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Abstract

Silver nanoparticles (AgNPs) are utilized in surgical implants and medical textiles, thus providing
access to the circulation. While research was conducted primarily in healthy models, AgNP-
induced toxicity evaluations in disease conditions are critical, as many individuals have pre-
existing conditions. Specifically over 20% of United States adults suffer from metabolic syndrome
(MetS). It was hypothesized that MetS may increase susceptibility to AgNP-mediated toxicity due
to induction of differential inflammation and altered biodistribution. Mice were injected with
2mg/kg AgNPs, and organs assessed for inflammatory gene expression (TNF-a., CXCL1, CXCL2,
CCL2, TGF-B, HO-1, IL-4, IL-13), and Ag content. AgNPs were determined to induce differential
inflammation in healthy and MetS mice. While AgNP exposure increased TNF-a, CXCL1, TGF-
B, HO-1, and IL-4 expression within healthy mouse spleen, MetS-treated animals demonstrated
decreased CXCL1, IL-4, and IL-13 expression. Healthy and MetS mice livers exhibited similar
inflammatory responses to one another. AgNPs localized primarily to the liver and spleen,
although Ag was present in all examined organs. In organs of minor AgNP deposition, such as
kidney, gene expression was variable. Induction of inflammatory genes did not correspond with
biodistribution, suggesting disease-related variations in AgNP-mediated adverse responses. These
findings indicate that disease may influence inflammation and biodistribution, impacting AgNP
clinical applications.
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Introduction

In recent years, the use of nanoparticles has expanded to include a multitude of applications,
including manufacturing, consumer products, electronics, and medicine. Silver nanoparticles
(AgNPs) are one of the most popular nanomaterials due to their antimicrobial activity,
leading to their incorporation into cosmetics, electronics, textiles and food packaging (Zhang
et al. 2016a; Tran et al 2013; Echegoyen and Nerin 2013; Kaweeteerawat et al 2017). AgNPs
are also utilized in a variety of biomedical applications that result in their direct introduction
into the circulatory system, including burn creams, wound dressings, venous catheters, and
surgical implants (Chaloupka et al 2010; Ge et al. 2014; Song and Kim 2009). Previously
Benn and Cavanagh (2010) demonstrated that medical textiles with AgQNP coatings are
particularly prone to leaching and releasing AgNPs to the surrounding environment.
However, direct introduction may not be strictly necessary due to their small size as inhaled
or ingested AgNPs may translocate to the circulation (Kemi 2016). In addition, AgNPs were
proposed to be utilized as a vaccine adjuvant and as a component of cancer treatment, which
might result in their direct injection into the circulation (Sanchez-Guzman et al. 2019;
Chugh et al. 2018, Taha et al. 2019). Despite their widespread potential applications in
medicine, the toxicity of AgNPs to humans remains a subject of scientific investigation
(Kermanizadeh et al, 2016; Alaraby et al 2016). Investigators reported that exposure to
AgNPs produced oxidative stress, cytotoxicity and genotoxicity in human cell lines
(macrophages, lung adenocarcinoma, and mesenchymal stem cells), potentially indicating
that AgNP exposure may result in impaired immune responses and slower healing (Haase et
al. 2011; Hackenberg et al. 2011; Rosario et al 2018). Other studies have more directly
examined the use of AgNPs in medicine, examining the effects of AgNPs within
commercially available dressings, and found these to be hazardous to keratinocytes and
fibroblasts, inducing cytotoxicity (Lam et al. 2004; Paddle-Ledinek et al. 2006; Poon and
Burd 2004). While AgNPs are utilized increasingly in biomedicine, it is not known if the
benefits of their use outweigh potential toxicity concerns.

Mammalian models have provided further evidence of unintended adverse effects resulting
from AgNP exposure. When inhaled or injected subcutaneously, AgNPs subsequently
biodistribute throughout the body, depositing primarily in the liver but also reaching the
brain, lungs, kidneys, and other organs (Tang et al. 2009; Takenaka et al. 2001). Ingested and
injected AgNPs are eliminated from most organs fairly quickly, though these materials are
retained for months within the brain (Zande et al. 2012; Dziendzikowska et al. 2012; Bergin
et al. 2016). This is particularly concerning, as AgNPs may induce oxidative stress in
various tissues (Martins, Jr et al 2017) and alter gene expression in multiple regions of the
brain, resulting in apoptosis and neurotoxicity (Rahman et al. 2009). AgNPs were also
demonstrated to stimulate an inflammatory response in both /n vitroand in vivo models.
Various cell types were shown to exhibit increased expression of pro-inflammatory markers
following exposure to AgNPs, including macrophages, fibroblasts, and endothelial cells
(Trickler et al. 2010; Park et al. 2011). In animal models, AgNP exposure was found to exert
a similar effect, eliciting enhanced expression of pro-inflammatory cytokines primarily in
liver, a major site of AgNP deposition (Ramadi et al. 2016; Chen et al. 2016). However,
while toxicity of AgNPs has been the subject of much scrutiny, there remain gaps in the
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scientific knowledge regarding susceptible subpopulations that may be at risk for unexpected
and exacerbated responses following exposure.

