL in each well) due to the poor attachment of the cells to the bottom of the wells. The culture
medium was collected for subsequent analyses, and after 7 days of culture, the cells were collected and homogenized.
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Concentration Optimization and Cytotoxicity Assays
To optimize the culture conditions, based on our previous experience, we tested concentrations of excipients ranging
from 0.1% to 0.5% to evaluate cell survival. We measured the culture medium for Lactate dehydrogenase (LDH) activity
as a marker of cell toxicity.7 LDH release into the culture medium from the monocyte in vitro culture was detected by
a CytoTox 96 nonradioactive cytotoxicity assay kit (Promega, Madison, WI, USA) according to the manufacturer’s
instructions. LDH activity was quantified using a plate reader with a measurement wavelength of 490 nm and a reference
wavelength of 655 nm.

Assessment of Concentrations of Desaturases and Inflammatory Markers
Desaturases SCD1 and D6D are monocyte microsomal enzymes involved in their maturation and migration process in
response to fatty acid derivatives. The concentrations of these enzymes were analyzed in cell culture homogenates using
ELISA kits (MyBiosource, San Diego, CA, USA) according to the manufacturer’s instructions.

Matrix metalloproteinase-9 (MMP-9), interleukin (IL) 1β, 6, 10, 12, 23, and tumor necrosis factor alpha (TNFα)
are pro-inflammatory cytokines, whose release increases in response to inflammation and cell/tissue injury.13,14 The
concentrations of these cytokines (pg/mL) in cell homogenates were measured by a commercially available
LUMINEX assay (BioTechne, Minneapolis, MN, USA) according to the manufacturer’s instructions. Procalcitonin
is a novel and highly sensitive inflammatory marker released by macrophages and monocytes in response to
a stressor.15 The level of procalcitonin was detected similarly to the other inflammatory cytokines using
LUMINEX (BioTechne).

LUMINEX Assay
We used a Magnetic Luminex Assay for IL-23, procalcitonin and MMP-1 and the Human High Sensitivity Cytokine Kit
A for the other cytokines listed above. Dedicated 96-well microplates with a precoated magnetic microparticle cocktail
were used for the assay. Then, 100 μL of cell homogenate and 25 μL of microparticle cocktail were mixed and incubated
in the plates for 3 hours at room temperature on a horizontal shaker with the speed of 50 rpm. After washing away any
unbound residues, 50 μL of biotinylated antibody cocktail specific to the analytes was added to each well and incubated
for 1 hour at room temperature. Following another wash, 50 μL of streptavidin–phycoerythrin conjugate was added to
each well and incubated for 30 min to bind biotinylated antibody. After the final wash, the plates were read using
a BioRad Bio-PLexAnalyzer (BioRad, Hercules, CA, USA).

Cell Count
Cell counts were performed using ImageJ software from five visual fields of each well under 20× magnification
(AxioVert, Zeiss, Germany). Small cells with round shapes were recognized as monocytes, and large, elongated,
ameboid or spindled cells with processes and intracellular granules were recognized as macrophages. M1-like
macrophages were characterized mostly by spindle-shaped cell bodies, whereas M2-like macrophages were mostly
ameboid and contained yellow granules. The phenotype comparison was based on the cell features in the M1 and
M2 controls.

Rabbit Eyelid Staining
Rabbit eyelids exposed to 50 μL pf-tafluprost or pf-latanoprost once daily for 8 weeks were obtained from Prof. Kai
Kaarniranta (University of Eastern Finland, Kuopio, Finland). For this experiment, female albino New Zealand rabbits
(about 3–4 kg weight) were used in the study. All animal procedures were conducted in accordance with the ARVO statement
for the use of Animals inOphthalmic andVision Research and experiments were approved by theNational Animal Experiment
Board (ELLA, Finland) and carried out in accordance with guidelines of the Finnish Act on Animal Experimentation. Paraffin
sections of tarsal glands were blocked with 10% normal goat serum (NGS) in 0.05%TBS/0.1% Triton for 30 min, followed by
incubation with primary antibodies (against CD206 or CD80, both from Santa Cruz Biotechnology, Dallas, TX, USA) at +4 °C
overnight. The tissue was then incubated with an AlexaFluor species-matched secondary antibody (Thermo, Waltham, MA,
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USA) for 3 hours at room temperature. Specimens were counterstained with DAPI (4′,6-diamidyno-2-fenyloindol, Thermo)
and investigated under a fluorescent microscope (Axio Scope. A1, Zeiss, Germany).

