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Abstract

Pre-existing conditions modulate sensitivity to numerous xenobiotic exposures such as air
pollution. Specifically, individuals suffering from metabolic syndrome (MetS) demonstrate
enhanced acute inflammatory responses following particulate matter inhalation. The mechanisms
associated with these exacerbated inflammatory responses are unknown, impairing interventional
strategies and our understanding of susceptible populations. We hypothesize MetS-associated lipid
dysregulation influences mediators of inflammatory resolution signaling contributing to increased
acute pulmonary toxicity. To evaluate this hypothesis, healthy and MetS mouse models were
treated with either 18-hydroxy eicosapentaenoic acid (18-HEPE), 14-hydroxy docosahexaenoic
acid (14-HDHA), 17-hydroxy docosahexaenoic acid (17-HDHA), or saline (control) via
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intraperitoneal injection prior to oropharyngeal aspiration of silver nanoparticles (AgNP). In mice
receiving saline treatment, AgNP exposure resulted in an acute pulmonary inflammatory response
that was exacerbated in MetS mice. A targeted lipid assessment demonstrated 18-HEPE, 14-
HDHA, and 17-HDHA treatments altered lung levels of specialized pro-resolving lipid mediators
(SPMs). 14-HDHA and 17-HDHA treatments more efficiently reduced the exacerbated acute
inflammatory response in AgNP exposed MetS mice as compared to 18-HEPE. This included
decreased neutrophilic influx, diminished induction of inflammatory cytokines/chemokines, and
reduced alterations in SPMs. Examination of SPM receptors determined baseline reductions in
MetS mice compared to healthy as well as decreases due to AgNP exposure. Overall, these
results demonstrate AgNP exposure disrupts inflammatory resolution, specifically 14-HDHA and
17-HDHA derived SPMs, in MetS contributing to exacerbated acute inflammatory responses. Our
findings identify a potential mechanism responsible for enhanced susceptibility in MetS that can
be targeted for interventional therapeutic approaches.
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Introduction

Inhaled exposures can induce pulmonary inflammation, promoting the development of
diseases such as asthma, fibrosis, chronic obstructive pulmonary disease (COPD), and others
(Agarwal et al., 2020; Arias-Pérez et al., 2020; Klomp et al., 2021; Lotfi et al., 2020; Schett
and Neurath, 2018; Utell and Samet, 1990). Inflammation is a coordinated process involving
initiation and resolution allowing the immune system to respond to a variety of insults

and return to homeostasis (Chen et al., 2018). Appropriate regulation of inflammation is
necessary for the lung, due to constant interactions with the atmosphere and its sensitive
alveolar structure. Inappropriate resolution can exacerbate and prolong the inflammatory
processes and thus, may contribute to many exposure-related pulmonary diseases.
Pulmonary inflammation is characterized by infiltration of immune cells (macrophages and
neutrophils), goblet cell hyperplasia, and tissue damage resulting in increased epithelial
permeability and edema (Leitch et al., 2008). Both initiation and resolution of inflammation
are active processes regulated by lipid mediators (Serhan, 2010; Serhan and Petasis,

2011). Specifically, resolution is mediated via specialized pro-resolving mediators (SPMs)
produced by metabolism of the w—6 polyunsaturated fatty acid (PUFA) arachidonic acid to
lipoxins and w—3 PUFAs eicosatetraenoic acid (EPA) and docosahexaenoic acid (DHA) to
resolvins, maresins, and protectins (Chiang and Serhan, 2020). SPMs promote resolution

in a time-dependent manner and are highly potent functioning at the pico- to nanomolar
level (Chiang and Serhan, 2020). Specifically, SPMs induce anti-inflammatory signaling,
neutrophilic apoptosis, and macrophage clearance of apoptotic neutrophils, as well as initiate
repair processes (Chiang and Serhan, 2020). Although not the focus of most toxicity
assessments, exposures may impair the coordinated resolution of inflammation resulting

in adverse effects. For instance, decreases in SPMs were determined following ozone
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inhalation contributing to pulmonary inflammation (Kilburg-Basnyat et al., 2018; Yaeger
etal., 2021). Individual factors such as age, genetics, and underlying disease state may
modulate resolution, resulting in increased susceptibility to inhaled exposures.

Pre-existing diseases can enhance susceptibility to environmental exposures, resulting in
enhanced adverse effects (Sacks et al., 2011). Many diseases involve lipid dysregulation may
impair the coordinated inflammation signaling following exposures. Metabolic syndrome
(MetS) is a major health concern, affecting 34.2% of all U.S. adults, 50% of adults 60 years
or older, and 9.8% of children (Moore et al., 2017). MetS consists of a combination of
components including hypertension, hyperlipidemia, hyperglycemia, and increased waist
circumference (Cornier et al., 2008). MetS predisposes individuals to serious chronic
diseases such as Type 2 diabetes, cardiovascular disease, cancer, and others (Grundy et

al., 2005). Evaluations of the National Health and Nutrition Examination Survey database
in conjunction with the U.S. EPA’s Aerometric Information Retrieval system demonstrated
an increase of circulating white blood cells, indicative of enhanced inflammation, due to
particulate matter exposure in those with MetS compared to healthy individuals (Chen

and Schwartz, 2008). Furthermore, individuals with MetS exposed to dust at the World
Trade Center exhibited diminished lung function compared to healthy individuals (Naveed
etal., 2012; Weiden et al., 2013). Together these epidemiological assessments establish that
individuals suffering from MetS are increasingly sensitive to inhaled exposures. However,
the mechanisms responsible for these exacerbated inflammatory effects following inhalation
exposures in MetS remain unknown. To date, most toxicity assessments are performed

in healthy models limiting our knowledge of distinct toxicity mechanisms in susceptible
populations such as MetS. This deficiency impairs effective public health protections for this
prominent susceptible subpopulation.

Nanosized particulate matter composes a significant portion of air pollution and is associated
with the development of many diseases including cardiopulmonary and metabolic diseases
(Brook et al., 2010; Nemmar et al., 2013; Ning et al., 2021; Zhang et al., 2021).

Engineered nanoparticles (NPs) represent a technology that is increasingly incorporated into
applications, products, and procedures, enhancing environmental, occupational, consumer,
and biomedical exposures (Kessler, 2011). Following inhalation, NPs efficiently deposit
within the respiratory tract where they can cause toxicity, including inflammation, apoptosis,
oxidative stress, damage to the epithelial air interface, fibrotic changes, and impaired
pulmonary function in healthy models (Sharifi et al., 2012). Recently, we demonstrated that
a mouse model of MetS exhibited enhanced acute pulmonary inflammation following silver
NP (AgNP) exposure via oropharyngeal aspiration compared to healthy mice (Algahtani

et al., 2020). This enhanced inflammation corresponded with decreases in pulmonary

SPMs suggesting diminished inflammatory resolution may contribute to susceptibility
observed in MetS. Specifically, our lipid screening approach determined AgNP exposure
significantly reduced the pulmonary levels of EPA, DHA, 18-HEPE, 17-HDHA, 14-HDHA,
maresin-1, and a number of resolvins in the MetS model. These lipid alterations and

the enhanced inflammatory response were resolved by treatment of MetS mice with
atorvastatin. Together, these results suggest lipid dysregulation in MetS impairs resolution
of inflammation following NP exposure exacerbating pulmonary inflammation. Statins have
a number of immune effects that cause anti-inflammatory effects beyond lipid regulation
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(Jain and Ridker, 2005; Ota et al., 2010). Further, the contribution of distinct SPMs

and their dysregulation to MetS-associated exacerbated inflammation is unelucidated. This
information is necessary to understand susceptibility and formulate targeted interventional
strategies.