The majority of studies conducted investigating AgNP toxicity were performed in healthy
models. This is a major oversight, as medical treatments, including those containing AgNPs,
are utilized primarily in individuals who are in some way unhealthy. Examples include the
use of AgNPs in the treatment of injuries, such as in burn creams or in surgeries as an
antibacterial/antifungal coating on tools and implants (Chaloupka et al 2010; Ge et al. 2014;
Song and Kim 2009). Further, many individuals in the United States and worldwide exist
with some form of underlying disease state (CDC 2019; Halpin et al. 2010). Metabolic
syndrome (MetS), a disease characterized by dyslipidemia, elevated blood pressure, insulin
resistance, and increased body weight, affects over one-fifth of the United States population
(Beltran-Sanchez et al. 2013; Aguilar et al. 2015). In addition, the prevalence of MetS in the
United States and worldwide is increasing (Desroches and Lamarche 2007; Ford et al.
2004). MetS is an established risk factor for development of many serious chronic diseases,
including renal disease, diabetes, and cardiovascular disease (Cirillo et al. 2006; Galassi et
al. 2006; Grundy 2006). Individuals with MetS were noted to be more vulnerable to adverse
health outcomes such as cardiovascular depression, heart beat variability, and altered cardiac
repolarization as a result of exposure to nano-sized particulate matter (Wagner et al. 2014;
Devlin et al. 2014; Chen and Schwartz 2008). Evaluations of the NHANES database in
conjunction with the U.S. EPA’s Aerometric Information Retrieval system demonstrated an
association between PM1g and PM, 5 exposures and circulating white blood cells and
elevated levels of C-reactive protein, a cardiovascular disease inflammatory marker, which
worsened as severity of MetS rose. This further demonstrates the increased susceptibility of
diseased individuals to enhanced inflammation following exposures (Chen and Schwartz
2008; Dabass et al. 2018). Although the mechanisms underlying this increased susceptibility
are not fully understood, it is thought that individuals with MetS possess higher levels of
baseline inflammation, predisposing them to both acute adverse health outcomes and
development of chronic diseases (Esser et al. 2014; Haffner 2006; Isomaa et al. 2001;
Paoletti et al. 2006).

It is likely that individuals with MetS may be susceptible not only to particulate matter (PM)
inhalation, but also to intravenous exposure to biomedically utilized engineered particles
such as AgNPs. The aim of this study was to examine variations in inflammatory response
and biodistribution following intravenous exposure to AgNPs through utilization of mouse
models representing either healthy or MetS conditions. An understanding of differences in
inflammation and biodistribution between healthy and diseased conditions might enable
better understanding of the differential exposure responses, and thus susceptibility of
vulnerable subpopulations. Ultimately, these results might assist in utilization of /n vitroand
in vivo studies to service the development of medical devices containing AgNPs and their
use in clinical settings.
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Materials and Methods

AgNP Characterization.

AgNPs with a diameter of 20 nm suspended in citrate were purchased (Nanocomposix, San
Diego, CA). AgNPs were characterized to verify the specifications provided by the
manufacturer. Polydispersion index, C-potential, and hydrodynamic size were assessed in DI
water with AgNPs at a concentration of 25 pg/ml (n=4/AgNP). The number of AgNPs/ml
was determined by NP tracking software (Nanosight, Malvern, Westborough, MA) (n=4/
AgNP). While many varieties of AgNPs are commercially available, AgNPs utilized in this
study display similar properties to certain formulations used in biomedicine (Dunn and
Edwards-Jones 2004; Park and Lee 2013).

Induction of MetS and AgNP Exposure.

Healthy male 6-week-old C57BL6 mice (Charles River Laboratories, Wilmington, MA)
were provided with water ad /ibitum and fed either a normal diet (10% kcal from fat) or a
high fat Western diet (60% kcal from fat) (Research Diets, New Brunswick, NJ) to induce
development of MetS. Mice were assessed for key components of MetS, obesity,
dyslipidemia, and insulin resistance to verify development of the disease. While markers of
hyperglycemia were not directly measured, it may be extrapolated that animals were likely
hyperglycemic based upon previous studies utilizing the same high fat diet-induced model of
MetS (Kennedy et al. 2010). Following 14 weeks on the diets, mice were injected via the tail
vein with 2 mg/kg of AgNPs or saline as a control. While many previous studies utilized
injection doses in excess of 50 mg/kg, toxicological effects were observed at doses of
approximately 2 mg/kg (Xue et al. 2012; Tang et al. 2008; 2009; El Mahdy et al. 2014). The
selected dose of 2 mg/kg, in addition to being known to induce adverse effects from other
studies, is also relevant to real world exposures. Medical textiles were found to leach
significant amounts AgNPs (Benn and Cavanagh 2010). The use of these textiles in
combination with medical tools or implants which also contain an AgNP coating has the
capacity to increase human exposure to and beyond the dose utilized in this study. Further,
AgNPs are proposed as a cancer treatment and vaccine adjuvant, both applications which
would result in direct introduction of a significant amount of AgNPs into the circulatory
system (Sanchez-Guzman et al. 2019; Chugh et al. 2018). Mice were separated into two
groups, one of which was utilized for an assessment of inflammation and the other to
examine differential biodistribution. Animals were housed in a temperature-controlled, 12 hr
light/dark cycle room for the duration of the study, which was conducted in compliance with
the regulation and approved by the Animal Care and Use Committee of Purdue University.

