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14 e Abstract

15  The health concerns of microplastics (MPs) and nanoplastics (NPs) surge, but the key
16  indicators to evaluate the adverse risks of MPs/NPs are elusive. Recently, MPs/Ps were found
17  to disturb glucose and lipid metabolism in rodents, suggesting that MPs/NPs may play a role
18  inobesity progression. In this study, we firstly demonstrated that the distribution of fluorescent
19  polystyrene nanoplastics (nPS, 60 nm) white adipose tissue (WAT) of mice. Furthermore, nPS
20  could traffic across adipocytes in vitro and reduced lipolysis under f-adrenergic stimulation in
21  adipocytes in vitro and ex vivo. Consistently, chronic oral exposure to nPS at the dietary
22 exposure relevant concentrations (3 and 223 pg/kg body weight) impaired fasting-induced lipid

23 mobilization in obese mice and subsequently contributed to larger adipocyte size in the
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subcutaneous WAT. In addition, the chronic exposure of nPS induced macrophage infiltration
in the small intestine and increased lipid accumulation in the liver, accelerating the disruption
of systemic metabolism. Collectively, our findings highlight the potential obesogenic role of
nPS via diminishing lipid mobilization in WAT of obese mice and suggest that lipolysis

relevant parameters may be used for evaluating the adverse effect of MPS/NPs in clinics.
Key words: nanoplastics, obesity, adipose tissue, lipolysis
Highlights
e Nano-sized PS accumulated in white adipose tissue in mice.
e nPS at the physiological relevant level showed little effect on adipogenesis
e nPS at the diet-relevant level suppressed lipolysis in high-fat diet fed mice
e nPS induced inflammation in the small intestine.
e nPS enhanced fat accumulation in the liver in high-fat fed mice.
Abbreviations:
microplastics MP
nanoplastics NP

polystyrene nanoplastics nPS

white adipose tissue WAT

high-fat diet HFD

intraperitoneal glucose tolerance test IPGTT
immunohistochemistry IHC

triacylglyceride TG
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1. Introduction:

The fast-growing of plastic pollution has raised awareness among the globe and many policies
have been implemented to slow down the drastically increasing plastic usage and plastic
pollution (1). About 8.3 billion metric tons of plastics have been accumulated in the
environment by 2017 (2), and the annual production of plastics increased from 225 million
tonnes in 2004 to 368 million tonnes in 2019 globally (3). Recently, the outbreak of COVID-
19 pandemic has disrupted this progress. With the mandatory requirement of wearing

facemasks and the increased use of personal protective equipment, an estimation of 1.6 million
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tonnes of plastic waste are made every day worldwide since the outbreak of COVID-19 (4,5).
The half-life of plastics ranges from 4.6 (e.g. plastic bags) to 5000 years (e.g. pipes) on land,
while microscale and nanoscale plastic particles are continuously released during the
degradation process (6). Consequently, the environmental and health concerns of plastics arise

overtime.

Microplastics (MPs, 1 um - 5 mm in size) (7) and nanoplastics (NPs, 1 - 1000 nm in size) (8-
10) are unwanted particles that result from the manufacturing and degradation of plastic objects.
We are exposed to MPs/NPs mainly through indoor air inhalation (11,12), drinking water (13)
and food-chain ingestion (11). NPs can be fragmented from MPs (14), and are detected in
several organs such as the intestine, liver, kidney, heart and even lymph nodes of rodents (15).
Besides their wide distribution, smaller-sized NPs could be taken up more efficiently than MPs
(16). In addition, NPs may attach more easily than MPs to organic chemicals/molecules due to
their larger surface area (17). A recent study has discovered plastic particles of various polymer
types in human blood, indicating that plastic particles can circulate in the human body and can
reach various organs in the human body (18). Therefore, the evaluation of the potential health

risks of NPs is necessary.

The clinical evidence about the health risks of MPs/NPs is still lacking. However, an increasing
number of animal studies have raised the health concerns of the potential harmful effects of
MPs/NPs. In aquatic organisms, the toxicity of MPs/NPs (19) has been reported mainly in the
digestive (20-22), reproductive (23,24), nervous (25,26) and immune systems (27,28), as well
as the embryo development (29,30). In laboratory rodents, the health repercussions of MPs/NPs
seem to be relatively mild (19,31-34). As reviewed in (35-37), previous rodent studies have

revealed that MPs/NPs caused inflammation in the respiratory system (38,39), damaged the
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intestinal barrier function and altered microbiota (40,41), stimulated oxidative stress and
subsequently disturbed glucose and lipid metabolism in the liver (41,42), impaired
spermatogenesis and its associated reproductive hormone function (43,44). However, the
effects of NPs on anxiety and cognition in rodents are lack of consistency (31-33). Furthermore,
compared to MPs, smaller-sized NPs generally presented longer retention time in aquatic
organisms (45,46) and more severe damage in the reproductive and nervous systems (35), but

with less disturbance in the liver (25,47).