In our current study, we hypothesize MetS-associated dysregulation of specific SPM

classes differentially contribute to increased acute pulmonary toxicity via impairment of
inflammatory resolution. To evaluate this hypothesis, healthy and MetS mouse models were
treated with distinct SPM precursors (18-hydroxy eicosapentaenoic acid (18-HEPE), 14-
hydroxy docosahexaenoic acid (14-HDHA), 17-hydroxy docosahexaenoic acid (17-HDHA),
or saline (control) via intraperitoneal injection) to evaluate their ability to modulate AgNP-
induced acute pulmonary inflammation. The precursors selected are metabolized to produce
distinct types and classes of SPMs. Specifically, 14-HDHA is a precursor to maresin-1
(Colas et al., 2016; Dalli et al., 2013), 17-HDHA is a precursor to protectin D1 and

the resolvin D series (Hansen et al., 2019; Hong et al., 2003; Serhan et al., 2006,

2002), and 18-HEPE is a precursor to the resolvin E series (Duvall and Levy, 2016;

Serhan and Levy, 2018). Following exposure, pulmonary SPM levels were assessed via a
targeted mass spectrometry-based approach and alterations in inflammation and injury were
assessed. Overall, this study determines the contributions of specific SPM classes that are
dysregulated in MetS to enhanced inflammation and toxicity following inhalation exposures.
This information can be directly applied to interventional approaches for the growing and
susceptible MetS subpopulation.

Materials and Methods

AgNP Characterization.

Silver nanoparticles (AgNPs) coated with citrate and a diameter of 20 nm were purchased
from NanoComposix (San Diego, CA, United States). AgNPs were characterized by
assessment of hydrodynamic size, polydispersion, and C-potential at a concentration of 25
pg/mL in DI water (ZetaSizer Nano, Malvern) to verify manufacturer’s specifications (n =
3).

Animals Models, Diet-Induced Metabolic Syndrome, Lipid Treatment, and AgNP Exposure.

C57BL/6J male mice were obtained at 6 weeks of age from the Jackson Laboratory (Bar
Harbor, ME, United States). Mice were randomly assigned to two main groups receiving
either a healthy diet or high-fat western diet (HFWD) for 14 weeks. The healthy control diet
had 10% of kcal coming from fat and contained 51.6 mg/kg cholesterol (D12450B, Research
Diets Inc., New Brunswick, NJ, United States), while the HFWD had 60% of kcal from

fat and contained 279.6 mg/kg cholesterol (D12492, Research Diets). Food was refreshed
every other day and was provided with water ad /ibitum. This HFWD is well established to
produce mouse models of MetS and has previously been utilized by our group and others for
studies evaluating MetS (Algahtani et al., 2020; Della Vedova et al., 2016; Gallou-Kabani et
al., 2007; Kobos et al., 2020). This feeding plan resulted in two groups of mice: (1) Healthy
and (2) MetS. After 14 weeks on either diet, subsets of mice were i.p. injected with 1ug

of 18-HEPE, 14-HDHA, or 17-HDHA in 250 pL of sterile saline (Cayman Chemical, Ann
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Arbor, MI, United States) or vehicle (250 pL of sterile saline), 30 minutes prior to AgNP
exposure. Specifically, following treatment, mice were anesthetized with isoflurane (Akorn,
IL, USA) and exposed to either 50 pL of sterile water (VetOne, Boise ID, United States) as a
control or 50 pL of AgNPs at a concentration of 1 mg/mL (50 ug of AgNPs in sterile water)
via oropharyngeal aspiration. This experimental design resulted in sixteen final groups: (1)
Healthy/Control, (2) Healthy/AgNPs, (3) MetS/Control, (4) MetS/AgNPs, (5) Healthy/14-
HDHA/Control, (6) Healthy/14-HDHA/AgNPs, (7) MetS/14-HDHA/Control, (8) MetS/14-
HDHA/AgNPs, (9) Healthy/17-HDHA/Control, (10) Healthy/17-HDHA/AgNPs, (11)
MetS/17-HDHA/Control, (12) MetS/17-HDHA/AgNPs, (13) Healthy/18-HEPE/Control,
(14) Healthy/18-HEPE/AgNPs, (15) MetS/18-HEPE/Control, and (16) MetS/18-HEPE/
AgNPs. 24 h following AgNP exposure, mice were euthanized with ketamine/xylazine

(90 mg/kg / 10 mg/kg), and immediately blood, bronchoalveolar lavage fluid (BALF), and
organs were isolated for assessment of acute lung toxicity. A similar amount (1 pg) of SPM
precursors in 250 L of saline delivered by intraperitoneal injection has been utilized in
other studies to evaluate effects of DHA- and EPA-derived SPMs in mouse models (Aoki

et al., 2008; Francos-Quijorna et al., 2017; Hsiao et al., 2015; Kilburg-Basnyat et al., 2018;
Kosaraju et al., 2017). Intraperitoneal injection of precursors can elevate lung levels of
SPMs and reduce inflammation following an inflammatory stimulus (Kilburg-Basnyat et al.,
2018; Liu et al., 2016; Nordgren et al., 2015). Specifically, intraperitoneal injection of a
combination of SPM precursors was able to reduce ozone-induced pulmonary inflammation
in a mouse model that corresponded with modification in lung SPM levels (Kilburg-Basnyat
et al., 2018). The AgNP dosage of 50 pg/mouse was chosen based on previous studies
demonstrating the induction of an acute inflammatory response that could be used to
examine differences caused by MetS and/or lipid interventions (Alessandrini et al., 2017;
Roda et al., 2019; Roursgaard et al., 2010). Exposure to 50 pg of AgNPs/mouse, in
particular, stimulate pulmonary neutrophil recruitment and elevated mMRNA expression of
inflammatory markers in mouse models (Alessandrini et al., 2017; Algahtani et al., 2020; Li
etal., 2021; Roda et al., 2019). All animal procedures were conducted in accordance with
the National Institutes of Health guidelines and approved by the Purdue University Animal
Care and Use Committee.

Model Characterization.

Body weight was measured prior to necropsy to determine differences due to diet.
During necropsy, blood was collected via cardiac puncture and serum was collected via
centrifugation for quantification of circulating lipid levels. Specifically, triacylglycerides
(Cayman Chemical, Ann Arbor, MI, United States), total cholesterol, high-density
lipoprotein (HDL), and low-density lipoprotein (LDL) (Bioassay Systems, Hayward,
CA, United States) were measured using commercially available kits via manufacturer’s
protocols.

Collection of Bronchoalveolar Lavage Fluid (BALF).

BALF was collected from the right lung’s lobes immediately after euthanasia (Wang et
al., 2011). Briefly, the left bronchus was tied off and the trachea was cannulated with

a 20-gauge sterile syringe catheter. The right lung lobes were then gently washed four
times with cold Phosphate-Buffered Saline (PBS) (17.5 mL/kg body weight). The first
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lavage was collected, centrifuged (1,800 rpm, 6 min, 4°C), and the protein-rich supernatant
was stored for evaluation of total protein levels using the Pierce BCA Protein-Assay Kit
(Thermo Scientific, Hercules, CA, United States), albumin using a Mouse Albumin ELISA
Kit (ICL, Portland, OR, United States), and assessments of chemokine and cytokine levels
via mouse-specific ELISAs (described below). BALF cell pellets from all four washes were
resuspended, combined, and counted using a cellometer (Nexcelom, MA, United States) to
determine total cell counts. An equal number of BALF cells were adhered to slides prior

to staining with a three-step hematology statin (Fisher Scientific, Newington, NH, United
States) using a Cytospin IV (Shandon Scientific Ltd., Cheshire, United Kingdom). Slides
were viewed under a bright-field microscopy and differential cell counts were determined
by examination of cellular morphology and assessment of = 300 cells per slide blindly by
two individuals. The average of the counts was used to produce percentages of specific cell
types within each BALF sample. These assessments have been used in previous studies to
examine acute lung inflammation and injury to the alveolar capillary barrier (Matute-Bello
etal., 2011; Tighe et al., 2018).

