UC Riverside
UC Riverside Previously Published Works

Title

Incineration-Generated Polyethylene Micro-Nanoplastics Increase Triglyceride Lipolysis and

Absorption in an In Vitro Small Intestinal Epithelium Model

Permalink

|https://escholarship.orgc/item/6zk9272g

Journal

Environmental Science and Technology, 56(17)

ISSN
0013-936X

Authors

DelLoid, Glen M
Cao, Xiaogiong

Coreas, Roxana

Publication Date
2022-09-06

DOI
10.1021/acs.est.2c03195

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/6zk9272k
https://escholarship.org/uc/item/6zk9272k#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Environ Sci Technol. Author manuscript; available in PMC 2023 September 06.

-, HHS Public Access
«

Published in final edited form as:
Environ Sci Technol. 2022 September 06; 56(17): 12288-12297. doi:10.1021/acs.est.2c03195.

Incineration-generated polyethylene micro-nanoplastics (MNPSs)
increase triglyceride lipolysis and absorption in an in vitro small
intestinal epithelium model
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T. H. Chan School of Public Health, Boston, MA 02115, USA

¢-Environmental Toxicology Graduate Program, University of California, Riverside, CA 92521, USA
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Abstract

Despite mounting evidence of micro-nanoplastics (MNPSs) in food and drinking water, little is
known of the potential health risks of ingested MNPs, and nothing is known of their potential
impact on nutrient digestion and absorption. We assessed the effects of environmentally relevant
secondary MNPs generated by incineration of polyethylene (PE-I), on digestion and absorption of
fat in a high fat food model using a 3-phase /n vitro simulated digestion coupled with a tri-culture
small intestinal epithelium model. The presence of 400 ug/mL PE-I increased fat digestion by 33%
and increased fat absorption by 147% and 145% 1 h and 2 h after exposure. Analysis of the PE-I
lipid corona during digestion revealed predominantly triacylglycerols with enrichment of fatty
acids in the small intestinal phase. Protein corona analysis showed enrichment of triacylglycerol
lipase and depletion of B-casein in the small intestinal phase. These findings suggest digestion of
triacylglycerol by lipase on the surface of lipid-coated MNPs as a potential mechanism. Further
studies are needed to investigate the mechanisms underlying the greater observed increase in

fat absorption, to verify these results in an animal model, and to determine the MNP properties
governing their effects on lipid digestion and absorption.
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Introduction

The versatility, durability, and low cost of synthetic polymers (plastics) have rendered them
indispensable and ubiquitous in modern society. Global annual production of plastic resins
and fibers increased from two million metric tons (Mt) in 1950 to 380 million Mt in 201512,
As of 2015, an estimated 5.8 billion Mt of plastic waste had been generated, of which only
about nine percent was recycled and twelve percent incinerated, while the remaining 79%
was deposited in landfills and natural environments?.

The impacts of plastic waste on marine wildlife and ecosystems have been recognized for
years. Recently however, a more insidious potential hazard of plastic waste has emerged,
namely micro-nanoplastics (MNPs), plastic particles and fibers produced by degradation and
fragmentation of plastic waste. MNPs can be grouped into two broad categories: 1) primary
MNPs: beads produced as abrasives for air-blasting, and until recently in personal care
products, and 2) secondary MNPs created through fragmentation of plastic debris over time.
Exposure of plastics to sunlight, water, and oxygen causes photo-oxidative degradation of
the polymers3. This, combined with mechanical forces and thermal stress in the environment
leads to fragmentation and generation of MNPs:45, Secondary MNPs are also generated
through thermal decomposition during incineration of plastic waste®”, and other industrial
and commercial processes, including laser and 3D printing and photocopying, which
generate airborne printer-emitted particles from polymer-based toners8-10, Secondary MNPs
also enter freshwater from runoff from landfill, litter, and agricultural plastic, and deposition
of airborne MNPs#6:11 Recent studies have reported significant MNP contamination in
terrestrial and freshwater environments, with some lake and river samples containing over
10° MNPs/m3->12_ There is also evidence that MNPs can enter the food chain, through either
direct ingestion of contaminated water or food, or trophic transferl3.