There are only a few studies investigated the role of NPs in lipid metabolism and adiposity,
and the effect is inconclusive yet. In chow diet fed lean mice, orally exposure to NPs was
reported to reduce lipid accumulation in the liver and adipose tissue in ICR mice (48). In
contrast, same dosage and size of NPs treatment was found to increase adiposity in male
C57BL/6 mice (49). Meanwhile, orally exposure to higher dosages (5 and 15 mg/kg body
weight) of NPs significantly increased hepatic lipids and serum glucose level with little effect
in body weight (50). In high fat diet (HFD) fed obese mice, NPs treatment via i.v. injection
accelerated lipid accumulation and fibrosis in the liver as well as increased body weight (42).
These above data suggested that acute NPs exposure could disturb systemic lipid metabolism

and adiposity, however, the underlying mechanism remains elusive (37).

Herein, we evaluated the distribution and physiological effects of dietary exposed polystyrene-
nanoplastics (nPS) at the cellular, tissue, and organismal levels. Polystyrene was employed as
a representative NP due to its commonality in the production of carryout containers (37) and
plastic wastes (51). The dosage of nPS we used in vitro is relevant to the plastic particle level
in human blood (18), and that in vivo is relevant to dietary exposure level (11,52,53). Thus,

our results reflect the health risks of nPS we may be facing currently. Our findings revealed
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the preferential accumulation of nPS in white adipose tissue (WAT) and demonstrated for the
first time that nPS impaired lipid mobilization upon lipolytic stimulation in adipose tissue.

These data suggested a potential obesogenic role of nPS.

2. Materials and methods:

2.1 Nanoparticle and Chemicals.

Polystyrene nanoparticles (nPS, Cat No0.17149, Polysciences, Warrington, PA, USA). nPS
particles (3.64 x 10 particles/mL) were suspended in milliQ water as the stock. nPS were
analysed with Raman spectroscopy (Wotton-under Edge, England) (54) and NanoSight
(Spectris, UK). Other Detailed chemicals and reagents are in the Supplementary material

(Supplementary table 1-3).

2.2 Raman microspectroscopy of nPS.

The nPS particles were characterized with Raman spectroscopy using a Renishaw inVia
confocal Raman microscope (Wotton-under Edge, UK) equipped with a Leica 50x objective
(Wetzlar, Germany) and a 785 nm excitation laser (300 mW output power). The nPS were
deposited on a flat surface of aluminium to form a continuous particle film, from which a
Raman spectrum was acquired for 5 s using 10% laser power in the wavenumber range of 676
— 1767 cm™. The Raman microscope was calibrated using the vibrational band at 520 cm™ of
a silicon reference (54). The spectrum of nPS was compared against the spectra of standard

plastics provided in the Renishaw Polymeric Materials Database.

2.3 Animals and Treatments.
Three-week-old male C57BL/6J mice were purchased from The Chinese University of Hong

Kong (Hong Kong) and housed in the Centralized Animal Facilities in The Hong Kong
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Polytechnic University on a 12/12 h light/dark cycle at 22-25 °C. Food and water were
provided ad libitum. These mice were randomly assigned into three groups (n = 5) to receive
drinking water with different concentrations of nPS supplemented (corresponding to 0, 2.8,
223 ng/day/kg body weight) for 8 consecutive weeks, starting from their age at 5 weeks old
(Figure 5A). The low-nPS and high-nPS concentrations correspond to the daily consumption
of 1.44 x 10° and 9.74 x 10%° particles/mouse/day, respectively. All three groups of mice were
given HFD (Cat No0.D12492, Research diets Inc., New Brunswick, NJ, USA) during the 8
weeks’ experimental period. The major ingredients in the HFD are lard (31.66% in weight),
casein (25.84% in weight) and maltodextrin 10 (16.15% in weight). The fat content contributes
to 60% of total calorie in the diet. Experimental procedures were approved by the Animal
Subjects Ethics Sub-Committee. After the mice were sacrificed, the tissue and serum samples

were collected for further analysis.

2.4 Fasting blood glucose level and intraperitoneal glucose tolerance test (IPGTT).

Mice were fasted overnight for 12 hours before performing the IPGTT, as described previously
(55). The blood was drawn from tail vein and the glucose level was measured at 0, 15, 30, 45,
60, 120 minutes after injecting glucose solution at the dosage of 2 g/kg bodyweight

intraperitoneally.