Organ Collection and Blood Characterization.

Twenty-four hr following AgNP injection, mice were sacrificed, and liver, spleen, kidneys,
intestines, lungs, brain, heart, and aorta extracted. Organs were immediately frozen in liquid
nitrogen following removal. Blood was collected via cardiac puncture, and the aorta severed
to remove additional blood from the circulation. In accordance with previous investigations
of injected NPs, perfusion of the body was not performed (Lee et al. 2016; Javidi et al. 2019;
Snyder et al. 2016; Sumner et al. 2016; Yang et al. 2017; Meng et al. 2014). Immediately
following collection, an aliquot of blood was set aside for assessment of glycated

J Toxicol Environ Health A. Author manuscript; available in PMC 2021 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kobos et al.

Page 5

hemoglobin (HBALc) using a commercially available assay kit (Crystal Chem, Elk Grove
Village, IL). The remaining blood was centrifuged for 10 min at 3,500g and 4°C to isolate
serum. Serum was characterized for traditional lipid endpoints via commercially available
kits to measure total bound and unbound cholesterol, HDL, and LDL/VLDL (Bioassay
Systems, San Francisco, CA). Serum insulin was also measured in serum using a
commercially available assay kit (Crystal Chem, Elk Grove Village, IL).

Gene Expression Assessment.

Total RNA was isolated from each organ of the gene expression cohort and converted to
cDNA. AgNP-induced variations in the inflammatory response were measured through
assessment of alterations in gene expression tumor necrosis factor-a (TNF-a), chemokine
(C-C motif) ligand 2 (CCL2), chemokine (C-X-C motif) ligand 1 (CXCLZ1), chemokine (C-
X-C motif) ligand 2 (CXCLZ2), interleukin 4 (IL-4), and interleukin 13 (IL-13). In addition,
fibrotic marker transforming growth factor-g (TGF-B) and oxidative stress marker heme
oxygenase 1 (HO-1) were assessed. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as the internal control. All genes were analyzed via real-time RT-qPCR (n=7-8 per

group).

Metal Quantification.

All organs from the biodistribution cohort were digested with concentrated nitric acid in a
MARSXpress microwave-accelerated reaction system. Digested samples were diluted up to
1000- fold in 0.1% nitric acid prior to quantification using an atomic absorption
spectrophotometer with a graphite tube atomizer (Agilent, Santa Clara, CA). Sample
concentration was normalized to tissue weight of the digested organ for each measurement.

Statistical Analysis.

Results

Significant differences in blood parameters, organ metal content, and gene expression were
determined using a two-way ANOVA with disease (healthy or MetS) and exposure (control
or AgNP exposure) as the two factors. A Tukey’s post-hoc test was utilized for multi-
comparison analysis (p < 0.05). GraphPad Prism 8 software (GraphPad, San Diego, CA) was
used to generate graphs and for all statistical assessment. Graphed data are presented as
mean + standard error of the mean (SEM.)

Characterization of Mouse Model and AgNPs.

AgNPs were characterized based upon the parameters of hydrodynamic size, polydispersion
index, and C-potential and found to match the manufacturer’s specifications (Table 1). MetS
mice exhibited elevated body weight, HDL, LDL/VLDL, and total cholesterol compared to
healthy animals (Table 2). These results were expected and consistent with previous models
of diet-induced MetS (Pettersson et al. 2012; Cao et al. 2014). Further, serum insulin was
increased in MetS mice suggesting the presence of insulin resistance, a component of MetS
(Beltran-Sanchez et al. 2013). HBA1c, a marker of diabetes, was unchanged between
healthy and MetS models. AgNP exposure did not markedly alter weight or any of the
assessed blood parameters.
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AgNP Biodistribution.

AgNPs were determined to primarily biodistribute to the liver, intestines, and spleen with
minor amounts in lungs, blood, kidneys, brain, heart, and aorta (Figure 1). A larger
proportion of AgNPs was detected in liver of MetS than healthy mice, while a smaller
portion was identified in intestines, spleen, and lungs. In each specific organ tested, silver
levels were at or below the limit of detection for unexposed control animals (Figure 2). The
concentration of Ag present in the spleen 24 hr following injection was the same between
healthy and MetS mice. MetS mice possessed a higher Ag concentration in liver, kidneys,
and heart. The concentration of Ag in the lungs was higher in healthy than MetS mice. Both
MetS and healthy mice had the same concentration of Ag in the brain.