Hyperspectral Imaging Assessment of AgNPs.

BALF cell slides were also viewed and examined by enhanced hyperspectral dark-field
microscopy (Cytoviva, Auburn, AL, USA), similar to previous assessments (Anderson et al.,
2015; Holland et al., 2015; Shannahan et al., 2015). 2 uL of AgNPs (1mg/mL) were pipetted
directly onto premium clean microscope slides and a mean spectrum was created utilizing
pixels with an intensity of >1,000 arbitrary units. This mean spectrum was then compared

to AgNPs identified within BALF cells to determine alterations following internalization.
AgNPs within cells were selected by focusing on the nucleus of the cell, and a hyperspectral
image was collected at a magnification of 100x. At least 1,000 pixels of internalized AgNPs
were collected to form a mean spectrum. All spectra were then normalized and compared

to the original spectrum of the AgNP sample. This evaluation allowed for qualitative
assessment of AgNP uptake by BALF cells as well as examination of spectral alterations due
to internalization.

ELISA Assays to Evaluate BALF Cytokine Levels.

Chemokine and cytokine levels including interleukin-6 (IL-6), macrophage inflammatory
protein-2 (MIP-2), monocyte chemoattractant protein-1 (MCP-1), and chemokine ligand 1
(CXCL1) were quantified from collected BALF using Mouse DuoSet ELISA kits (R&D
Systems, Minneapolis, MN, United States), according to manufacturer’s instructions.

MRNA Expression Analysis.

Total RNA was extracted from the middle section of the left lung lobe using Trizol
(Invitrogen, Carlsbad, CA, United States). Samples were moved to 2 mL vials with

1.4mm ceramic (zirconium oxide) beads (CK 14 soft tissue homogenizer Precellys, Bertin
Technologies, Rockville, MD) and homogenized twice at a speed of 5 m/s for 30 s. Total
RNA was extracted from the homogenate and purified using Direct-zolITM RNA MiniPrep
Kits (Zymo Research, Irvine, CA, United States) as per the manufacturer’s instructions.
RNA concentrations were quantified and quality assessed using a Nanodrop (Thermo
Scientific, Hercules, CA, United States). An aliquot of 1 pg of RNA was reverse transcribed
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into cDNA using an iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA, United
States) as per the manufacturer’s instructions. Quantitative real time RT-PCR analysis

was performed using inventoried primers (Qiagen, Hilden, Germany) to evaluate altered
gene expression of interleukin-6 (IL-6), interleukin 18 (IL-15), monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein-2 (MIP-2), chemokine ligand 1
(CXCL1), arachidonate 5-lipoxygenase (ALOX-5), and arachidonate 15-lipoxygenase
(ALOX15). In all cases, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as the internal control. Fold changes were calculated by comparing all sample values
individually to the average of the control healthy mouse model (health mouse group not
receiving a lipid treatment or exposed to AgNPs).

Lipid Extraction and Quantification of Specialized Pro-Resolving Mediators (SPMs). Mice
were treated with either vehicle, 14-HDHA, 17-HDHA, or 18-HEPE prior to AgNP
exposure. These lipid treatments represent precursors that are metabolized into distinct
classes of specialized pro-resolving mediators (SPMs). Liquid chromatography tandem
mass spectrometry (LC-MS/MS) was used to detect and quantify both SPM precursors

and specific SPMs within the unlavaged left lung tissue (Table 1). Briefly, left lung
samples (approximately 10 mg) were transferred to 2 mL vials containing 1.4 mm ceramic
(zirconium oxide) beads (Precellys, CK14 kit, Bertin Corp. Rockville, MD, United States)
with 1 mL of DDI water with 0.1% formic acid and 10 pL of internal standard mixture
consistent of 25ng of PGE-d4, 2.5 ng of RvVE-d4, 5ng of RvD-d5, 5ng of LtA, 5 ng of 9-10-
diHOME-d4 and 15(s)-HETE-d8 from Cayman Chemical (Ann Arbor, MI, United States).
Samples were homogenized three times for 30 seconds at 6,000 rpm using a Precellys24
tissue homogenizer (Bertin Technologies, Rockville, MD, United States). The total volume
of the homogenate was extracted with methanol at 1:4 volume ratio (v/v). Samples were
vortexed and centrifuged at 14,000 rpm for 10 min. Supernatant was transferred to a new
vial, evaporated and stored at —80°C until analysis. Dried extracts were reconstituted with
100 pL of methanol/water at 1:1 volume ratio and 8uL were delivered to a Acquity UPLC
BEH C18 1.7 um particle size —2.1x100 (Waters, Milford, MA) column through an Agilent
UPLC (G7120A) multisampler into a QQQ6470A triple quadrupole mass spectrometer
(Agilent Technologies, San Jose, CA, United States) equipped with ESI Jet Stream ion
source. The binary pump flow rate was set at 0.3 mL/min in an Agilent UPLC (G7120A)
using water and 0.1% formic acid as mobile phase A and acetonitrile and 0.1% formic acid
as mobile phase B. The LC column was pre-equilibrated with 20% of mobile phase B for

1 min. The binary pump was set in a linear gradient to 100% of mobile phase B for 27

min. It was then returned to 20% mobile phase B and re-equilibrated for 3 min. The mass
spectrometer was operated in the negative ion mode, with capillary voltage was 3500, source
gas temperature of 325°C, gas flow set at 7 I/min, nebulizer pressure 45 PSI, sheath gas
heater at 250°C, and the sheath gas flow at 7 I/min. The source fragmentation was set to 100
(arbitrary units), dwell time was 30ms and the cell accelerator voltage was 4 V. To verify
instrument performance, the system was flushed with pure methanol between each sample,
quality control samples made of a mixture of lipids were injected, and chromatogram
intensity and time were assessed. Blanks consisting of dilution solvent were injected and
analyzed throughout. The raw data was processed with MassHunter Quantitative version
B.10.00 (Agilent Technologies, Santa Clara, CA, United States). Quantification of SPMs

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2022 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Algahtani et al.

Page 8

was achieved defining the response ratio (RR) of the area under the curve of the endogenous
lipid and their respective internal standard, then multiplying it by the concentration of

the deuterated standard. For SPMs without a deuterated internal standard, calibration

curves were prepared in water with 0.1% formic acid by 5 serial dilutions with ranging
concentrations as follows: 250pg to 0.025 ug for AA, DHA and EPA; 500ng to 31.25 ng

for 14HDHA; 500ng to 0.05 ng for RvD1; 100 ng to 0.01 ng for Mar1 and 17HDHA,; 50ng
to 0.005 ng for PD1. Concentrations in ng/mg of tissue were obtained via normalizing the
concentration of the SPM by the weight of the sample.

Resolution Receptor Protein Expression.

Samples were isolated from collected left lung tissue and homogenized using three runs

of a Bead Mill 4 homogenizer (Fisher Scientific, Newington, NH, United States) at a

speed of 5 m/s (500 Watts) for 30 s with radiocimmunoprecipitation assay buffer (RIPA)
buffer containing 20mM Tris-HCL pH7. 4, 150mM NaCl, ImM EDTA, 1% Triton-X100,
1% sodium deoxycholate, 0.1% SDS, and 0.2% protease inhibitor cocktail (Sigma).