Statistical Analysis
Statistical analysis was performed with IBM SPSS (Armonk, NY, USA). The descriptive statistics are shown as the mean
±standard deviation (SD). Two-sided comparisons between groups were performed using independent or paired-samples
Student’s t-tests, with p values <0.05 considered statistically significant. Multiple group comparisons were performed
using repeated-measures ANOVA followed by Tukey’s post hoc test. Pearson’s correlation test was applied for correla-
tion analysis.

Results
The Application of Different Excipients Affected the Cellular Morphology of Cultured
Blood Monocytes in the Concentration Assay
Cell morphology alterations were observed after 24 h of exposure to the tested excipients. The cell shape change from
round to polypoidal was observed, especially in pf-latanoprost and MGHS40-treated cells, when compared with pf-
tafluprost- and PS80-treated cells. Figure 2A shows the cell morphologies on the third day of culture. Additionally, we
observed that an increase in pf-latanoprost concentration stimulated transformation into polypoidal cells, while an
increase in pf-tafluprost concentration decreased this phenomenon (Figure 2B). Since concentrations of 0.3% and
0.5% resulted in pronounced cell death, especially in the pf-latanoprost group, we selected a 0.1% concentration for
subsequent studies. For this concentration, the LDH assay of the culture medium showed no significant differences in
LDH activity after 7 days of exposure to the excipients (p>0.05, ANOVA) (Figure 2C).

Seven-Day Treatment of Peripheral Blood Monocytes with 0.1% Concentrations of the
Excipients Resulted in Transformation into Different Morphological Subtypes of
Macrophages
Based on the cell phenotype analysis, we distinguished four morphological types of cells that were present in our
culture (Figure 3). Monocytes appeared as small, round cells with no spindles and with visible kidney-shaped
nuclei. They were observed in all culture groups, especially in groups with lower macrophage counts (pf-
tafluprost, PS80 and negative control). M0-like macrophages were characterized by a rosette-shaped morphology
with long spindles and intracellular granulations. They were observed in all groups, except pf-tafluprost, the
negative control and PS80. The absence of the M0 type was accompanied by the absence of the M1 type. The M1-
like cells had elongated cell bodies with long spindles, and M2-like cells were amoeboid and contained yellow
granulations (Figure 3).

The applied excipients polarized the differentiation of monocytes toward an M1 or M2 morphology, depending on the
applied derivatives (Figure 4). The exclusive presence of M0 macrophages and monocytes was observed until Day 5 in
all groups, and the presence of monocytes was observed only throughout the entire experiment in the group treated with
PS80. M1 differentiation was pronounced on Day 7 in an increasing manner in the pf-latanoprost, MGHS40 and M1-
positive control groups, while M2 differentiation was pronounced in the pf-tafluprost, MGHS40 and M2-positive control
groups (Figure 4).

Overall, the highest percentage of macrophages was observed in M2- and M1-positive controls (39.2% and 36.3%,
respectively), followed by the pf-latanoprost (33.6%) and MGHS40 (32.9%) groups. The application of MF-438 (SCD1
inhibitor) reduced the percentage of macrophages in the pf-latanoprost culture by approximately threefold compared with
pf-latanoprost alone (13.5% vs 33.6%, p<0.01, Student’s t-test, Figure 5). Pf-tafluprost induced monocyte differentiation
comparable to that of the negative control (17.6% and 18.6%, respectively), while PS80 completely inhibited monocyte/
macrophage turnover (Figure 5).
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Immunostaining of Rabbit Eyelid Cross-Sections Revealed That Infiltration of Different
Classes of Macrophages Depended on the Applied Excipient
In the cross sections of rabbit eyelids, we observed M2 macrophage (positive for CD206) infiltration after both pf-
tafluprost and pf-latanoprost treatment and M1 macrophages (positive for CD80) present predominantly in tissue exposed
to pf-latanoprost (Figure 6). CD80-positive cells were observed within the tarsal glands, eyelid stroma and tarsal
epithelium of rabbits exposed to commercially available eye drops (Figure 6).