Gene Expression.

The expression of genes related to inflammation, fibrosis, and oxidative stress was assessed
in a variety of tissues in order to determine differential responses to MetS and AgNP
exposure. A full summary of genes assessed and organ-specific responses to AgNP exposure
may be found in Table 3. MetS was found to decrease IL-13 and CXCLL1 expression in liver
compared to healthy control mice (Figure 3). AgNP exposure enhanced expression of Thl
inflammatory response genes (CCL2, TNF- a, CXCL1, CXCL2), TGF- B (a marker of
fibrosis), and HO-1 (indicative of oxidative stress) in healthy and MetS mice, with all
increases reaching level of statistical significance with the exception of CXCLL1 in healthy
mice. Liver expression of Th2 inflammatory response genes (IL-4 and 1L-13) were
unaffected by AgNP exposure, remaining at approximately the same levels as observed in
saline treated control mice.

At baseline, MetS mice displayed a higher expression of CCL2, TNF- a, CXCL2, HO-1,
TGF- B, and I1L-13 in spleen compared to healthy mice (Figure 4). In healthy mice, AgNP
exposure resulted in an elevated expression of TNF- a, CXCL1, HO-1, TGF- 8, and IL-4 in
the spleen. The influence of AgNP exposure on gene expression was less consistent in MetS
mice. Both IL-4 and 1L-13 expression were significantly decreased compared to control
MetS. CXCL2 within the spleen was unaffected by MetS or exposure to AgNPs.

The reaction of kidney to MetS was variable based upon the gene examined. CCL2, CXCL1,
and CXCL2 were all significantly higher at baseline in MetS than healthy mice, while TNF-
a and TGF-  were significantly lower (Figure 5). HO-1 was unaffected at baseline by
MetS. Alterations in kidney gene expression of mice following AgNP exposure were
similarly variable; in healthy mice, CXCL1 and CXCL2 expression was up-regulated by
AgNP exposure, TNF- a and TGF- B expression was down-regulated, and CCL2 and HO-1
was unaltered. MetS exhibited differential responses to AgNPs, with CCL2 and CXCL1
down-regulated, HO-1 and TGF- B up-regulated, and CXCL2 unaltered.

Within the heart, most cytokines tested were the same between healthy and MetS at baseline,
with the exceptions of TNF- a and TGF- 8, which were lower in MetS compared to healthy
animals (Figure 6). AgNP exposure did not induce any significant alterations in expression
of genes evaluated. In contrast, MetS mice exhibited significant elevations in expression of
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CCL2, TNF- a, CXCL1, and CXCL2 following AgNP exposure. HO-1 and TGF- 8
expression in the MetS heart were unaffected by AgNP exposure.

The lung was among the most consistent of the organs tested regarding alterations in gene
expression. CCL2, TNF- a, HO-1, and TGF- 3 gene expression was noted to be down-
regulated in unexposed MetS animals compared to unexposed healthy, while unexposed
MetS mice displayed higher expression of CXCL1 and CXCL2 than healthy (Figure 7).
Upon exposure to AgNPs, gene expression was reduced in both healthy and MetS mice. In
healthy mice, this decrease was significant for all genes with exception of CXCL2, and in
MetS mice, the fall was significant in CCL2, CXCL1, CXCL2, and TGF- B.

Gene expression within the brain was also found to be altered in MetS; specifically, TNF- a
was determined to be significantly lower in MetS mice compared to healthy at baseline
(Figure 8). AgNP exposure increased gene expression of CCL2 in the brain of healthy mice
while lowering expression of CCL2, TNF- a, CXCL1, HO-1, and TGF- B. Following AgNP
exposure, MetS mice reduced gene expression of CXCL1 and HO-1 was noted.

Discussion

MetS is an increasingly common condition, and individuals with MetS have demonstrated
enhanced susceptibility to exposures. Although AgNPs are increasingly incorporated into
biomedical applications due to their antibacterial and antifungal properties, more research is
needed to fully understand potential toxicological effects. Most studies of NP safety focused
on healthy models; however, NP toxicity and biological interactions may be altered by
diseases such as MetS. This study utilized healthy and diseased mouse models to examine
differential organ-specific inflammatory responses to AgNPs in MetS. Data determined that
MetS mice exhibit organ-specific inflammatory responses that are, in some cases, distinct
from those of healthy animals, and that these effects are not explained solely by differential
biodistribution patterns.