Using 10% SDS polyacrylamide gels, 10ul of precision plus protein ladder (catalog no
1610374, Bio-Rad, CA, USA), and 15 g of protein were separated by electrophoresis and
subsequently transferred to polyvinylidene difluoride (PVDF) membrane. After transfer, the
PVDF membrane was washed and then blocked with 5% BSA in TBST for 1 h at room
temperature. Afterward, the membrane was incubated overnight at 4°C with commercially
available primary antibodies: G protein-coupled receptor 18 (GPR18) Antibody (catalog no.
NBP2-24918) (Novus Biologicals, CO, USA); Anti- Chemokine like receptor 1 (ChemR23)
(catalog no. sc-398769) or Anti- Leucine rich repeat containing G protein coupled receptor 6
(LGR®6) Antibody (catalog no. sc-393010) (Santa Cruz Biotechnology, TX, US). Membranes
were then washed with TBST and incubated with the secondary HRP-linked antibody
(Catalog no 31430, Invitrogen, Carlsbad, CA, United States) for 1h at room temperature.
After incubation, the membrane was washed and an enhanced chemiluminescence substrate
(catalog no 17050608, Bio-Rad, CA, USA) was used to facilitate the detection of protein
bands. Blots images were captured under the ChemiDoc XRS+ System. Image Lab Software
was used to analyze the protein bands, and were normalized to B-actin Loading Control
Monoclonal Antibody (BA3R) (Catalog no MA5-15739, Invitrogen, Carlsbad, CA, United
States). Quantification of the Western blots was carried out with Image Lab Software
Version 6.1 (Bio-Rad Laboratories Inc., Hercules, California, USA).

Statistical Analyses.

Results are expressed as mean values + S.E.M. with 6-8 animals/group. All samples

were assessed in duplicate and values averaged for endpoints including serum parameters,
BALF cell counts, mRNA expression, and BALF chemokines and cytokines. For
statistical analysis, a three-way analysis of variance (ANOVA) was used to determine
statistical differences between groups, with disease (healthy or MetS), treatment (lipid
supplementation or no lipid supplementation), and exposure (control or AgNPs exposure),
as the three factors. For western blots, all samples were run in duplicate and intensity
band values averaged for each sample. Intensity was normalized to p-actin, and a two-way
(ANOVA) was used to determine statistical differences between groups using disease
(healthy or MetS) and exposure (control or AgNPs exposure) as the two factors. A
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Bonferroni test was utilized for multi-comparison analysis. All statistical examinations were
performed using GraphPad Prism 8 software (Graph Pad, San Diego, CA, United States),
and p < 0.05 was considered to be statistically significant.

Results

Silver Nanoparticle Characterization.

Citrate-coated silver nanoparticles (AgNPs) were characterized to verify manufacturer
specifications. The AgNPs were determined to have a hydrodynamic size of 29.7 nm + 1.1,
polydispersion index of 0.23 + 0.04, and a C-potential of -35.1 mV * 2.6 (ZetaSizer Nano,
Malvern) in DI water at a concentration of 25 pug/mL. These parameters are all reported as
mean + standard deviation (n= 3).

Mouse Model Characterization.

After 14 weeks on either the healthy or HFWD diet, markers of metabolic syndrome
including body weight (BW), serum total cholesterol (TC), high-density lipoprotein (HDL),
low-density lipoprotein (LDL), and triacylglycerides were measured to characterize models.
HFWD increased body weight in MetS mice compared to those placed on the healthy diet
(Fig. 1A). Serum TC, HDL, and LDL were elevated in mice fed the HFWD compared to
mice on the healthy diet (Fig. 1B-D). Serum triacylglycerides did not differ between mice
receiving the healthy or HFWD after 14 weeks (Fig. 1E). Treatment with SPM precursors
(14-HDHA, 17-HDHA, 18-HEPE) and AgNP exposure did not alter serum levels of TC,
HDL, LDL, and triacylglycerides in either healthy or MetS mouse models (Fig. 1).

BALF Markers of Acute Pulmonary Injury and Inflammation.

Twenty four hours following AgNP exposure, BALF parameters were evaluated to
determine lung injury and the acute inflammatory response. Specifically, we examined
BALF total protein and albumin levels as well as alterations in cytometry. Increases in BALF
total protein concentration and albumin (a high molecular weight protein) are markers of
pulmonary edema and impaired alveolar capillary barrier integrity. Alterations in cellular
content of BALF such as influx of immune cells are examined to determine ongoing
pulmonary inflammation. Total protein levels, albumin levels, total cell counts, macrophages
counts, and neutrophils counts within the BALF where not altered at baseline between
healthy and MetS controls (Fig. 2). AgNP exposure elevated BALF levels of total protein
and albumin in both mouse models (Fig. 2A & B). AgNP exposure increased total cell
counts in both mouse models, however, MetS mice demonstrated elevations compared to
healthy (Fig. 2C). BALF macrophage counts were not altered 1 day after AgNP exposure
compared to each model’s controls (Fig. 2D). AgNP exposure resulted in an influx of
neutrophils into the BALF in both mouse models that was exacerbated in MetS compared to
healthy (Fig. 2E).

Treatment with individual SPM precursors (14-HDHA, 17-HDHA, or 18-HEPE) alone did
not alter parameters measured in BALF samples (total protein and albumin levels, total cell
counts, macrophages, and neutrophils) in healthy and MetS mice not exposed to AgNPs as
compared to mice not receiving treatments (Fig. 2). 14-HDHA, 17-HDHA, and 18-HEPE
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treatments did not alter BALF parameters in healthy mice exposed to AgNPs in comparison
to mice not receiving treatment and exposed to AgNPs (Fig. 2). Additionally, treatments
were not found to affect BALF total protein or albumin levels in MetS mice following AgNP
exposure (Fig. 2A & B). 14-HDHA treatment decreased total cells and neutrophil influx in
AgNP exposed MetS compared to exposed MetS not receiving 14-HDHA treatment (Fig. 2C
& E). 17-HDHA treatment was also determined to decrease total cells and neutrophil influx
in AgNP exposed MetS compared to exposed MetS that were not treated with 17-HDHA
(Fig. 2C & E). 18-HEPE lipid treatment, however, was not determined to significantly alter
the total cell counts nor the neutrophilic influx due to AgNP exposure (Fig. 2C & E).

Hyperspectral Analysis of Internalized AgNPs.

Similar to previous publications, AgNPs were identified and characterized in collected
BALF immune cells via the use of hyperspectral darkfield microscopy (Anderson et al.,
2015; Holland et al., 2015; Shannahan et al., 2015). AgNPs were placed onto a slide and

a mean spectral profile was generated to compare to AgNPs associated with collected
macrophages and neutrophils from the BALF of exposed mice. AgNPs were observed in
macrophages and neutrophils in both exposed mouse models (Fig. 3A). Spectral profiles
generated from internalized AgNPs demonstrated cell-specific shifts compared to the
original AgNP spectrum (Fig. 3B). Specifically, internalization of AgNPs by macrophages
and neutrophils in both healthy and MetS mice resulted in a red-shift in the light-
scattering spectrum compared the original AgNP spectrum (Fig. 3B). AgNPs internalized by
macrophages and neutrophils were demonstrated to generate distinct spectral profiles (Fig.
3B). However, no differences in AgNP spectral profiles were determined based on disease
status (healthy vs MetS). Treatment with lipid precursors were not determined to alter the
spectral profiles of AgNPs internalized by healthy or MetS macrophages or neutrophils
(Supplemental Figs. 1-4). Spectral profiles generated are a mean of over 1,000 pixels

of internalized AgNPs. These profiles were then mapped against representative images
identifying only AgNPs in samples, confirming the accuracy of the spectral assessments
(Supplemental Figs. 1-4).

Pulmonary Gene Expression Analysis of Acute Inflammatory Markers.