2.5 IVIS Imaging.

Full body and tissue distribution of nPS was visualized using the Perkin-Elmer IVIS Imaging
System (PerkinElmer, Waltham, MA, USA). Briefly, nPS particles were suspended in water
and administrated to 9-week-old C57BL/6J female mice via oral gavage for four consecutive
days at a concentration of 0 or 500 ug/day/mouse. During these four days, mice (n = 2) were

assigned to either chow or HFD ad libitum. Two hours after the fourth dosage, mice were
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anesthetized by ketamine/xylazine and shaved before full body imaging. During imaging

process, the mice received isoflurane gas anesthesia. Fluorescent images of both dorsal and

ventral sides of the mice were taken under Aex / Aem at 440 nm / 520 nm, which is the closest

wavelength to the fluorescent spectrum of the nPS administrated. A binning factor of “8” and
the exposure time of “4 seconds” were used. The region of interest (ROI) of the control mice,
which did not receive any fluorescent nPS administration, was selected and its fluorescent
signal was calculated as the background to generate the background-subtracted image for the
treatment group. The fluorescent signal intensity was expressed in radiance (Figure 2A), with
red as strong signals and blue as weak signals. Afterwards, blood was drawn by cardiac
puncture and the tissues were taken out for IVIS imaging on a black colour paper to minimize

the background fluorescence. A binning factor of “4” and the exposure time of “3 seconds”

were set to take pictures under Aex / Aem at 440 nm / 520 nm. The fluorescent signal intensity

was expressed in radiant efficiency, with yellow to indicate strong fluorescent signals and dark-
red as weak signals (Figure 2A). Living Image® software (PerkinElmer, USA) was used for

data analysis after the pictures were captured.

2.6 Histological analysis.

WAT tissues from the experimental mice were cryosectioned in 20-um thickness under -30 °C.
Adipocyte diameters were quantified by Adiposoft software. Liver tissues were cryosectioned
in 10-um, followed by H&E staining. The small intestine samples were processed with gut
bundle method as described before (56), followed by paraformaldehyde fixation and paraffin
embedding. The 5-um sections were used for F4/80 immunohistochemistry (IHC) and

hematoxylin nuclei staining. To quantify the number of macrophages/villus, we randomly
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selected 5 areas/section with the optical microscope (Olympus CKX41, Tokyo, Japan). The

number of F4/80 positive cells per villus was calculated.

2.7 Intracellular visualization of nPS.
For visualization of nPS-fluorescent signal, cells were fixed with 4% paraformaldehyde and
the nucleus was stained with Hoechst 33342. Images were taken with a Leica TCS SPE

Confocal Microscope (Leica, Germany).

2.8 Adipocyte Cell Culture and Analysis.

The 3T3-L1 murine preadipocytes (ATCC, Manassas, VA, USA) were maintained and
differentiated as described previously (57). nPS were added in the culture medium to achieve
the concentrations of 10° and 10 particles/ml during the differentiation period from Day 0 to
Day 6. Afterwards, the cells were subjected to Oil Red O staining, gPCR analysis, or confocal

imaging.

2.9 nPS uptake analysis.

3T3-L1 preadipocytes and mature adipocytes were seeded in a 96-well black plate and treated
with nPS under serum free medium, incubated at 37 °C with 5% CO,. Additionally,
preadipocytes cultured in the presence or absence of nPS (10'° particles/ml) were put on ice for
passive internalization examination. After that, the cells were washed with PBS three times to
remove any non-internalized nPS. The intracellular nPS-fluorescent signal was quantified by a

microplate reader (Thermo Scientific, Waltham, MA, USA) at EX/Em of 441/486 nm.

2.10  Lipolysis Assay.
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Lipolysis analysis was performed as described before (58). Briefly, for in vitro lipolysis, 3T3-
L1 cells were differentiated for 6-8 days in the presence or absence of nPS (10%° particles/ml),
and then adipocytes were incubated in a glucose medium containing 2% fatty-acid-free BSA
with or without isoproterenol (10 uM). Similarly, for ex vivo lipolysis, mouse epididymal WAT

was minced and cultured in low glucose DMEM containing 2% fatty-acid-free BSA in the

presence or absence of nPS (10 particles/ml) for 1 hour. Then, 10 uM isoproterenol or vehicle

was added into the medium for 6 hours. The glycerol in the culture medium was quantified
with an associated kit (Nanjing Jiancheng, China) according to the manufacturer’s protocol.

Total protein in cells/tissues was quantified with BCA method for normalization.

2.11 RNA isolation and Quantitative Real- time PCR.

Total RNA was extracted from the indicated tissues after homogenizing by a tissue
homogenizer together with Trizol. The cDNA was synthesized with PrimeScript RT Master
Mix (Takara, Japan). Applied Biosystems™ QuantStudio™ 7 Flex Real-Time PCR System
(Waltham, MA, USA) was used with TB Green® Premix Ex Taq™ (Tli RNase H Plus) (Takara,
Japan) to quantify gene expression as described earlier (57). The primers are listed in
supplementary table 1. Expression fold change was calculated using the AACT method using

Ppia as the housekeeping gene.

2.12 Total Protein Extraction and Immunoblotting.
Total protein was extracted from WAT and immunoblotting was performed as described before
(57). p-actin was used as the internal control. The primary antibodies are listed in the

supplementary table 2.

2.13 Measurement of Liver Triacylglyceride (TAG) and serum free fatty acid (FFA).

10



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

Liver samples were homogenized with 100% ethanol by a tissue homogenizer. The samples
were centrifuged, and supernatant was collected for TAG measurement using a TAG assay kit
(cat. no. A110-1-1, Nanjing Jiancheng, China). The serum free fatty acid (FFA) level was

measured using an FFA kit (cat. no. A042-2-1, Nanjing Jiancheng, China).