Figure 2 The concentration assays. (A) The impact of applied excipients on human peripheral blood monocytes counts and shape after 3 days of culture. The cell shape
change from round to polypoidal was observed, especially in pf-latanoprost and MGHS40-treated cells, when compared with pf-tafluprost- and PS80-treated cells. Scale bar =
50 µm. (B) The percentage of polypoidal cells in culture on day 3. Cell count was performed using ImageJ software from five visual fields of each well under 20×
magnification (AxioVert, Zeiss, Germany). Small cells with round shapes were recognized as monocytes, and large, elongated, ameboid or spindled cells with processes and
intracellular granules were recognized as macrophages. An increase in pf-latanoprost concentration stimulated transformation into polypoidal cells, while an increase in pf-
tafluprost concentration decreased this phenomenon. (C) The LDH cytotoxicity assay performed in medium after 3 days of culture exposed to 0.1% concentrations of
excipients (p>0.05, ANOVA).
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ELISA Analysis Revealed Different Concentrations of SCD1 Desaturase After
Exposure to Various Excipients
ELISA analysis of cell homogenates showed the highest concentration of SCD1 desaturase in the pf-latanoprost and
MGHS40 groups, whereas MF-438 treatment decreased the SCD1 concentration by approximately sevenfold (p<0.001,
Student’s t-test) (Figure 7). Pf-tafluprost and PS80 treatment resulted in significantly lower concentrations of SCD1 in
treated cells (p<0.05 Student’s t-test) (Figure 7). There was a significant positive correlation between the concentration of
SCD1 and the percentage of macrophages in culture (p=0.02, r2=0.8, Pearson’s correlation) (Figure 7). The concentration
of SCD1 in M1- and M2-positive controls was not related to the percentage of macrophages due to different turnover
stimuli; thus, these groups were excluded from correlation analysis. The concentration of D6D desaturase showed no
significant differences between groups (p>0.05, ANOVA).

Multiplex Analysis Revealed Detectable Fluctuations in IL-1β, IL-6 and TNFα After
Exposure to Various Excipients
Due to test sensitivity, we were able to detect only IL-1β, IL-6 and TNFα. For these cytokines, there were significant
differences between groups. The IL-6 concentration was significantly higher in the pf-latanoprost group (2812.5±296 ng/mL)
than in the pf-tafluprost group (1993±45 ng/mL) (p<0.01, Student’s t-test). Treatment with the SCD1 inhibitor decreased the
IL-6 concentration in the pf-latanoprost group from 2812.5±296 ng/mL to 1555.75±134 ng/mL (p<0.01, Student’s t-test)
(Figure 7). For TNFα and IL-1β concentrations, we did not detect significant differences (p>0.05, ANOVA), except in the M1
control group, which additionally confirmed the proinflammatory features of these cells (Figure 7).