At baseline, prior to the introduction of any AgNPs, MetS mouse livers contained the same
or lower levels of inflammatory gene expression than healthy ones. This is seemingly
contradictory with many previous studies of the effect of MetS, which showed increased
expression of inflammatory markers in the liver, including TNF- a, CCL2, and others
(Bieghs and Trautwein 2013; Rector et al. 2008). However, recent investigators reported that
chronic inflammatory stimulation, such as that produced by obesity results in a phenomenon
known as T cell exhaustion (Wang et al. 2019; Green and Beck 2017; Aguilar and Murphy
2018). T cell exhaustion is characterized by progressive loss of function, decreased
proliferation, and overall inactivity (Wherry and Kurachi 2015; Wherry 2011). It is
conceivable that our MetS mice, having been fed a high-fat Western diet, generated the
necessary conditions to induce hepatic T cell exhaustion. These conditions include
dysregulation of immune-active metabolites such as leptin, adiponectin, and glucose, all of
which are known to be altered due to increased body weight (Sun and Karin 2012; Aguilar
and Murphy 2018; Beyer et al. 2016). Further, there is evidence to support that insulin
resistance, which is a component of MetS, may lead to decreased activation of T cells and
reductions in inflammatory cytokines (Andersen et al. 2016; Lteif et al. 2005; Roberts et al.
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2013). Unlike the liver, T cells within the spleen do not appear to have experienced
exhaustion, likely because the spleen is not a major site of ectopic fat deposition (Pou et al.
2009). Baseline expression of the majority of cytokines tested in the spleen was higher in
MetS than healthy, possibly due to an elevated number of macrophages and activated T cells
producing Thl and Th2 cytokines. Taken together, our findings demonstrate that MetS in
mice, when induced by a high-fat Western diet, results in organ-dependent inflammatory
dysregulation.

Following 14 weeks on a healthy or high-fat Western diet, animals were injected with 2
mg/kg of AgNPs. While previous investigators utilized doses at and above 50 mg/kg to elicit
an inflammatory response, such a dose is not relevant to real-world exposures (Xue et al.
2012; Tang et al. 2008; 2009; EI Mahdy et al. 2014). The dose of 2 mg/kg was selected for
(1) therapeutic relevance given AgNP leaching from currently utilized medical textiles and
devices, (2) proposed uses in vaccines and cancer treatment, and (3) capacity to induce a
toxicological response. Differences in biodistribution were observed between healthy and
MetS group that did not appear to be a result of the overall larger dose administered to MetS
mice. Specifically, only livers, kidneys, and hearts of MetS mice were observed to exhibit a
higher concentration of Ag than healthy ones, while other organs such as the spleen and
brain had equivalent Ag levels. Despite receiving a lesser total amount of AgNPs at dosing,
lungs from healthy mice contained a higher concentration of Ag compared to MetS mice.
Within the liver, a higher % Ag accumulated in MetS mice compared to healthy suggesting
differential hepatic deposition. The healthy mice possessed a far larger proportion of total
Ag in intestines possibly as a result of elimination in fecal matter, which is the primary route
for elimination of NPs which enter the body (Zhang et al. 2016b). Taken together, these data
indicate that MetS mice eliminate AgNPs more slowly than healthy animals. While
information is lacking regarding the influence of MetS on NP clearance, it is known that
liver function is impaired in obesity, and hepatobiliary clearance is the primary method of
eliminating NPs from the body (Zhang et al. 2016b; Watanabe et al. 2008; Kim and
Younossi 2008). Thus, it is conceivable that MetS-induced reduction in liver function
impaired the ability of the liver to remove AgNPs from the bloodstream, resulting in less
efficient clearance and a higher proportion of AgNPs retained within the liver.

Although a greater concentration of AgNPs were present in liver of MetS compared to
healthy mice, both models demonstrated a similar magnitude of inflammatory gene
expression changes. This may be attributed to immune cells in MetS liver being less able to
respond to an immune challenge than those of healthy mice, an assertion supported by
(Wang et al. 2018) who showed that exhausted T cells maintain their phenotype even after
repeated exposure to antigens. The apparent lack of altered expression of Th2 cytokines I1L-4
and IL-13 in response to AgNP exposure may be easily understood in MetS mice as those
cytokines are produced primarily by T cells, which may be impaired due to disease (Rincén
et al. 1997; Rael and Lockey 2011). However, the lack of expression of Th2 cytokines in
healthy mice seems counter to previous findings, which found numerical elevation of IL-4
and IL-13 as a result of AgNP exposure (Park et al. 2010; Chang et al. 2013). These
seemingly contradictory results may be attributed to kinetics of AgNP elimination;
specifically, the half-life of AgNPs in male mice was reported to be approximately 15 hr,
indicating that mice in our study were able to go through almost two full half-lives between
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time of exposure and necropsy (Xue et al. 2012). Further, previous investigations which
demonstrated increased expression of Th2 cytokines were conducted in lungs and serum, but
not liver. Data indicate that the modest Th2 response which occurred in healthy liver
following exposure to AgNPs may have already been resolved by the time of necropsy and
organ collection yielding to a more Thl-dominant inflammatory response in the healthy
mouse model.