Inflammatory gene expression levels within lung tissue samples were evaluated to determine
lipid treatment modifications in the AgNP-induced acute inflammatory response. Gene
expression of macrophage inflammatory protein (MIP-2), interleukin-6 (IL-6), monocyte
chemoattractant protein (MCP-1), interleukin 13 (IL-18), and CXCL 1 were not altered
between healthy and MetS models at baseline. AgNP exposure elevated gene expression of
macrophage inflammatory protein (MIP-2), interleukin-6 (IL-6), monocyte chemoattractant
protein (MCP-1) in both models which was exacerbated in MetS compared to healthy (Fig.
4A-C). /L-1Band CXCL1 levels were elevated equivalently in both models following AgNP
exposure (Fig. 4D & E). Treatment with individual SPM precursors (14-HDHA, 17-HDHA,
or 18-HEPE) alone did not alter the pulmonary expression of M/P-2, IL-6, MCP-1, IL-1p,
and CxCL1 compared to models not receiving treatment (controls not exposed to AgNPs).
Treatment with individual SPM precursors (14-HDHA, 17-HDHA, or 18-HEPE) inhibited
AgNP-induced elevations in M/P-2, IL-6, MCP-1 in both models compared to exposed
mice not receiving a treatment (Fig. 4A-C). MIP-2 levels were still exacerbated in AgNP
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exposed MetS receiving 18-HEPE treatment compared to AgNP exposed healthy. Treatment
with individual SPM precursors (14-HDHA, 17-HDHA, or 18-HEPE) did not alter the gene
expression of /L-1, and CxCL1 in either model exposed to AgNPs compared to mice not
receiving the lipid treatment (Fig. 4 D & E).

Acute Inflammatory Cytokines/Chemokines.

To further evaluate SPM precursor modifications of the AgNP-induced acute inflammatory
response, cytokine/chemokine levels were measured within collected BALF samples
utilizing ELISAs. Concentrations of macrophage inflammatory protein (MIP-2),
interleukin-6 (IL-6), monocyte chemoattractant protein (MCP-1), and chemokine (CXCL1)
were not determined to be different between BALF samples collected from healthy and
MetS controls (Fig. 5). MIP-2, IL-6, and MCP-1 were elevated in both models following
AgNP exposure and were exacerbated in exposed MetS mice compared to exposed healthy
mice (Fig. 5A-C). CXCL1 levels were elevated similarly in AgNP exposed healthy and
MetS mice (Fig. 5D). Treatment with individual SPM precursors (14-HDHA, 17-HDHA,
or 18-HEPE) did not alter BALF concentrations of MIP-2, MCP-1, IL-6, and CXCL1 at
baseline in healthy or MetS mice. Treatment with either 14-HDHA or 17-HDHA decreased
MIP-2, MCP-1, and IL-6 concentrations in both models exposed to AgNPs compared

to groups not receiving SPM precursor treatment (Fig. 5A-C). 18-HEPE treatment

reduced concentrations of MIP-2 and MCP-1 in AgNP exposed healthy mice but did not
significantly affect IL-6 (Fig. 5 A-C). In AgNP exposed MetS mice, 18-HEPE treatment
was not determined to reduce MIP-2 levels but did reduce MCP-1 and IL-6 (Fig. 5A-C).
Treatment with individual SPM precursors (14-HDHA, 17-HDHA, or 18-HEPE) did not
alter elevations in BALF CXCLL levels observed in either mouse model following AgNP
exposure (Fig. 5D).

Pulmonary Gene Expression Analysis of Lipid Metabolism.

Gene expression levels of /ipoxygenase arachidonate-5 lijpoxygenase (ALOX-5), and
arachidonate 15-ljpoxygenase (AL OX-15)were measured within lung samples to evaluate
modifications in lipid metabolism due to lipid treatments and AgNP exposure. ALOX-5
and ALOX-15gene expression levels did not differ at baseline between healthy and MetS
control mice (Fig. 6). Expression of ALOX-5was decreased in only AgNP exposed MetS
(Fig. 6A). However, ALOX-15was decreased in both models due to AgNP exposure
compared to model-matched controls (Fig. 6B). Treatment with individual SPM precursors
(14-HDHA, 17-HDHA, or 18-HEPE) did not alter gene expression of ALOX-50r ALOX-15
healthy and MetS controls. 14-HDHA and 17-HDHA lipid treatment inhibited AgNP
exposure related reductions in ALOX-5and ALOX-15 gene expression in MetS. 18-HEPE
treatment did not modify alterations in ALOX-50r ALOX-15 gene expression associated
with AgNP exposure (Fig. 6).

Assessment of Pulmonary SPM Levels.

A targeted LC/MS/MS approach was utilized to evaluate alterations in SPM precursors and
SPMs within the lung due to AgNP exposure and treatments. Specifically, we measured
arachidonic acid (AA), eicosatetraenoic acid (EPA) and docosahexaenoic acid (DHA)
(Moore et al., 2017), their metabolites and the SPM precursors we treated with 14-HDHA,
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and 17-HDHA, as well as the SPMs MaR1 (14-HDHA derived), RvD1 (17-HDHA derived),
and PD1 (17-HDHA derived). Data for AA, EPA, and DHA can be found in Supplemental
Fig. 5. AA increased in MetS due to AgNP exposure while, treatment with either 14-HDHA
or 17-HDHA inhibited these AgNP-induced increases in AA. 18-HEPE did not affect the
increase in AA observed in MetS mice in response to AgNPs. (Supplemental Fig. 5). None
of the SPM precursors or SPMs evaluated were determined to be changed at baseline
between control healthy and MetS mice (Fig. 7). Pulmonary levels of 14-HDHA, MaR1,
17-HDHA, RvD1, and DHA were decreased following AgNP exposure in MetS mice while
unchanged in AgNP exposed healthy mice compared to model-matched controls (Fig. 7 and
Supplemental Fig. 5). 14-HDHA treatment did not alter 14-HDHA, MaR1, RvD1, AA, EPA,
or DHA levels compared to control healthy and MetS mice not receiving treatments (Fig.

7 and Supplemental Fig. 5). 14-HDHA treatment increased 14-HDHA, 17-HDHA, RvD1,
and DHA in AgNP exposed MetS compared to AgNP exposed MetS mice not receiving
treatment (Fig. 7 and Supplemental Fig. 5). 17-HDHA treatment elevated the level of MaR1,
17-HDHA, RvD1, and DHA in AgNP exposed MetS mice compared to exposed MetS mice
not receiving treatment. 18-HEPE treatment did not alter 14-HDHA, MaR1, 17-HDHA,
RvD1, or PD1 levels in healthy mice compared to healthy mice not receiving treatments
(Fig. 7). 18-HEPE treatment elevated 14-HDHA, decreased MaR1 levels in AgNP exposed
MetS mice compared to AgNP exposed mice not receiving the treatments (Fig. 7).

Lung Tissue SPM Receptors.

Gene expression and protein levels of SPM receptors (LgR6 a receptor for MaR1, ChemR23
a receptor for RvE1, and GCPRI18a receptor for RvD2) were evaluated within lung tissue

to determine effects of disease, and AgNP exposure (Fig. 8). This assessment was performed
to determine if there is reduced capacity of SPMs to signal via receptors due to MetS
contributing to exacerbated inflammatory responses. LgR6, ChemR23, and GCPR18 gene
expressions were elevated in control MetS mice compared to control healthy mice. LgR6
and GCPR18 gene expression were not altered in healthy mice due to AgNP exposure while
ChemRZ23was up-regulated (Fig. 8A-C). LgR6, ChemRZ23, and GCPRI18 gene expression
were decreased in AgNP exposed MetS mice compared to control MetS mice (Fig. 8A-C).
LgR6, ChemR23, and GCPR18 protein levels were decreased in lungs of control MetS mice
compared to control healthy mice (Fig. 8D-I). LgR6 and GCPR18 protein levels were not
altered in AgNP exposed healthy mice compared to control healthy mice while ChemR23
protein levels were decreased (Fig. 8D-I). AgNP exposure did not significantly alter LgR6,
ChemR23, or GCPR18 levels in MetS mice compared to control MetS mice (Fig. 8D-I).