By one estimate, humans ingest ~5 g of MNPs (one credit card) of plastics per week
from food and beverages!4. Little is yet known about the health implications of MNP
ingestion, but a body of concerning evidence is growing. We recently reported size-
dependent uptake and translocation of fluorescent carboxylated polystyrene (PS) MNPs,
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accompanied by impaired barrier function (increased permeability), in an /n vitro small
intestinal epithelium model?®. Other studies showed that PS MNPs were taken up by the GI
tract in mice and rats6-20, More recently, MNPs were found in maternal and fetal zones

of human placentas?1, suggesting potential maternal-fetal transfer, and translocation and
deposition of 20 nm PS spheres in maternal organs and fetal tissues following intratracheal
instillation in pregnant rats?2, MNPs of multiple plastic polymers have also been found

in human feces?3:24 and in human colectomy samples2®. Most recently, pyrolysis — gas
chromatography/mass spectrometry (Py-GCMS) analysis of blood from human volunteers
revealed MNPs of four highly produced polymers (polyethylene (PE), Polyethylene
terephthalate (PET), polystyrene (PS), and polymethyl methacrylate (PMMA)), with a mean
total blood MNP concentration of 1.6 + 2.3 pg/mL.26

With growing evidence of environmental, food, and drinking water contamination, access
to the circulation, and widespread biodistribution of MNPs mounting fast, there is an

urgent need to understand the health implications of MNP ingestion. While evaluation of
toxicity in the Gl tract, blood, and other tissues is essential, potential impacts of ingested
MNPs on digestion and absorption of nutrients should not be overlooked. Studies from

our lab and others have revealed significant impacts on digestion and uptake of nutrients
resulting from co-ingestion of nanoscale materials, which have large specific surface areas
and surface chemistries that enable interactions with digestive molecules and nutrients to
impede or facilitate digestion of macronutrients to their bioaccessible forms, and with
intestinal epithelial cells to alter nutrient absorption. The presence of ingested cellulose
nanofibrils (CNF) in a high fat food model reduced lipolysis of triacylglycerides (TAG) to
free fatty acids (FA) during /n vitro simulated digestion as well as absorption of TAG in an
in vitro small intestinal epithelium model by about half, and reduced serum TAG in rats after
gavage with the high fat food model by about one third. These effects were driven primarily
by coalescence of fat droplets on CNF, reducing the available surface area for lipase
binding.2” Studies from our lab and others have also reported significant effects of ingested
nanoscale biopolymers such as cellulose and chitosan materials on carbohydrate digestion
and absorption.28-32 We have also found that ingested biopolymer nanomaterials and TiO,
nanoparticles reduced zinc retention in mice,33 and that both TiO, and SiO, nanoparticles
increased /n vitro absorption of a co-ingested pesticide, boscalid, partly through cell junction
gene downregulation.34:35

Because many plastic polymers are hydrophobic, we hypothesized that MNPs could interact
with fat and with membrane lipids and proteins to modulate digestion and/or absorption of
fat. We further hypothesized that hydrophobic MNPs could adsorb fat, providing additional
surface area for lipase binding and digestion. Finally, since we recently established

that hydrophobic nanoscale PS MNPs readily enter enterocytes in an /n vitro intestinal
epithelium,® we hypothesized that fat-coated MNPs could facilitate absorption of fat by
delivering fatty acids either to the cytoplasm or to the unstirred water layer. In this study
we utilized an environmentally relevant secondary MNP, the PMg 1 fraction of polyethylene
MNPs (PE-1 PMg 1) generated by incineration using an incineration platform developed by
the authors.8:11 A 3-phase simulated digestion was used to measure hydrolysis of TAG
(bioaccessibility) in a high fat food model, and an /n vitro triculture small intestinal
epithelium model was used to measure TAG absorption (bioavailability) from the small
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intestinal digesta with and without PE-I. Finally, lipid and protein corona analysis of the
PE-1 MNPs before and after small intestinal digestion was performed to assess the potential
role of lipid sorption to the MNPs in fat digestion and absorption.