2.14  Statistical Analysis.

All data are shown as means £ SEM. Two tailed student’s T-test was used to calculate the
statistical difference between two groups. One-way ANOVA with Tukey post-hoc test was
applied to compare among three groups. All statistical analyses were performed using Prism 9

(GraphPad, San Diego, CA). P < 0.05 was considered statistically significant.

3. Results and Discussion

3.1 Characteristics of nano-PS

For easier tracking of the distribution of NPs, fluorescent nPS were employed and their
fluorescent signal can be clearly visualized under fluorescent microscopy (Figure 1A). With
the help of Raman microspectroscopy, the spectrum of nPS used in this study was compared
against the spectra of standard plastics provided in the Renishaw Polymeric Materials Database,
and was confirmed to be PS according to the characteristic peaks at 1001 cm, 1031 cm™ and
1603 cm® (Figure 1B). In addition, the mean diameter of nPS under water suspension was 63.2
+ 10.6 nm (Figure 1C), and the sharp peak (Figure 1C) suggested that the size of nPS we used
was relatively uniform. In addition, the fluorescence leakage from the our nPS particles in the
gastric juice (pH = 2) was less than 1% over the period of 24 hours’ incubation (Figure S1),

suggesting the fluorescence leakage may be negligible.

3.2 nPS preferentially accumulate in white adipose tissue in mice.

11
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Nanoplastics have been detected in various organs, including the liver, lungs, kidney, heart,
lymph nodes, spleen, brain in different rodents (37), as well as in the offsprings of NP exposed-
rats (59). In humans, the presence of MPs in the placenta (60), colon (60) and feces (53) has
also been reported. However, the accumulation of NPs in adipose tissue is understudied. To
examine the body distribution of nPS in mice, we employed IVIS imaging system and observed
that dietary nPS particles were widely distributed in the main bodies of mice that were fed with
either HFD or chow diet (Figure 2A). The stomach and WAT at both perigonadal (visceral)
and inguinal (subcutaneous) sites showed strong fluorescent-nPS signal (Figure 2B), but such
strong signal was undetectable in the major organs, including the liver, kidney, pancreas, and
spleen (Figure 2B). Interestingly, we did not observe the fluorescent-nPS signal in the lipid

droplets of adipocytes (Figure 2C).

Interestingly, during the preparation of this manuscript, Dr. Q. Hui’s group reported that nPS
via tail vain injection at a high dosage (about 25 times higher than the concentration used here)
could reach various organs, with the strongest nPS-fluorescent signal found in the WAT, liver
and lungs (50). These data supported our finding that nPS could reach the WAT. Whether WAT
works as an nPS “reservoir” in the body needs further investigation. Collectively, these data
illustrated the co-localization of dietary nPS and WAT, suggesting a potential impact of nPS

on the adipose tissue function in vivo.

3.3 nPS shuttles across adipocytes in vitro but have little effect on adipogenesis at the
physiological relevant dosage.

nPS-fluorescent signal was observed in the mice’s WAT (Figures 2B, C), thus, we employed

murine 3T3-L1 preadipocyte cell line to further evaluate the mobilization of nPS in adipocytes.

Recently, 1.6 pg/ml of plastic particles were quantified in serum from several clinical samples

12
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(18), and this concentration corresponds to about 10° particles/ml of 60 nm-sized nPS. We
found that nPS (10%° particles/ml) in the culture medium efficiently internalized into both
preadipocytes and adipocytes within 4-8 hours, and with higher accumulation level in
preadipocytes than in mature adipocytes (Figure 3A). Interestingly, preadipocytes on ice
presented fluorescent-nPS signal within 8 hours of incubation (Figure 3A), suggesting that nPS
could passively enter preadipocytes. Consistently, nPS was reported previously to be able to
passively enter model cell membranes and rat basophilic leukemia cells (61). For the
intracellular distribution of nPS, the 3D imaging at a series of focal planes by confocal
microscopy revealed that the nPS particles were mainly distributed in the cytoplasm (Figure
3B) and were able to enter the cell nucleus (white arrow pointing to the intranuclear green-nPS
signal in Figures 3B), but not in the lipid droplets of adipocytes (Figure S2). 60 nm-sized nPS
particles were also detected in the nuclei of Caco-2 cells previously (62), but not in rat
basophilic leukemia (RBL-2H3) cells (63), suggesting their intracellular distribution varied
among different cells. After the adipocytes were loaded with nPS during adipogenesis, we
observed that intracellular nPS-fluorescent signal reduced significantly after lipolysis (Figure
3C). It suggested a possible excretion of nPS from adipocytes, which may be via
exocytosis/penetration as similar to that in rat basophilic leukemia (RBL-2H3) cells (61).
Collectively, we demonstrated that nPS could both passively and actively internalize into the
cytoplasm and nucleus in preadipocytes and adipocytes, and that nPS may exit adipocytes
during lipolysis. However, in the lipid-droplet containing adipocytes, how nPS shuttles across

the membranes needs further study.