Discussion

Individuals suffering from chronic diseases are increasingly susceptible to inhaled
particulate exposures, however, the toxicological mechanisms responsible remain
unelucidated (Chen and Schwartz, 2008; Devlin et al., 2014; McCormack et al., 2015;
Wagner et al., 2014). Many prevalent diseases such as metabolic syndrome (MetS) are
characterized by lipid dysregulation which may facilitate exacerbated exposure-induced
inflammatory responses. Recently we demonstrated via a lipid screening approach,
specialized pro-resolving lipid mediators (SPMs) responsible for resolution of inflammation
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were uniquely disrupted in the lungs of MetS mice following AgNP exposure compared to
healthy (Algahtani et al., 2020). In the current assessment we hypothesized supplementation
with specific SPM precursors would differentially modulate these enhanced responses
observed in MetS. To test this hypothesis, healthy and MetS mouse models were treated
with distinct precursors of SPMs (14-HDHA, 17-HDHA, or 18-HEPE) 30 min prior to
oropharyngeal aspiration of AgNPs and the acute inflammatory response was evaluated 24h
after exposure. Consistent with our previous results, MetS mice demonstrated increased
AgNP-induced pulmonary inflammation compared to the healthy model. Pretreatment with
either 14-HDHA or 17-HDHA was determined to reduce pro-inflammatory signaling in both
models while reducing AgNP-induced neutrophilia in MetS mice to levels similar to those
observed in the AgNP exposed healthy mouse model. Treatment with either 14-HDHA or
17-HDHA was determined to reduce inflammatory markers following AgNP exposure more
so than 18-HEPE. This suggests deficits in 14-HDHA and 17-HDHA derived SPMs may

be primarily responsible for the exacerbated inflammation observed in metabolic syndrome
following AgNP exposure. Targeted assessment of pulmonary SPM precursors and SPMs
demonstrated reductions in MetS mice exposed to AgNPs and increased levels in mice
receiving SPM precursor treatments demonstrating treatments were effective at modulating
lung levels of SPMs. Both models internalized AgNPs in collected lung inflammatory cells
with macrophage and neutrophil associated AgNPs producing unique cell-specific spectral
profiles. Lastly, MetS mice demonstrated reductions in pulmonary SPM receptor expression
at baseline while AgNP exposure further reduced receptor expression suggesting further
impairment of resolution signaling.

Inhalation is the primary route of AgNP exposure in environmental and occupational
settings (Kuempel et al., 2021; Miyayama et al., 2012). Physicochemical properties such

as size, charge, surface coating, etc. influence the toxicity of AgNPs (Ferdous and Nemmar,
2020). NPs can penetrate deep into the lungs and interact with alveolar macrophages,
leading to pulmonary inflammation and damage (Lu et al., 2014). Many studies

have demonstrated acute pulmonary toxicity associated with AgNP inhalation exposure
(Braakhuis et al., 2014; Ferdous and Nemmar, 2020; Li et al., 2021). AgNPs similar to
those used in our current study and at the same concentration, cause exposure-induced acute
inflammation consisting of pulmonary neutrophilic influx, oxidative stress, and induction of
pro-inflammatory signaling (cytokines and chemokines) (Ferdous and Nemmar, 2020; Li et
al., 2021). Currently, our knowledge regarding AgNP-induced pulmonary toxicity in disease
environments such as MetS is limited. Recently, we demonstrated that AgNP-induced acute
inflammation was exacerbated due to MetS corresponding with reductions in a number of
pulmonary SPMs (Algahtani et al., 2020). These alterations in SPMs and the exacerbated
inflammatory response were inhibited in MetS via treatment with atorvastatin. However,
treatment with atorvastatin was not observed to alter the inflammatory response induced

by AgNPs in the healthy model. These findings suggested that lipid dysregulation was a
contributor to the enhanced susceptibility observed. Our current study confirms our previous
findings and specifically elucidates the contribution of specific SPMs to the enhanced
inflammatory response associated with MetS. To examine specific SPM groups, mice were
pretreated with distinct SPM precursors (14-HDHA, 17-HDHA, or 18-HEPE) prior to
AgNP exposure. Previous studies have utilized pretreatment of SPM precursor mixtures
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to evaluate the overall role of SPMs in exposure-induced responses (Kilburg-Basnyat et
al., 2018; Neuhofer et al., 2013). The use of distinct SPM precursors in our study allows
for the elucidation of specific SPMs deficiencies in MetS-associated susceptibility which is
necessary for the development of targeted interventional and treatment strategies.

Pretreatment with either 14-HDHA or 17-HDHA reduced AgNP-induced pulmonary
neutrophilic influx in the MetS mouse model to levels observed in the healthy mouse model.
However, MetS mice pretreated with 18-HEPE still demonstrated exacerbated neutrophilic
influx similar to MetS mice not receiving a treatment. Gene expression and protein levels of
MIP-2, IL-6, and MCP-1 were enhanced in MetS mice not receiving precursor treatments.
Similar alterations in CXCL1 and IL-1p were observed due to AgNP exposure in both
healthy and MetS mice. Treatment with the SPM precursors, 14-HDHA and 17-HDHA,
inhibited AgNP-induced increases of MIP-2, IL-6, and MCP-1 in both healthy and MetS
mice without modifying induction of CXCL1 or IL-1p. Further, induction of CXCL1 and
IL1B by AgNPs was not modified by any of the treatments in either model. This suggests
that enhanced MIP-2, IL-6, and MCP-1 contribute to the exacerbated MetS inflammatory
response and are sensitive to regulation via SPMs derived from 14-HDHA and 17-HDHA.
However, CXCL1 and IL- are regulated by other mechanisms and are not as responsive

to SPMs. For example, CXCL1 is regulated by the transcription factor PARP binding to
NF-xB whereas IL-6 is regulated by C/EBP binding to NF-xB (Amiri and Richmond,
2003). Previously, the SPM, resolvin D1, was found to suppress lung NF-xB and C/EBP
activation, and decrease BAL fluid levels of IL-6 in inflamed lungs by IgG immune
complex (Tang et al., 2014). Further, the SPM resolvin D2 has been shown to inhibit

the NLRP3 inflammasome leading to reduced release I1L-1p, result in resolution in murine
peritonitis (Lopategi et al., 2019). This suggests that supplementation with resolvin D1 may
specifically target MetS-associated exacerbations in pulmonary inflammation by inhibiting
IL-6 while resolvin D2 may benefit healthy and MetS following particulate exposures by
inhibiting IL-1p.