Following exposure to AgNPs expression of all cytokines assessed in the spleen of the
healthy mice were increased with the exception of CXCL2. Previous investigators
demonstrated that AgNPs, upon entering the spleen, produced tissue damage and a loss of
cellularity to the red pulp (Sardari et al. 2012; Genter et al. 2012). Further, intravenously and
intranasally administered AgNPs were found to elevate the level of T cells and macrophages
within the spleen following exposure (Genter et al. 2012; Jong et al. 2013). Thus, it is
conceivable that AgNPs entered the spleen through the circulation and induced damage to
the red pulp, resulting in enhanced expression of TNF- a, CXCL1, HO-1, TGF- 8, and IL-4.
In the MetS group, the reaction of the spleen varied from that of healthy mice. In
comparison to the unexposed group, CXCL2 and HO-1 remained unchanged, while IL-4 and
IL-13 were reduced. Given the high degree of cytotoxicity initiated by AgNPs to
macrophages and T cells observed in /in vitro studies, this fall in expression may be primarily
attributed to the death of the cells which were previously producing cytokines (Eom and
Choi 2010; Pratsinis et al. 2013). In addition, a portion of the immune cells within the spleen
may have migrated to other areas of the body following AgNP exposure in an attempt to
resolve the insult, further contributing to diminished cytokine expression (Haan and Kraal
2012). Taken together, evidence indicates differential immune responses in the spleen
resulting from AgNP exposure are attributed to MetS. The presence of MetS may reduce
immune responses from the spleen and impair the ability to manage subsequent immune
challenges.

Although the majority of Ag was identified in the spleen and liver of mice 24 hr following
exposure, alterations in gene expression were observed in other organs with relatively minor
accumulation as in lungs, kidney, heart, and brain. Interestingly, introduction of AgNPs into
the healthy kidney altered cytokine expression such that its gene expression resembled that
of a MetS kidney. This may be due to AgNPs inducing general inflammatory mechanisms
similar to those enhanced due to MetS. Gottipolu et al (2009) noted in other exposures such
as specifically diesel exhaust inhalation the resultant transcriptomic profiles in healthy rats
resembled models of cardiovascular disease. Further, studies demonstrated that exposures
may contribute to development and progression of chronic diseases (Chen et al. 2008; Anto
et al. 2001). Several investigators also reported that individuals with pre-existing diseases
may be increasingly sensitive to exposures (Chen and Schwartz 2008; Devlin et al. 2014;
Wagner et al. 2014). In our current study, MetS resulted in exacerbated induction of
inflammatory genes in the heart that were not observed in healthy animals. Data suggest that
the cardiovascular system of individuals with MetS may be increasingly susceptible to the
adverse responses associated with AgNP exposure. MetS is a risk factor for cardiovascular
disease development. This enhanced inflammatory signaling may accelerate the progression
of cardiovascular disease.
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As expected, the brain demonstrated the least accumulation of Ag 24 hr following injection
in both models. However, AgNPs were found to be present within the brain tissue as well as
within the brain circulatory system. The presence of AgNPs within brain tissue is based
upon a volume of 35-40 pl blood/g brain tissue and the mean measured concentration of Ag
within tblood (0.25 ug/g for healthy and 0.39 ug/g for the MetS mice), indicating crossing of
the blood-brain barrier (Chugh et al. 2009). Expression of CCL2, a macrophage chemotactic
gene, was elevated only in the healthy model. Evidence indicates that MetS may decrease
the ability of the brain to respond to challenges and exposures that require an immune
response via up-regulation of CCL2 and recruitment of macrophages. Other markers of
inflammation and oxidative stress were reduced in the brain in response to AgNP exposure.
Gonzalez-Carter et al (2017) demonstrated that AgNPs reduced inflammation in microglia
which experienced an immune challenge. While the amount of AgNPs that accumulate in
the brain is small, Lee et al (2013) showed that AgNPs remained in the tissue for extended
periods of time. This may indicate that exposures that results in AgNP deposition in the
brain may initiate greater long-term effects than those observed in other organs.

The reductions in inflammatory gene expression observed in our study may inhibit brain
immune responses to subsequent challenges. Interestingly, although less Ag was found to
accumulate within the lung in MetS compared to healthy, similar decreases in inflammatory
genes were noted following exposure. Inhalation of AgNPs was found to induce an
inflammatory response in healthy mouse models, suggesting variations in immune response
within organs based upon route of administration. Taken together, data suggest that
intravenously delivered AgNPs diminish expression of a number of pro-inflammatory genes
within the brain and lung of both healthy and MetS mice. In this study, differential
alterations were observed between healthy and MetS mice in the expression of genes
involved in inflammation, oxidative stress, and fibrosis, suggesting distinct susceptibility due
to underlying disease. Further, it is possible that biodistribution of AgNPs varies due to the
presence of MetS.