The ability of nPS to enter the cell nuclei brings a serious health concern, since cell division
and transcriptional regulation occur in the cell nuclei. Whether nPS internalization could

influence adipocyte function remains unclear. The dominant role of adipocytes is for energy

13
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storage, and thus, adipogenesis and lipogenesis are the main bioprocesses in adipocytes. In
3T3-L1, nPS treatment at circulation relevant dosages of 10° or 10'° particles/ml throughout
the whole period of adipogenesis had little effect on lipid accumulation (Figure 3D) or the
MRNA levels of genes involved in lipid production [fatty acid synthase (FAS), diacylglycerol
acyltransferase 1 and 2 (DGAT1, DGAT2)] (Figure 3E). These findings suggested that nPS
with up to about 0.8 ug/ml dosages (10%° particles/ml) had minimal influence on adipogenesis
or lipogenesis in vitro. In contrast, plastic particles with larger size (400 nm) and higher
concentration (1.2 - 2.4 mg/ml) showed the pro-adipogenic effect in bone marrow stem cells
(64). The controversy is mainly due to the difference in concentration. Dr. Rotchell’s team have
compared 168 in vitro studies and concluded that higher concentration of NPs have stronger
affect in adipocytes (65). Since the dosage we used here is relevant to the plastic particle level
in human blood, thus, NPs may not show clear pro-adipogenic effect currently. However, with
the inevitable accumulation trend of environmental plastics, we could perspeculate a potential

obesogenic role of NP at high exposure concentration in the future.

3.4 nPS treatment impairs glycerol release upon lipolytic stimulation in adipocytes in
vitro.
Lipid mobilization in adipocytes plays an important role in regulating systemic energy balance
(66), and lipolysis is a process to break down TAG for providing energy to other organs (67).
Three neutral lipases, adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and
monoglyceride lipase (MGL), are responsible for sequential hydrolysis of TAG to glycerol and
fatty acids (66). Pro-lipolytic hormones mediate the phosphorylation of HSL and cofactors
(like perilipin), and subsequently the intracellular relocation of the lipases for TAG hydrolysis
(67). It was reported that nanoparticles induced autophagy in several cells (68,69), while lipid

degradation in adipocytes could be mediated by autophagy (67). Therefore, we hypothesized

14
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that internalized nPS in the adipocytes may affect lipid mobilization. The lipolysis is low in the
fed state (basal state), but can be induced upon energy demanding (e.g. fasting or hormone
stimulation, termed as stimulated state, Figure 4A). We quantified glycerol, the end product of
lipolysis, under basal and stimulated (isoproterenol, which is a B adrenergic receptor agonist)
conditions, respectively. Surprisingly, nPS treatment lowered isoproterenol-induced free
glycerol in the medium (Figure 4B), without affecting the basal lipolysis level. To bridge the
in vitro and in vivo gap, we employed epidydimal WAT (epiWAT) from male mice (8 weeks
old) as the ex vivo model. Consistently, acute treatment of nPS in cultured WAT also tended to
reduce glycerol level in the medium under isoproterenol’s stimulation (Figure 4C, p = 0.053).
These data demonstrated that nPS may impair B adrenergic receptor-mediated lipolysis in
adipose tissue in vitro. It is well known that B adrenergic receptor-mediated lipolysis is
impaired in obese patients with lower levels of adenylyl cyclase activity (70), therefore, we

further investigated the role of nPS in lipolysis in obese mice in vivo.

3.5 Chronic oral exposure to nPS impairs fasting-induced lipolysis in obese mice.

HFD fed C57BL/6J male mice were given drinking water supplemented with different doses
of nPS (Figure 5A). The exposure dosages of MPs/NPs vary significantly according to
geographic location and lifestyle in reality, thus the two concentrations of nPS we used in this
study were chosen to represent low- and high-exposure scenarios: The low concentration was
calculated based on the nanoplastic exposure level from one cup of tea (52) as well as the dose
conversion between mice and human (12.3:1) (71). The high concentration was based on the
estimated exposure level in US (11,53) and the dosage commonly used in many other research
papers (40,48,72). The treatment stage covered the period from adolescence to adult years
(from 5 weeks to 13 weeks), which provides an insight into the nPS’ effect to the young

generation with the drastically increase in nPS exposure in recent years.
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During the 8 weeks treatment period, neither the body weight, food intake, nor water intake of
the mice were significantly affected by dietary nPS at the tested dosages (Figures 5B-D).
Consistently, nPS at the tested dosages had little effect on the weight of different organs (Figure
5E-G) or HFD-induced glucose intolerance (Figure 5H, 1). Previous studies had reported
adverse effects of nPS on glucose metabolism and hepatic fibrosis (42,50), which were not
detected in our study. The possible reasons for the inconsistent phenotypes could be largely
due to the differences in exposure concentration and size of the particles, mouse gender and

diet-induced metabolic model.