Discussion
Macrophages are monocyte-derived phagocytic cells that reside in various tissues. These cells, which form by the
polarization of monocytes, can exhibit beneficial and harmful features due to the presence of different classes of

Figure 3 Morphological types of cells in culture. Monocytes appeared as small, round cells with no spindles and with visible kidney-shaped nuclei. They were observed in all culture
groups, especially in groups with lower macrophage counts (pf-tafluprost, PS80 and negative control). M0-like macrophages were characterized by a rosette-shaped morphology
with long spindles and intracellular granulations. Theywere observed in all groups, except pf-tafluprost, the negative control and PS80. The absence of theM0 typewas accompanied
by the absence of the M1 type. The M1-like cells had elongated cell bodies with long spindles, and M2-like cells were amoeboid and contained yellow granulations.
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macrophages (ie, M1 or M2).16 Since the differentiation of monocytes into macrophages may involve various metabolic
pathways, there are many possible therapeutic targets that can be used for potential treatments regulating this process. On
the other hand, tissue microenvironments and multiple substances can affect macrophage polarization and alter their final
function.17,18 The principal theory of macrophage polarization divides macrophages into two basic classes: M1 (proin-
flammatory) macrophages, which are typically activated and produce proinflammatory cytokines involved in phagocy-
tosis and inflammation, and M2 (wound healing) macrophages, which are alternatively activated and involved in collagen
production and wound healing.19,20 This classification also distinguishes M0 macrophages that represent immature forms
that can differentiate into other subtypes.17,19,20 M1 macrophages are activated classically by IFNγ and LPS stimulation,
while M2 activation requires IL-4 and IL-13.17,19,20 M1 cells secrete iNOS, TNFα, IL-1, IL-6, IL-12, IL-23, MCP-1 and
IFNγ, cytokines involved in inflammation, tumor resistance and graft rejection, while the M2 cell secretome contains IL-
10, arginase-1, TGFβ1, VEGF, and Ym1, representing the activity profile of immunoregulation, matrix deposition, tissue
remodeling and wound healing.17 With the further development of understanding of macrophages, M2 cells have been
divided into further subtypes (M2 a, b, c, d) depending on specific stimulating factors.18 The M1/M2 classification is
based on in vitro features of macrophages grown under controlled conditions that cannot always be translated into living
organisms; thus, there is a tendency to distinguish M1/M2 stimuli leading to polarization of certain immune cells rather
than M1/M2 macrophages themselves; however, there is a large heterogeneity in current classifications.18

In addition to external stimuli, the polarization of macrophages also depends on the activity of intracellular molecular
pathways that can affect their differentiation. Out of many pathways, enzymes involved in fatty acid metabolism are

Figure 4 The polarization of monocytes toward an M1 or M2 morphology, depending on the applied derivatives. The exclusive presence of M0 macrophages and monocytes
was observed until Day 5 in all groups (A and B), and the presence of monocytes was observed only throughout the entire experiment in the group treated with PS80 (F).
M1 differentiation was pronounced on Day 7 in an increasing manner in the pf-latanoprost (H), MGHS40 (E) and M1-positive control group (C), while M2 differentiation was
pronounced in the pf-tafluprost (G), MGHS40 (E) and M2-positive control group (D). Scale bar = 50 µm.
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crucial regulators of macrophage polarization.10 Stearoyl-coenzyme A desaturase 1 catalyzes the production of mono-
unsaturated fatty acids from saturated substrates. The distinct effects of alteration within this pathway on macrophage
turnover are related to the accumulation of SCD1 substrates or to the concentration of SCD1 itself that leads to
macrophage chemotaxis and the production of proinflammatory cytokines.21 SCD1 has been widely investigated for
its role in inflammation. Surprisingly, the final outcome of SCD1 alteration depends on the tissue location and the local