Inflammation is a highly coordinated process, and its appropriate regulation is necessary

for responses to exposures. A blunted inflammatory response may enhance susceptibility

to pathogens and clearance of foreign materials whereas an exacerbated response may

cause tissue damage. Therefore, SPM precursor treatment appears to reestablish the

healthy response to AgNP exposure via inhibition of specific pro-inflammatory signaling.
Interestingly, in our previous investigation atorvastatin was determined to reduce all of

these inflammatory signaling mediators we evaluated (MIP-2, MCP-1, IL-6, CXCL1, IL-1B)
while also modulating pulmonary SPM levels following AgNP exposure in MetS. This
suggests atorvastatin’s pulmonary protective effect functions through additional mechanisms
beyond lipid regulation such as inhibition of farnesyltransferase and CXC chemokine
formation leading to decreases of neutrophil recruitment (Zhang et al., 2012). 18-HEPE
treatment was not determined to reduce AgNP induction of MIP-2 protein levels in MetS
mice. This suggests that disruption of SPM-mediated regulation of MIP-2 may be a primary
contributor to the exacerbated acute inflammatory responses observed in MetS following
AgNP exposure.
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SPMs are derived from dietary long chain and endogenous fatty acids via enzymatic and
non-enzymatic reactions (Bannenberg and Serhan, 2010; Thatcher et al., 2019). SPMs are
primarily derived from -3 fatty acids eicosatetraenoic acid (EPA) and docosahexaenoic
acid (DHA). EPA is metabolized to the resolvins E series via the intermediate 18-HEPE,
and DHA is metabolized to maresins via 14-HDHA, and/or to protectin and the resolvin

D series via 17-HDHA (Chiang and Serhan, 2020; Serhan and Levy, 2018). SPMs can

also be derived from w—6 fatty acid, arachidonic acid (AA), which is metabolized to
lipoxins (Buckley et al., 2014). Endogenous biosynthesis of SPMs is engaged by cell-to-cell
interactions resulting in metabolism of precursors to SPMs mediated by lipoxygenases

such as 5-lipoxygenase (ALOX5) and 15-lipoxygenase (ALOX15). AgNP exposure was
determined to reduce ALOX5 and ALOX15 gene expression in MetS mice suggesting
alterations in metabolic processes may be mediating deficits in SPM production and

the exacerbated acute inflammatory response. Both 14-HDHA and 17-HDHA treatments
inhibited AgNP-induced alterations in lipoxygenase gene expression. 14-HDHA was
determined to be more efficient in inhibiting alterations in ALOX15 gene expression due

to AgNP exposure than 17-HDHA. These treatment-induced alterations in lipoxygenase
corresponded with increased pulmonary SPMs. Specifically, 14-HDHA treatment increased
pulmonary levels of 14-HDHA, 17-HDHA, and RvD1, while 17-HDHA elevated MaR1,
17-HDHA, and RvD1. Similar to our findings, administration of a combination of SPM
precursors via i.p. injection prevents reduction in SPM and the lipoxygenase activities in
healthy mice lung tissues post-ozone exposure (Kilburg-Basnyat et al., 2018). This suggests
that treatment with 14-HDHA and 17-HDHA may reestablish lipoxygenase activity in
MetS mice, allowing for sustained production of SPMs following inhalation exposures.
Reestablishing ALOX5 and ALOX15 within the lung by the treatments may be a mechanism
to target to address MetS-associated susceptibility.

SPMs are ligands that act on resolution receptors, signaling to inhibit pro-inflammatory
processes, initiate resolution, and facilitate repair (Berrueta et al., 2016; Freire and Van
Dyke, 2013; Ishihara et al., 2019; Sansbury and Spite, 2016). Our study demonstrates
baseline reductions in resolution receptor expression in MetS that may contribute to
exacerbated inflammatory responses. Further, expression of resolution receptors were
reduced 24h after AgNP exposure in both models suggesting that NP exposures can

impair resolution signaling. We specifically evaluated LgR6, ChemR23, and GCPR18

as these receptors interact with SPMs we have previously determined were reduced in

MetS following AgNP exposure (Algahtani et al., 2020). LgR6 is a G-protein coupled
receptor for maresins and signals to accelerate inflammatory resolution processes, including
efferocytosis (Chiang et al., 2019). ChemR23 is a G-protein coupled receptor that interacts
with the peptide chemerin and RvE1. Chemerin functions as a chemoattractant for
monocytes and macrophages, whereas RVE1 initiates a cascade of pathways including

the activation of multiple transcription factors contributing to resolution (Herova et al.,
2015). RvD2 binds GCPR18, a receptor presented on the surface of the most immune cells,
and signals for neutrophilic influx to cease while also enhancing efferocytosis, thereby
accelerating resolution (Chiang et al., 2015). Alterations in these resolution receptors

in MetS may delay resolution by impairing macrophage activity contributing to chronic
inflammation. Previously, maresin-1 treatment of macrophages was determined to stimulate
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resolution processes via LGR6-mediated responses (Chiang et al., 2019). Interestingly,
alterations in mRNA expression of SPM receptors were not observed to match receptor
protein expression suggesting compensatory responses and possible post-transcriptional
processes regulating receptor presentation. Together, reductions in SPMs and the diminished
presence of resolution receptors suggest impaired resolution signaling contributes to
exacerbated inflammation in MetS following AgNP exposure.

Our study establishes specific deficiencies in resolution signaling contributing to
susceptibility to inhalation exposures in MetS which require future investigation. 18-HEPE,
17-HDHA, and 14-HDHA were selected for investigation based on findings from our
previous study. The use of these precursors allowed for the determination of specific SPM
classes and their impact on MetS resolution signaling. However, there are a number of
SPMs generated from the metabolism of these precursors that require specific examination
such as RvD1 and maresin-1. Further, there are other SPMs such as lipoxins generated

by metabolism of arachidonic acid that may also contribute to exacerbated responses that
should be evaluated. Additionally, our study only evaluated a single acute time point
following AgNP exposure demonstrating exacerbated inflammation. To better understand
SPM-mediated signaling deficiencies in MetS, investigations of sustained inflammation
examining multiple time points and long-term impacts are needed. Specifically, our study
suggests due to reductions in SPMs that inflammation may be sustained which may facilitate
pulmonary disease development.

In conclusion, MetS is associated with enhanced susceptibility to inhalation exposure-
induced inflammation and toxicity. In a mouse model of MetS, we determined through the
use of SPM precursor treatments (18-HEPE, 14-HDHA, and 17-HDHA) that disruption
of SPM-mediated resolution signaling contributes to susceptibility. Specifically, SPM
precursors, 14-HDHA and 17-HDHA were determined to more efficiently attenuate
susceptibility to AgNP exposure-induced inflammation compared to 18-HEPE. Overall,
strategies to enhance SPMs specifically those produced by metabolism of 14-HDHA and
17-HDHA such as maresin-1, resolvin D series, and protectin-D1 may benefit individuals
with MetS following particulate inhalation exposures.
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Highlights

. Metabolic syndrome exacerbates nanoparticle-induced acute pulmonary
inflammation.

. Resolution precursors modulated inflammation in exposed metabolic
syndrome mice.

. Docosahexaenoic acid-derived mediators more efficiently resolved
inflammation.

. Resolution receptors were reduced due to metabolic syndrome and exposure.

. Engagement of resolution may assist susceptible groups after particulate
exposure.
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Fig. 1.

Ct?aracterization of body weight and serum lipid levels in healthy and MetS mouse models
following 14 weeks on either a healthy or high-fat western diet (HFWD). Thirty minutes
prior to oropharyngeal aspiration of pharmaceutical grade sterile water (control) or AgNPs
(50 pg) in sterile water, mice were i.p. injected with 1 pg of 14-HDHA, 17-HDHA, or
18-HEPE or vehicle (250 pl of sterile saline). Healthy and MetS mice without or with

lipid interventions were characterized by examination of (A) body weight (BW), (B) serum
total cholesterol (TC), (C) serum high-density lipoprotein (HDL), (D) serum low-density
lipoprotein (LDL), and (E) serum triacylglycerides (TG) levels. Values are expressed as
mean + SEM (= 6-8/group). # denotes significant differences between healthy and MetS
models receiving similar treatment and exposure, (p < 0.05).
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Fig. 2.

Agute effect of AgNP exposure on BALF (A) total protein, (B) albumin, (C) total cells,

(D) macrophages and (E) neutrophils from healthy and MetS mice and modulation by

lipid interventions. Thirty minutes prior to oropharyngeal aspiration of pharmaceutical grade
sterile water (control) or AgNPs (50 pg) in sterile water, mice were i.p. injected with 1 pg of
14-HDHA, 17-HDHA, or 18-HEPE or vehicle (250 ul of sterile saline). Values are expressed
as mean + SEM (n = 6-8/group). * denotes significant differences due to AgNP exposure
comparing to model-matched control receiving the same treatment, # denotes significant
differences between healthy and MetS mouse models receiving the same treatments and
exposure, $ denotes significant differences due to lipid interventions comparing to groups
not receiving treatment but the same exposure (p < 0.05).
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Fig. 3.