Previously, we demonstrated the impaired stimulated-lipolysis in both in vitro adipocytes
(Figure 4B) and ex vivo WAT maodels (Figure 4C). Consistently, we found that H-nPS-exposed
mice had significantly lower serum FFAs level after overnight fasting (Figure 6A), while these
serum FFAs were predominantly released from WAT. Furthermore, we found that the inguinal
WAT (ingWAT) from the nPS-exposed mice had bigger adipocytes than the control mice
(Figure 6B), which suggested an upregulated TAG synthesis or a downregulated lipolysis in
the WAT. Since the mRNA levels of genes involved in lipid synthesis in WAT were either
unaltered or reduced (Figure 6C), the enlarged size of adipocytes was not likely to have
attributed to lipogenesis in the nPS-treated mice. Then, we examined the lipolysis associated
proteins in WAT. Consistent with our in vitro data, nPS treatment significantly reduced the
protein levels of lipolytic enzymes (ATGL, HSL and phosphorylated-HSL*%®°) in epiWAT
(Figure 6D). Adipocytes from obese humans showed lower lipolysis under hormone-
stimulation and decreased levels of HSL than that from lean individuals (73), while ATGL and
HSL are responsible for sequential hydrolysis of TAG to glycerol and fatty acids (66).

Collectively, nPS impaired fasting-stimulated lipolysis in WAT and contributed to the larger
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size of adipocytes in WAT, which will potentially promote obesity development. These
findings suggested that the lipolysis relevant parameters may be used for evaluating the adverse
effect of MPs/NPs in clinics. To our knowledge, the role of MPs/NPs on lipolysis has been

ignored in the field.

Prior studies mainly used chow diet fed lean mice, in which the effects of NPs in adiposity
were controversial (48,49). Oral exposure of NPs (500 nm at 200 pg/kg) for 5 weeks lowered
body weight and lipid level in adipose tissue (48), while another group showed polystyrene
bead ingestion (500 nm at 3.6 ug/day/mouse) for 12 weeks promoted adiposity and
cardiometabolic disease (49). Thus, the obesogenic role of NPs in lean mice may not be that
significant. Compared with regular chow diet, HFD feeding induces a feature of permeable gut
barrier in animals (74) and humans (75), which may facilitate the absorption of dietary NPs.
Furthermore, HFD feeding was reported to accelerate the adverse effects of pollutants, like
glucose intolerance, lipid metabolic disorder and liver injury (76), thus, HFD may amplify the
health risks of NPs. In our study, we employed HFD fed mice and revealed the anti-lipid
mobilization role of nPS. Further investigating on the interaction of HFD and nPS could reveal

whether we could minimize the adverse effect of MPs/NPs by manipulating our diet.

3.6 Chronic oral exposure to nPS accelerates lipid accumulation in the liver.

It was widely reported that MPs/NPs induced inflammation in the gut (77-79) and oxidative
stress in the liver (80-82). However, whether the harmful effects of nPS could also be observed
in HFD-fed mice remains elusive. Thus, histopathological examination was performed on the
small intestine and liver samples. The F4/80 IHC staining in the small intestine showed a
significant increase in macrophage infiltration following nPS treatment at both high and low

dosages (Figures 7A, B). In addition, the H&E staining in liver samples showed more and
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larger lipid droplets upon nPS treatment (Figure 7C), consistent with the TAG quantification
results (Figure 7D). However, this pro-ectopic lipid accumulation function of nPS is not dose
dependent. To further explore how nPS accelerated TAG level in the liver, we examined the
MRNA level of the responsible genes. The nPS treatment increased the mRNA level of TAG
synthetic gene (DGAT1) but did not induce the expression of key genes involved in de novo
lipogenesis (FAS, SREBP-1c) or lipid droplet growth (Fsp27). In agreement with our results,
acute i.v. injection of nPS (43 nm, 1 or 5 pug/mouse) also increased TAG accumulation and
potentiated fibrosis in the liver in HFD fed female mice (42). In contrast, in the chow fed lean
mouse model, oral exposure of NPs (500 nm at 200 ug/kg) for 5 weeks lowered lipid level in
the liver (48) while 5 um MP (100 pg/kg) for 4 weeks increased fat vacuoles in mice (82). The
opposite effects of NPs in lipid metabolism in the liver from HFD and chow fed mice may be
due to the basal metabolic status. When our mice were exposed to HFD and nPS simultaneously
for 8 weeks, HFD induced more permeable gut barrier (74) and metabolic stress (83) in these
mice. Therefore, the liver may be more susceptible to the exposure of nPS. Collectively, these
data demonstrated a direct or indirect effect of nPS on ectopic lipid synthesis in the liver,

however, the mechanism needs to be further studied.