Figure 5 The impact of SCD1 inhibitor, MF-438, on the macrophages content in cell culture exposed to certain excipients. Overall, the highest percentage of macrophages
was observed in M2- and M1-positive controls (39.2% and 36.3%, respectively), followed by the pf-latanoprost (33.6%) and MGHS40 (32.9%) groups. The application of MF-
438 (SCD1 inhibitor) reduced the percentage of macrophages in the pf-latanoprost culture by approximately threefold compared with pf-latanoprost alone (13.5% vs 33.6%,
p<0.01, Student’s t-test). Pf-tafluprost induced monocyte differentiation comparable to that of the negative control (17.6% and 18.6%, respectively), while PS80 completely
inhibited monocyte/macrophage turnover. **p<0.01.
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content and type of stimulus affecting the activity of this enzyme. The blockade of the expression and/or activity of
SCD1 results in the accumulation of its substrates, palmitate and stearate first of all, that attract macrophages via TLR4
stimulation. This has been documented to be a possible proinflammatory mechanism in pancreatic β-cells, skin, muscles
and atherosclerotic vascular endothelium.22–25 Complete knockout of the SCD1 gene results in deficiency of the sebum
and atrophy of tarsal glands in the eyelids.26 In parallel, the inhibition of SCD1 shows beneficial effects in improving
metabolic syndrome, reducing insulin resistance and adipose tissue inflammation and preventing obesity.27–30 All of the
above-described outcomes of SCD1 dysregulation are related to disturbed metabolism and the balance between saturated
and unsaturated fatty acids rather than to altered levels of SCD1 itself. However, there are reports that directly link the
concentration and activity of the SCD1 enzyme with the polarization of macrophages into pro- or anti-inflammatory
responses. The increase in SCD1 has been directly linked with impairment of wound healing properties of central
nervous system macrophages (microglia), and inhibition of SCD1 increases remyelination of axons after brain injury.31

In this study, the authors showed that when SCD1 was increased, CNS macrophages shifted their morphology from
foamy to spindle, which was associated with the promotion of proinflammatory cytokine release. In another study,
Wallner et al proved that the activity of SCD1, not D6D desaturase, is associated with monocyte-macrophage
transformation.10

In our study, preservative-free prostaglandin analogs induced the transformation of monocytes into M1- and M2-like
macrophages in the case of pf-latanoprost and M2-like macrophages in the case of pf-tafluprost. This phenomenon was

Figure 6 Immunostaining of rabbit eyelid cross-sections after 8-week exposition to pf-tafluprost or pf-latanoprost. In green M1-macrophages positive for CD80 present
predominantly in tissue exposed to pf-latanoprost. These cells were observed within the tarsal glands (scale bar = 20 µm), eyelid stroma (scale bar = 50 µm) and tarsal
epithelium (scale bar = 20 µm) of rabbits exposed to commercially available eye drops.
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likely linked to the derivatives of fatty acids (MGHS40 and PS80), which represent the eye drop detergents, activating
different desaturases. SCD1 desaturase, activated by the saturated derivative MGHS40 present in pf-latanoprost, was
correlated with macrophage transformation, and chemical inhibition of this enzyme (using MF-438) decreased the