Materials and methods

Study design.

An overview of the study design is shown in Figure 1. PE-I PMg 1 MNPs were produced
using the Integrated Exposure Generation (INEX) platform (see below for details).
Dispersions of PE-I PMg 1 MNPs were prepared in a high fat (11.7%) food model
consisting of a mixture of commercially available heavy cream and a standardized food
model previously described by the authors.3¢ The dispersions were subjected to 3-phase
simulated digestion to reproduce the transformations (surface chemistry changes, biocorona,
agglomeration) that would occur /n7 vivo prior to interactions of ingested MNPs with the
intestinal epithelium, which is essential for producing physiologically relevant exposures
that account for food matrix and gastrointestinal effects.3” The extent of TAG lipolysis and
FA production during the small intestinal phase was determined using pH Stat titration to
monitor the amount of NaOH titrant required to maintain a pH of 7.0. The resulting small
intestinal phase digestas were applied to the apical compartment of an /n vitro transwell
triculture small intestinal epithelial model including cells representing intestinal enterocytes
(Caco-2), mucus secreting goblet cells (HT29-MTX), and microfold or M-cells (Caco-2
cells transformed by Raji B feeder cells).38 Absorption of fat was assessed by measuring
basolateral TAG and FA concentration one and two hours after exposure. Lipid and protein
coronas of the PE-1 MNPs were analyzed in the gastric and small intestinal digestas using
the methods previously developed by the authors.3°

Selection of starting MNP concentration in food model.

Due to the lack of accurate exposure data in emerging studies resulting from challenges
measuring MNP particles smaller than several microns, relevant environmental water and
food concentrations for MNPs are unclear. Estimates of MNPs released from plastic tea
bags?C and bottled water samples®! range from about 0.2 to 10 pg/mL. On the other hand,

a recent analysis estimated that humans consume an average of 5 g of MNPs per week,
primarily through drinking water4. Assuming an average fluid and solid food intake of 3.0
L/d*2, this would correspond to an average MNP concentration in food and water consumed
of ~240 pg/mL. For this study we chose a starting food concentration of 400 pg/mL, which
because of the four-fold dilution of final digestas required to maintain adequate nutrition in
the Jin vitro epithelium during exposure, corresponds to an oral concentration of 100 pg/mL.
Given the continued exponential growth of plastic waste generation, and the likelihood that
studies to date, typically with > 1 um detection limits, underestimate total MNP exposures,
we believe this dose is justified.

Synthesis and dispersion of secondary MNPs: incinerated polyethylene particles.

Incinerated polyethylene (PE) MNP particles (PE-I) were generated by thermal
decomposition of bulk-size PE pellets using our previously described Integrated Exposure
Generation System (INEXS) (Figure S1), a versatile and reproducible platform to investigate
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thermal decomposition behavior of materials under controlled combustion conditions, as
previously described in detail.8:11:43-46 Details are provided in supplementary materials.

High Fat food model.

A standardized food model (SFM), based on the average American diet, was recently
developed and characterized in detail.36 The SFM is prepared as an oil-in-water emulsion
consisting of 3.4% protein (sodium caseinate), 4.6% sugar (sucrose), 5.2% digestible
carbohydrate (corn starch), 0.7% dietary fiber (pectin), 3.4% fat (corn oil), and 0.5% sodium
chloride. To prepare the high fat food model (HFFM) for this study, SFM was combined
with heavy cream (33.3% fat, purchased from a local grocery store), water, and the stock
PE-1 PMg 1 suspension and vortexed for 30 seconds to produce a final food model consisting
of 11.7% fat, 1.7% protein, 2.3% sugar, 2.6% starch, 0.35% pectin, and 0.25% sodium
chloride; with or without 400 pg/mL of PE-I1 PMg 1

In vitro simulated digestion.

In vitro simulated digestion was performed using a 3-phase simulator as previously
described.38 Additional details are provided in supplementary materials.