4. Conclusion

In conclusion, we demonstrated that 60 nm-sized nPS preferentially accumulated in WAT and
impaired lipid mobilization in adipocytes under stimulation both in vitro and in vivo, a result
that was associated with the increased adipocyte size in subcutaneous WAT. Our work
highlighted the potential obesogenic role of nPS via diminishing lipolytic response to [3-
adrenergic/fasting stimulation in WAT in obese mice for the first time. In addition, chronic oral
exposure to nPS at the tested dosages increased inflammation in the gut and accelerated lipid

accumulation in the liver in HFD-fed mice. Collectively, the results of this study demonstrated
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the potential health risks of nPS in accelerating the development of obesity and its associated

fatty liver diseases under HFD feeding conditions.
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Figure legends:

Figure 1. Characteristics of polystyrene nanoparticles (nPS). (A) picture of fluorescent
polystyrene particles by epi-fluorescent microscopy. (B) The spectrum of our nPS (in red)
compared with the standard spectrum of PS (in green). (C) The size distribution of nPS
dispersing in milliQ water measured by NanoSight.

Figure 2. nPS preferentially accumulates in white adipose tissue in mice. (A) IVIS images
of the mice receiving fluorescent-nPS orally for four consecutive days (500 pg/day). (B) IVIS
images of major organs of the mice in (A) to indicate the distribution of fluorescent-nPS. (C)
Fluorescent-nPS signal was detected in the cryosections of perigonadal white adipose tissue
from mice in (A).

Figure 3. nPS shuttle across adipocytes in vitro but affect little on adipogenesis. (A) 3T3-
L1 preadipocytes and mature adipocytes were incubated with nPS at 37 °C or on ice for 8 hours.
nPS-fluorescent signals were measured at the indicated time points (n = 3). (B) 3T3-L1
preadipocytes were cultured with nPS (10%° particles/ml) during the whole period of
adipogenesis, and the nuclei were stained with hoechst 33342. Three-D images were taken by
confocal microscopy. White arrow points to the intranuclear green-nPS signal. (C) 3T3-L1
preadipocytes were differentiated in the presence or absence of nPS (10 particles/ml) from
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days 0-6. Then adipocytes were cultured in serum free medium with or without isoproterenol
to induce lipolysis, respectively. Intracellular fluorescent signals were quantified after 4 hours
of lipolysis (n = 5). 3T3-L1 preadipocytes were differentiated with or without nPS at the
indicated concentrations, representative images of Qil red O and the lipid quantifications are
shown in (D) (n = 8). (E) Total RNA extracted from mature adipocytes was subjected to
quantitative Realtime-PCR for the analysis of expression of genes involved in lipid synthesis
(FAS, DGAT1, DGAT?2). All data presented were mean + S.E.M., *, p < 0.05; **, p < 0.01,
*** p<0.001.

Figure 4. nPS treatment impairs glycerol release upon lipolytic stimulation in adipocytes
in vitro. (A) Schematic diagram of lipolysis in adipocytes. (B) Adipocytes incubated with or
without nPS (nPS and Ctrl groups, respectively) were cultured in low glucose medium in the
presence or absence of isoproterenol (10 uM) for 1 and 2 hours, respectively. Associated
mediums were collected to quantify free glycerol level as described in the experiments. (C)
Epididymal WAT from eight-week-old C57BL/6J mice was minced and loaded with nPS, and
the culture medium was collected after 6 hours’ lipolysis in the presence or absence of
isoproterenol as described in the experiment. Glycerol level was quantified in the medium.

Figure 5. Chronic oral exposure to nPS had little effect on body or tissue weights. (A)
Schematic diagram of experimental design. Male C57BL/6J mice were given HFD and
drinking water with or without nPS (3 and 223 pg/kg body weight/day, indicated as L-nPS and
H-nPS, respectively) for 8 weeks. nPS treatment did not affect the body weight (B), food intake
(C) or water intake (D) (n = 5 mice per group). The tissue weights of various organs
[epididymal (Epi), Inguinal (Ing), retroperitoneal (Retro), mesenteric adipose tissue (MAT)
and brown adipose tissue (BAT)] (E) were significantly higher in HFD-fed mice than those
from chow diet fed age-matched mice. However, nPS treatment had little effect on the adipose
tissue weight, spleen, pancreas, liver, or kidney (F, G). After 7 weeks of nPS-treatment, IPGTT
was performed to measure mice glucose tolerance (H) and area of the curve (AOC) (1) of the
IPGTT was calculated. (n = 5 mice per group). All data presented were mean £ S.E.M. *, p <
0.05; **, p < 0.01; ***, p < 0.001.

Figure 6. Chronic oral exposure to nPS impaired fasting-induced lipolysis in obese mice.
The experimental mice in Figure 5 were overnight fasted and sacrificed as indicated in Figure
5A. Serum and several tissues were collected for further analysis: (A) The serum FFA levels
were quantified (n = 5). (B) adipocyte size in inguinal WAT were quantified (n =5). (C) Total
RNA extracted from epiWAT was subjected to quantitative Realtime-PCR for the analysis of
expression of genes involved in lipid synthesis (FAS, DGAT1, DGATZ2) and adipokine (leptin).
(D) Western blot analysis for ATGL, HSL, p-HSL and B-actin in epididymal WAT. Data are
presented as means = SEM. *, p <0.05; **, p <0.01; *** p <0.001. Unpaired Student’s t-test
was used for comparison between two groups.