Figure 7 The molecular analysis of cell homogenates after 7-day exposition to analyzed excipients. (A) ELISA results showing the concentration of SCD1. The highest
concentration of SCD1 desaturase was measured in the pf-latanoprost and MGHS40 groups, whereas MF-438 treatment decreased the SCD1 concentration by
approximately sevenfold (p<0.001, Student’s t-test). Pf-tafluprost and PS80 treatment resulted in significantly lower concentrations of SCD1 in treated cells (p<0.05
Student’s t-test). (B) A significant positive correlation between the concentration of SCD1 and the percentage of macrophages in culture was observed (p=0.02, r2=0.8,
Pearson’s correlation). The concentration of SCD1 in M1- and M2-positive controls was not related to the percentage of macrophages due to different turnover stimuli;
thus, these groups were excluded from correlation analysis. (C) Proinflammatory markers in cell homogenates analyzed with MULTIPLEX Assay. Due to test sensitivity, we
were able to detect only IL-1β, IL-6 and TNFα. For these cytokines, there were significant differences between groups. The IL-6 concentration was significantly higher in the
pf-latanoprost group (2812.5±296 ng/mL) than in the pf-tafluprost group (1993±45 ng/mL) (p=0.01, Student’s t-test). Treatment with the SCD1 inhibitor decreased the IL-6
concentration in the pf-latanoprost group from 2812.5±296 ng/mL to 1555.75±134 ng/mL (p=0.01, Student’s t-test). For TNFα and IL-1β concentrations, we did not detect
significant differences (p>0.05, ANOVA), except in the M1 control group, which additionally confirmed the proinflammatory features of these cells. ***p<0.001; **p<0.01.
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macrophage count in the culture. This inhibition also decreased the release of the proinflammatory cytokine IL-6. The
differentiation of macrophages from monocytes in vitro is a burden with high spontaneity; thus, the description and
characterization of macrophage subtypes varies in the literature. In our study, we based characterization on cell
morphology and comparison with model cells from M1 or M2 controls differentiated using a manufacturer predesigned
kit. Similar to Eligini et al,32 we observed two major morphological types of cells differentiating from peripheral blood
monocytes, spindle and round. Spindle cells with elongated shapes were morphologically similar to M1-control macro-
phages, which also secreted high levels of IL-6 and TNFα. This subtype of macrophages in the Eligini study was linked
with a greater ability to produce superoxide anions and increased mRNA levels of proinflammatory chemokines, ie,
CCL18 and CCL24, which suggests polarization toward the M1 type. Round, “fried-egg shape” cells containing lipid
granules showed morphological similarities with M2-control macrophages. They did not show either increased IL-6 or
TNFα content in the culture medium. In the Eligini study, these cells were characterized as less efficient in producing
superoxide anions and expressing the anti-inflammatory proteins CD163 and IL-10.32 Detergents included in PA
formulas enable PA solubility, which is the mechanism of their penetration through water/lipid ocular barriers. Of the
analyzed solubilizers, MGHS40, a derivative of a saturated fatty acid (stearate), and PS80, a derivative of monounsa-
turated fatty acids (oleate), are the most commonly used. Since the eye drops after topical application are systemically
absorbed from ocular surface blood vessels, the excipients are metabolized in circulating blood cells (ie, blood
monocytes). The application of eye drops containing saturated fatty acid (stearate) derivatives may have detrimental
effects on inflammatory cell maturation. Stearate may stimulate TLR4 receptors and induce chemotaxis of macrophages;
on the other hand, it can induce the SCD1 enzyme within blood monocytes, which is directly linked with macrophage
polarization. Based on our research, the polarization in this case is mostly toward proinflammatory M1 cells. The impact
of SCD1 induction and the related generation of macrophages has been well described for adipose tissue inflammation,
obesity and insulin resistance pathogenesis.10 The new population of macrophages induced by SCD1 does not necessarily
cause active inflammation but rather latent inflammation, which is described as inflammatory cell infiltration with low-
grade production of inflammatory cytokines.

The limitation of this study is related to the calculation of systemic absorption via conjunctival vessels after topical
eye drops application. We are aware that nasolacrimal route, mostly nasal mucosa circulation, may represent the major
absorption route; thus, our calculation could be overestimated.33 To minimize this probability, we conducted dose
tittering study, to optimize subtoxic dose of used excipients in vitro. We know also that therapeutic doses of analyzed
eyedrops induce similar transformation of macrophages in vivo in rabbits.6 Since the current study is rather focused on
describing molecular mechanism of macrophages transformation associated with exposition to eye drops detergents, the
calculation burden with overdose do not affect the principal aim of this study.

Conclusions
In our study, we proved that inhibition of SCD1 in cell culture supplemented with MGHS40-containing eye drops
abolished the proinflammatory features of macrophages, as indicated by decreased IL-6 secretion, reduced total macro-
phage count in culture and reduced polarization toward M1-type cells. We expect that inhibition of SCD1 desaturase in
in vivo conditions could similarly limit the latent inflammation induced by detergents present in preservative-free
prostaglandin analogs and could be the way to improve eye drop tolerance. Such therapeutic approach, including the
SCD1 inhibitor in eye drop formula, would have basic advantage in potential increase of the treatment tolerability. Using
fixed-dose combination would not affect the dosage frequency of the eye drops. On the other hand, SCD1 inhibitors may
not be selective enough; thus, it would require further in vivo experiments to identify potential side effects.
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