Triculture small intestinal epithelial model.

The methods for generating the triculture model were previously described by the authors.38
(Details are also provided in supplementary materials).

Exposure of triculture cellular model to digestas of food model with and without PE-I

PMg.1.

The final digestas of food model with and without PE-I PMg 1 were combined with DMEM
media in a ratio of 1:3, and the mixture was applied to cells (1.5 mL to the apical
compartment for transwells, 200 pL per well for 96-well plates). Apical fluid in untreated
control wells was replaced with fresh media. At 1 and 2 h 100 pL of basolateral fluid was
collected for quantification of fat (TAG and FA) translocation (fat absorption). Additionally,
at 24 h transepithelial electrical resistance (TEER) in transwells was measured, and apical
fluid from transwells was collected for LDH analysis. Analysis of ROS production was
performed after 6 h exposure of cells in 96-well plates, and cell viability and apoptosis
were assessed at 24 h in 96-well plates. Finally, assessment of the triculture monolayer
permeability to dextran was performed 3 h after exposure to provide an assessment of effects
on passive transcellular and paracellular transport shortly after the last measurements to
assess fat absorption.

Cytotoxicity (LDH release) assessment.

Release of LDH was measured using the Pierce LDH assay kit (Sigma Aldrich, St. Louis,
MO) as previously described by the authors.15:38 Details are provided in supplementary
materials.

Environ Sci Technol. Author manuscript; available in PMC 2023 September 06.
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Measurement of reactive oxygen species (ROS) production.

Production of ROS was assessed in cells grown and treated in 96-well plates using the
CellROX® green reagent (Thermo Fisher, Waltham MA). Briefly, a 5 mM working solution
of CellROX® green was prepared from 20 mM stock by diluting in DMEM media without
FBS. Media was removed from test wells and replaced with 100 pL working solution. Plates
were incubated at 37 °C for 30 minutes. Wells were washed 3 times with 200 uL PBS, and
fluorescence was measured at 480 nm (excitation)/520 nm (emission).

Cell viability (mitochondrial metabolic activity).

Cell viability was assessed using the PrestoBlue™ reagent (Thermo Inc., Waltham, MA) as
previously described.15:38 Details are provided in supplementary materials.

Apoptosis (Caspase 3/7 activity) measurement.
Apoptosis was assessed in 96-well plates after 24 h exposures using the CellEvent
Caspase-3/7 Green Detection kit (ThermoFisher). Details of the method are provided in
supplementary materials.

Epithelial permeability measurement using fluorescent dextran.

Fluorescently labeled dextrans of two sizes and colors (Alexa Fluor 488 3 kDa and Texas
Red 70 kDa, Thermo Inc., Waltham, MA) were diluted in PSB to 25 ug/mL each. After 3

h exposure to digestas, cells were washed twice with PBS and 2 mL of the dextran solution
was applied to the apical compartment while 2 mL of fresh DMEM without phenol red or
FBS was added to the basolateral compartment. After incubation of cells at 37 °C for 60
min, 0.3 mL samples of basolateral fluids were obtained and fluorescence was measured for
both dextrans (Ex 495 nm, Em 519 nm for Alexa Fluor 488 3 kDa dextran and Ex 595, Em
615 for Texas Red 70 kDa dextran) using a SpectraMax M-5 microplate reader and SoftMax
Pro acquisition and analysis software (Molecular Devices, San Jose, CA).

Measurement of free FA and TG in basolateral fluid samples.

Free FA concentrations in basolateral fluid samples were measured using a fluorometric
assay kit (Cayman Chemical, Ann Arbor, MI), and TG was measured using a colorimetric
assay kit (Cayman Chemical) according to the manufacturer’s protocols.

Lipid and protein corona extraction.

Methods for lipid and protein corona extraction are provided in supplementary materials and
described by the authors in their previous publication.3°

Proteomic and lipidomic analysis.

Methods used for proteomic and lipidomic analysis are provided in supplementary materials
and described by the authors in their previous publication.3°

Statistical analysis.