HSperspectral analysis of AgNPs within macrophages and neutrophils collected from BALF
exposed healthy and MetS mouse models. (A) Representative enhanced darkfield images
of macrophages and neutrophils 24 h post-exposure to AgNPs at a concentration of 50 pg.
White arrows indicate the accumulation of AgNPs within BALF cells. White bar identifies
10 um scaling. (B) Differences in mean spectra of AgNPs following association with BALF
cells. At least 1,000 pixels of AgNPs were collected to form mean spectra. All spectra

were normalized based on intensity for comparisons. Gray curve is the spectral profile of
the original AgNP sample, the green curve represents AgNPs internalized by neutrophils,
and the purple curve represents AgNPs internalized by macrophages. Numbers correspond
to peak wavelengths. The top set of curves represent spectra of AgNPs internalized by
BALF cells in the healthy model while the bottom set of curves represent spectra of
AgNPs internalized by BALF cells in the MetS model. Supplemental Figure 1 includes
representative image of original AgNPs as well as mapping results confirming curves
represent internalized AgNPs. Representative images of internalized cells and spectral
profiles of internalized AgNPs from groups receiving lipid treatments can be found in
Supplemental Figure 2 (14-HDHA), Supplemental Figure 3 (17-HDHA), and Supplemental
Figure 4 (18-HEPE).
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AgNP-induced pulmonary inflammatory gene expression including (A) macrophage
inflammatory protein-2 (MIP-2), (B) interleukin-6 (/L-6), (C) monocyte chemoattractant
protein-1 (MCP-1), (D) interfeukin-1B (/L-1B), and (E) chemokine 1 (CXCL1) were
evaluated in healthy and MetS lung tissue. Thirty minutes prior to oropharyngeal aspiration
of pharmaceutical grade sterile water (control) or AgNPs (50 pg) in sterile water, mice
were i.p. injected with 1pg of 14-HDHA, 17-HDHA, or 18-HEPE or vehicle (250 pl of
sterile saline). Values are expressed as mean £ SEM (7= 6-8/group). * denotes significant
differences due to AgNP exposure comparing to model-matched control receiving the
same treatment, # denotes significant differences between healthy and MetS mouse models
receiving the same treatments and exposure, $ denotes significant differences due to lipid
interventions comparing to groups not receiving treatment but the same exposure (o < 0.05).
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Fig. 5.

Algierations in BALF cytokine/chemokines proteins 24 h after AgQNP exposure in healthy
and MetS mice and the influence of lipid interventions. Proteins levels of (A) MIP-2, (B)
MCP-1, (C) IL-6, and (D) CXCL1 were examined in BALF to determine disease-related
differences in AgNP-induced inflammatory response and the influence of lipid treatments.
Thirty minutes prior to oropharyngeal aspiration of pharmaceutical grade sterile water
(control) or AgNPs (50 pg) in sterile water, mice were i.p. injected with 1pg 14-HDHA,
17-HDHA, or 18-HEPE or vehicle (250 pl of sterile saline). Values are expressed as mean
+ SEM (n = 6-8/group). * denotes significant differences due to AgNP exposure comparing
to model-matched control receiving the same treatment, # denotes significant differences
between healthy and MetS mouse models receiving the same treatments and exposure, $
denotes significant differences due to lipid interventions comparing to groups not receiving
treatment but the same exposure (p < 0.05).
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Algf[erations in genes involved in lipid metabolism 24 h following AgNP exposure in

lung tissue from healthy and MetS mice and the influence of lipid interventions. (A)
arachidonate-5 lipoxygenase (ALOX-5), and (B) arachidonate 15-lipoxygenase (ALOX-15)
were evaluated in lung tissue. Thirty minutes prior to oropharyngeal aspiration of
pharmaceutical grade sterile water (control) or AgNPs (50 ug) in sterile water, mice were i.p.
injected with 1ug 14-HDHA, 17-HDHA, or 18-HEPE or vehicle (250 pl of sterile saline).
Values are expressed as mean + SEM (n = 6-8/group) fold change compared with control. *
denotes significant differences due to AgNP exposure comparing to model-matched control
receiving the same treatment, # denotes significant differences between healthy and MetS
mouse models receiving the same treatments and exposure, $ denotes significant differences
due to lipid interventions comparing to groups not receiving treatment but the same exposure
(p <0.05).
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Fig. 7.

Agsessment of docosahexaenoic acid (DHA)-derived SPMs in the lung tissue of healthy and
MetS mice 24 h following AgNP exposure and the influence of 14-HDHA intervention.

A targeted LC/MS/MS approach determined quantitative differences in (A) 14-HDHA, (B)
the 14-HDHA-derived SPM Maresin-1 (MaR1), (C) 17-HDHA, (D) the 17-HDHA-derived
SPM resolvin D1 (RvD1), and (E) the 17-HDHA-derived SPM protectin-D1 (PD1). Thirty
minutes prior to oropharyngeal aspiration of pharmaceutical grade sterile water (control) or
AgNPs (50 pg) in sterile water, mice were i.p. injected with 1ug 14-HDHA, 17-HDHA, or
18-HEPE or vehicle (250 ul of sterile saline). Additional lipids (AA, DHA, EPA) evaluated
in pulmonary tissue can be found in Supplemental Figure 6. * denotes significant differences
due to AgNP exposure comparing to model-matched control receiving the same treatment,
# denotes significant differences between healthy and MetS mouse models receiving the
same treatments and exposure, $ denotes significant differences due to lipid interventions
comparing to groups not receiving treatment but the same exposure (p < 0.05).
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Fig. 8.
Alterations in pulmonary resolution receptors 24 h following AgNP exposure in healthy

and MetS mouse models. AgNP-induced alterations in the gene expression of (A) /eucine-
rich repeat-containing G-protein coupled receptor 6 (Lgr6), (B) Chemokine like receptor
1 (ChemRZ23), and (C) G protein-coupled receptor 18 (GPCR18) were evaluated in lung
tissue. Alterations in receptors associated with lipid mediator of inflammatory resolution
were assessed by western blot in healthy and MetS. Receptor levels of (D) LgR6, a receptor
for Marl, (E) ChemR23, a receptor for RvE1, and (F) GCPR18, a receptor for RvD2

were examined in lung tissue to determine disease-related differences in AgNP-induced
inflammatory response. (G-1) Representative western blot images of LgR6, ChemR23, and
GCPR18. Values are expressed as mean + SEM (n = 6-8/group). * denotes significant
differences due to AgNP exposure, # denotes significant differences between healthy and
MetS mouse models (p < 0.05).
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Lipid Internal Standards and the amount Spiked into the Samples

Internal Lipid Standards | Item No. | Spiked Amount
Resolvin D1-ds 11182 5ng
Prostaglandin E,-d, 314010 25 ng
Leukotriene B4-dy4 320110 5ng
15(S)-HETE-dg 334720 5ng
Resolvin E1-d4 10009854 2.5ng
(+)9(10)-DiHOME-d, 10009993 5ng

PD1 10010390 50 to 0.005 ng
AA 90010 250 to 0.025 pg
DHA 90310 250 to 0.025 pg
EPA 90110 250 to 0.025 pg
14HDHA 15253 500 to 31.25 ng
RvD1 10012554 500 to 0.05 ng
Marl 10878 100 to0 0.01 ng
17HDHA 10009799 100t0 0.01 ng
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