While this study furthered our understanding of the toxicological impact of MetS on AgNP
exposures, there is still much that remains unknown. Our study was not without limitations,
as the results are specific to AgNPs within the circulation and may have limited applications
to other routes of administration, such as oral or inhalation exposure to AgNPs. In addition,
our study examined only a single dose and time point, eliminating the possibility of
identifying diseased-induced differences in dose-response or biokinetics of AgNPs. Future
studies are needed to assess alternate exposure routes, multiple time points, and a variety of
doses following exposure to identify the disease-dependent variations in elimination rates of
AgNPs and responses. Further, the effects of AgNPs on immunological cells in each organ
require additional evaluation, particularly T cells and macrophages. Research into the
toxicological impact of exposures such as AgNPs in diseased individuals is vital, as they
represent a susceptible subpopulation.
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Figure 1.
Average Abundance of AgNPs in Each Organ of Healthy and MetS Mice Treated with

AgNPs. The Ag content of each organ of mice treated with AgNPs was assessed via atomic
absorption spectroscopy.

J Toxicol Environ Health A. Author manuscript; available in PMC 2021 April 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kobos et al.

Hg Agl/g Tissue

Mg Ag/g Tissue

Hg Agl/g Tissue

Figure 2.

Spleen
15+ i .
10+
5 -
0 T T T T
& & &S
© *v o G)?'
@*\ o{@ e‘" &
Qg?\ ® ~
Kidneys
0.4
*#
0.3 *
0.2
0.1
0.0
-0.1 T T T T
& N & N
& 2 & v
O & 60 &
) N s @
%é}\ D & ~
Lungs
2.0
*
1.5
* #
1.0+
0.5
0.0 T T T T
AN n
° *\r ° 6?’
& & & ¢
& X ~

Mg Agl/g Tissue

Hg Ag/g Tissue

ug Agl/g Tissue

Page 18

Liver
10+
*#
8_
*
s_
4_
z_
0 T | T T
» N
o \ 4 o %V'
3 \&‘\ Q) &
& 2 & ~
QQ" ¥
Heart
0.5
0.4 i
: *
0.3
0.2
0.1
-0.1 T T T T
S & & F
S \a & oF
S & ) J
& 2 & ~
&
Brain
0.15-
* *
e =
0.10
0.05-
0.00
-0.05 T T T T
S Q o Q
N S
O ) < )
& ')‘? & \“Q\
‘g;b\ I «

Average Concentration of AgNPs in Selected Organs of Treated and Control Healthy and
MetS Mice. The Ag content of each organ was assessed via atomic absorption spectroscopy.
The metal content in ug was divided by the weight of the organ in g in order to assess data in

terms of Ag concentration. All analyses are reported as mean + SEM (n=6-8/group). *

denotes statistical significance as compared to the corresponding untreated control group,

and # denotes statistical significance as compared to the corresponding healthy group.

Comparisons were performed by two-way ANOVA with Tukey post hoc analysis; p<0.05).
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Figure 3.
Changes in Gene Expression in the Liver Following Exposure to AgNPs in Healthy or MetS

Mice. Gene expression of TNF-a,, CCL2, CXCL1, CXCL2, HO-1, and TGF- p and GAPDH
(control) was assessed through PCR to evaluate the inflammatory, pro-fibrotic, and oxidative
stress responses induced by AgNP exposure. All analyses are reported as mean = SEM
(n=6-8/group). * denotes statistical significance as compared to the corresponding untreated
control group, and # denotes statistical significance as compared to the corresponding
healthy group. Comparisons were performed by two-way ANOVA with Tukey post hoc
analysis; p<0.05).
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Figure 4.
Changes in Gene Expression in the Spleen Following Exposure to AgNPs in Healthy or

MetS Mice. Gene expression of TNF-a, CCL2, CXCL1, CXCL2, HO-1, and TGF- B and
GAPDH (control) was assessed through PCR to evaluate the inflammatory, pro-fibrotic, and
oxidative stress responses induced by AgNP exposure. All analyses are reported as mean +
SEM (n=6-8/group). * denotes statistical significance as compared to the corresponding
untreated control group, and # denotes statistical significance as compared to the
corresponding healthy group. Comparisons were performed by two-way ANOVA with
Tukey post hoc analysis; p<0.05).

J Toxicol Environ Health A. Author manuscript; available in PMC 2021 April 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kobos et al.