Cytotoxicity and fat absorption experiments were performed in triplicate. Six replicates
were included in simulated digestion experiments. Statistical analysis was performed and

Environ Sci Technol. Author manuscript; available in PMC 2023 September 06.
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graphs were prepared using Prism 9.3.1 software (GraphPad Software, Inc., San Diego, CA).
Results of toxicological assays, pH stat digestions, basolateral TAG and FA data, and fat
bioavailability were analyzed using an unpaired #test with Welch’s correction. Protein and
lipid abundances were normalized using total ion abundances with the former restricted to
peptide spectrum matches >1. Relative abundances were analyzed using student’s ftest to
interpret p-values and enrichment was calculated using log, fold changes of abundances
using Excel and plotted with Prism 9.3.1.

Physicochemical characterization of PE-I PM 0.1.

Detailed physicochemical and morphological characterization of PE-I particles was
published previously.644 In summary, PE-I consisted of mostly organic carbonaceous
compounds (99.7% w/w) and 0.3% w/w elemental carbon. Particles contained appreciable
amounts of low and high molecular weight polycyclic aromatic hydrocarbons (PAH) (72.5

Hg/g).

Colloidal characterization of PE-I PMg ; dispersion in water.

Characterization of the water dispersion of PE-I PM0.1 MNP was previously reported by
our lab.#6 Dynamic light scattering (DLS) analysis revealed a monomodal distribution with
a mean hydrodynamic diameter (dy) of 528.7 £ 16.4 nm and a polydispersity index (Pdl) of
0.35 £ 0.08. The zeta potential (C) and conductance (o) measured by Electrophoretic light
scattering (ELS) were —14.5 + 0.9 mV and 0.011 + 0.57 mS/cm, respectively.

In vitro toxicity of ingested PE-I MNPs in the triculture model.

Exposure of the in vitrotriculture small intestinal epithelium to small intestinal digestas

of HFFM containing PE-1 PMg 1 at a final concentration of 8.33 pg/mL (from starting 400
ug/mL in HFFM) had no significant effects on epithelial health compared to digesta of
HFFM alone (Figure S2). Transepithelial electrical resistance (TEER) after 24 h exposure
was above the 1000 Q cm? value at which the triculture epithelial barrier is considered to be
intact (Figure S2 a). Cytotoxicity, measured after 24 h exposure by LDH release, was below
5% (Figure S2 b), within the normal range of 5-10%. Cell viability at 24 h, measured with
the PrestoBlue assay, an indicator of metabolic activity, was slightly but not significantly
decreased in the presence of MNPs (84 + 7%) compared to wells treated with digestas of
HFFM alone (98 + 4%) (Figure S2 c). Finally, PE-I had no effect on production of reactive
oxygen species (ROS), measured at 6 h (Figure S2 d), and likewise had no significant effect
on caspase 3/7 activity, an indicator of apoptosis, measured at 24 h.

Effect of ingested PE-I MNPs on epithelial permeability in the triculture model.

Exposure of the triculture epithelium to small intestinal digestas of HFFM containing PE-I
PMg 1 had no significant effect on permeability to either 3 kDa or 70 kDa fluorescently
labeled dextran (Figure S3). No differences were observed in basolateral fluid fluorescence
for either 3 kDa (green fluorescent) or 70 kDa (red fluorescent) dextran between digestas
with or without MNPs. While 3 kDa dextran permeability may reflect changes in either
paracellular permeability or fluid-phase transcytosis, 70 kDa permeability is specific for

Environ Sci Technol. Author manuscript; available in PMC 2023 September 06.
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paracellular diffusion. The observed absence of changes indicate that PE-1 had no effect on
either transcytosis or paracellular transport.

Effects of ingested PE-l on lipolysis during simulated digestion.