Figure 7. Chronic oral exposure to nPS accelerated lipid accumulation in liver. (A)
Representative images of F4/80 IHC-stained small intestine sections from ctrl and nPS
treatment groups. (B) The number of macrophages on the small intestine samples showed a
dose-dependent increase. (C) Representative images of H&E-stained liver sections from ctrl
and nPS treatment. Scale bar is 50 um. (D) Liver triglyceride level was measured in Ctrl and
nPS treatment mice (n = 5). (E) qRT-PCR analysis of lipogenic genes in liver samples (n = 4).
All data presented were mean £ S.E.M. *, p < 0.05; **, p <0.01; ***, p <0.001.
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Figure 3. nPS shuttle across adipocytes in vitro but affect little on adipogenesis. (A) 3T3-

L1 preadipocytes and mature adipocytes were incubated with nPS at 37 °C or on ice for
8 hours. nPS-fluorescent signals were measured at the indicated time points (n = 3). (B)
3T3-L1 preadipocytes were cultured with nPS (10%° particles/ml) during the whole
period of adipogenesis, and the nuclei were stained with hoechst 33342. Three-D
images were taken by confocal microscopy. White arrow points to the intranuclear



green-nPS signal. (C) 3T3-L1 preadipocytes were differentiated in the presence or
absence of nPS (10 particles/ml) from days 0-6. Then adipocytes were cultured in
serum free medium with or without isoproterenol to induce lipolysis, respectively.
Intracellular fluorescent signals were quantified after 4 hours of lipolysis (n = 5). 3T3-
L1 preadipocytes were differentiated with or without nPS at the indicated
concentrations, representative images of Oil red O and the lipid quantifications are
shown in (D) (n = 8). (E) Total RNA extracted from mature adipocytes was subjected
to quantitative Realtime-PCR for the analysis of expression of genes involved in lipid

synthesis (FAS, DGAT1, DGAT2). All data presented were mean £ S.E.M., *, p < 0.05;
** p<0.01; *** p <0.001.
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Figure 4. nPS treatment impairs glycerol release upon lipolytic stimulation in adipocytes in
vitro. (A) Schematic diagram of lipolysis in adipocytes. (B) Adipocytes incubated with or
without nPS (nPS and Ctrl groups, respectively) were cultured in low glucose medium in
the presence or absence of isoproterenol (10 pM) for 1 and 2 hours, respectively.
Associated mediums were collected to quantify free glycerol level as described in the
experiments. (C) Epididymal WAT from eight-week-old C57BL/6J mice was minced and
loaded with nPS, and the culture medium was collected after 6 hours’ lipolysis in the

presence or absence of isoproterenol as described in the experiment. Glycerol level was

quantified in the medium.
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Schematic diagram of experimental design. Male C57BL/6J mice were given HFD and
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and H-nPS, respectively) for 8 weeks. nPS treatment did not affect the body weight (B),
food intake (C) or water intake (D) (n = 5 mice per group). The tissue weights of various
organs [epididymal (Epi), Inguinal (Ing), retroperitoneal (Retro), mesenteric adipose tissue
(MAT) and brown adipose tissue (BAT)] (E) were significantly higher in HFD-fed mice than
those from chow diet fed age-matched mice. However, nPS treatment had little effect on
the adipose tissue weight, spleen, pancreas, liver, or kidney (F, G). After 7 weeks of nPS-
treatment, IPGTT was performed to measure mice glucose tolerance (H) and area of the
curve (AOC) (I) of the IPGTT was calculated. (n = 5 mice per group). All data presented

were mean = S.E.M. *, p <0.05; **, p < 0.01; ***, p < 0.001.
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Figure 6. Chronic oral exposure to nPS impaired fasting-induced lipolysis in obese mice.

The experimental mice in Figure 5 were overnight fasted and sacrificed as indicated in



Figure 5A. Serum and several tissues were collected for further analysis: (A) The serum
FFA levels were quantified (n = 5). (B) adipocyte size in inguinal WAT were quantified (n =
5). (C) Total RNA extracted from epiWAT was subjected to quantitative Realtime-PCR for
the analysis of expression of genes involved in lipid synthesis (FAS, DGAT1, DGAT2) and
adipokine (leptin). (D) Western blot analysis for ATGL, HSL, p-HSL and B-actin in
epididymal WAT. Data are presented as means + SEM. *, p < 0.05; **, p < 0.01; ***, p <

0.001. Unpaired Student’s t-test was used for comparison between two groups.
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Figure 7. Chronic oral exposure to nPS accelerated lipid accumulation in liver. (A)

Representative images of F4/80 IHC-stained small intestine sections from ctrl and nPS

treatment groups. (B) The number of macrophages on the small intestine samples showed

a dose-dependent increase. (C) Representative images of H&E-stained liver sections from

ctrl and nPS treatment. Scale bar is 50 um. (D) Liver triglyceride level was measured in

Ctrl and nPS treatment mice (n = 5). (E) gRT-PCR analysis of lipogenic genes in liver

samples (n = 4). All data presented were mean + S.E.M. *, p <0.05; **, p < 0.01; **, p <

0.001.
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