Page 21

ccL2 TNF-o.
- & # 5 15
2 Do
g8 s
82 82 ;
53 £3 "
@ 2
5% 5208 .
ze o e
w E
0 0.0
o ® S > ° >
& & & S8 IS P
*oo K 600 o %y *79 o 679
S S O o S S & &
& & A w Q@a,\ & & F
CXCL1 CXCL2
6 * 4
2 2
-8 80 #
£t 15 :
G 34 G 9
o9 # °9
&< S22
ST *# 5T
32 De
o o
w 0 w 0
> © > o > ] > d
£ & L £ & &L F
G4 L \ 2 <& A @d’ v
S & oG & Lo
& & o~ ) & = G
& & « A SR
HO-1 TGF-p
3 5 3 25 o
gE4 ud 5320
EE EE
=3
383 8815
© > ° >
oL - 1]
€22 §510
St 52 #
st 5 205 il
& I
0 0.0
> o > %
& &S & & & &
& ¥ < v i v ° A
3 @\ ) ] ) S )
N R & & N A & \’9
L € & o

Figure 5.
Changes in Gene Expression in the Kidney Following Exposure to AgNPs in Healthy or

MetS Mice. Gene expression of TNF-a, CCL2, CXCL1, CXCL2, HO-1, and TGF- B and
GAPDH (control) was assessed through PCR to evaluate the inflammatory, pro-fibrotic, and
oxidative stress responses induced by AgNP exposure. All analyses are reported as mean +
SEM (n=6-8/group). * denotes statistical significance as compared to the corresponding
untreated control group, and # denotes statistical significance as compared to the
corresponding healthy group. Comparisons were performed by two-way ANOVA with
Tukey post hoc analysis; p<0.05).
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Figure 6.
Changes in Gene Expression in the Heart Following Exposure to AgNPs in Healthy or MetS

Mice. Gene expression of TNF-a,, CCL2, CXCL1, CXCL2, HO-1, and TGF- p and GAPDH
(control) was assessed through PCR to evaluate the inflammatory, pro-fibrotic, and oxidative
stress responses induced by AgNP exposure. All analyses are reported as mean = SEM
(n=6-8/group). * denotes statistical significance as compared to the corresponding untreated
control group, and # denotes statistical significance as compared to the corresponding
healthy group. Comparisons were performed by two-way ANOVA with Tukey post hoc
analysis; p<0.05).
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Figure 7.
Changes in Gene Expression in the Lung Following Exposure to AgNPs in Healthy or MetS

Mice. Gene expression of TNF-a,, CCL2, CXCL1, CXCL2, HO-1, and TGF- p and GAPDH
(control) was assessed through PCR to evaluate the inflammatory, pro-fibrotic, and oxidative
stress responses induced by AgNP exposure. All analyses are reported as mean = SEM
(n=6-8/group). * denotes statistical significance as compared to the corresponding untreated
control group, and # denotes statistical significance as compared to the corresponding
healthy group. Comparisons were performed by two-way ANOVA with Tukey post hoc
analysis; p<0.05).
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Figure 8.
Changes in Gene Expression in the Brain Following Exposure to AgNPs in Healthy or MetS

Mice. Gene expression of TNF-a, CCL2, CXCL1, CXCL2, HO-1, and TGF- p and GAPDH
(control) was assessed through PCR to evaluate the inflammatory, pro-fibrotic, and oxidative
stress responses induced by AgNP exposure. All analyses are reported as mean = SEM
(n=6-8/group). * denotes statistical significance as compared to the corresponding untreated
control group, and # denotes statistical significance as compared to the corresponding
healthy group. Comparisons were performed by two-way ANOVA with Tukey post hoc
analysis; p<0.05).
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AgNP Characterization.

Table 1.

Particle Concentration (NPs/pg x 109

Hydrodynamic Size (nm)

Polydispersion Index

€ Potential (mV)

AgNPs

55+0.6

27.0+0.2

0.09 +0.006

-54.8+0.3

Page 25

Data represent mean + SEM, n=4/group. AgNPs were characterized via assessment of C-potential, hydrodynamic size, and polydispersion index.
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Table 2.
Characterization of Healthy and MetS Mice.

Healthy Control | Healthy AgNPs | MetS Control | MetS AgNPs

Body Weight (g) 343209 326+17 504+117 | 4875+127
HDL (mg/dL) 132.7+10.1 1287+134 | 2009+10.7" | 2443+ 19.18"

LDL/VLDL (mg/dL) 43.1+13 46.3+27 5614277 613+41"
Total Cholesterol (mg/dL) | 159.8 +12.9 1578103 | 2735+186" | 298.4+16.1"

Insulin (ng/mL) 053+0.1 059+£0.1 8.6 + 2.4” 7504217

% HBA1lc 4.21+0.1 4.45+0.2 4.55+0.6 478+0.2

Serum from healthy and MetS mice was characterized for traditional lipid endpoints via commercially available kits to measure total bound and

unbound cholesterol, HDL, LDL/VLDL, insulin, and glycated hemoglobin (HBAc).

# S . . .
denotes statistical significance as compared to the corresponding healthy group. Comparisons were performed by two-way ANOVA with Tukey

post hoc analysis; p<0.05). All analyses are reported as mean + SEM, n= 7-8/group.
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