Because lipolysis generates free fatty acids (FA) and hydrogen ions (H*), the amount of
titrant (NaOH) added during the small intestine phase to maintain the pH at 7.0, measured
by pH-Stat titration, can be used to determine the total amount of FA/ H* released, and

thus the extent of TAG lipolysis. The percentages of total fat hydrolyzed during the small
intestinal phase of /n vitro simulated digestion of HFFM with and without PE-I are shown in
Figure 2 a. The presence of PE-I increased lipolysis by 33% over HFMM alone, from 29%
of total available fat hydrolyzed in HFFM alone to 39% in HFFM with PE-1 (N=6, p<0.05).

Effects on fat bioavailability.

In the presence of PE-I basolateral concentrations and total masses of both TAG (Figure 2
b) and FA (Figure 2 c) as well as the corresponding percentages of applied fat absorbed
(Figure 2 d) were all more than twice the corresponding values for absorption from digestas
of HFFM. Specifically, PE-1 increased cumulative TAG absorption by 207% at 1 h and

by 137% at 2 h, and increased FA absorption by 112% at 1 h and 160% at 2h. Overall

fat absorption (sum of basolateral TAG and FA masses as a percentage of total mass of

fat applied) was increased in the presence of PE-1 by 147% and 145% at 1 h and 2 h,
respectively.

Composition of the lipid corona of ingested PE-I after gastric and small intestinal digestion

of HFFM.

Lipid compositions extracted from gastric and small intestinal digestas of HFFM without
PE-I, as well as PE-I lipid corona digestas (HFFM containing 0.4 mg/mL PE-I), are
represented as pie charts in Figure 3. In the gastric phase digesta of HFFM, most of the lipid
was TAG (93.44%), with a smaller percentage of DAG (6.05%), and negligible amounts

of FA, ceramides, and sterols (Figure 3 a). Following small intestinal digestion, the TAG
component of the HFFM digesta was partially depleted (80.15%), accompanied by relative
enrichment of DAG (13.21%), FA (3.0%), and sterols (3.04%) (Figure 3 b). The depletion
of TAG and enrichment of DAG and FA are expected as a result of pancreatic TAG lipase
activity, while enrichment of sterols was likely due to bile salts (cholesterol derivatives)
added to the small intestinal digestion. The composition of the PE-I lipid corona in the
gastric phase of the HFFM with PE-I was similar to the gastric phase HFFM only lipid
profile, but with a smaller fraction of TAG (89.75%), and larger fractions of FA (1.46%)
and DAG (7.55%) (Figure 3 c). At the end of small intestinal digestion (Figure 3 d), as with
the HFFM only digesta, the TAG component of the PE-I corona was depleted (82.96%).
However, unlike the HFFM only digesta profile, there was only a slight enrichment of DAG
(8.43%) in the PE-I corona, and a greater enrichment of FA (6.33%) relative to the gastric
phase corona, indicating more extensive digestion of PE-I corona lipids than of lipids in the
HFFM only digesta.

Environ Sci Technol. Author manuscript; available in PMC 2023 September 06.
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Composition of the protein corona of ingested PE-I after gastric and small intestinal
digestion of HFFM.

Comparisons of proteins identified in gastric and small intestinal digestas of HFFM alone
and in coronas of PE-I from gastric and small intestinal digestas of HFFM in the presence
of PE-1 are summarized in Figure 4. Enrichment or depletion of identified proteins in the
PE-I corona of gastric phase relative to small intestinal phase digestas of HFFM in the
presence of PE-I are represented as volcano plots (log10 p-value vs. log2 fold change) in
Figure 4 a. Enrichment or depletion in gastric phase PE-I corona compared to the gastric
phase digesta of HFFM alone, and in small intestinal phase PE-I corona compared to small
intestinal digesta of HFFM alone are shown in Figure 4 b and c. A total of 72 identified
proteins were significantly (p<0.5) enriched or depleted in one or more of the three volcano
plot comparisons. These proteins are listed with enrichment/depletion in each comparison
represented as a heatmap in Figure 4 d. The greatest differences were seen between gastric
and intestinal phase PE-1 coronas. Among the few proteins depleted in the gastric phase PE-I
corona compared to the small intestinal phase PE-I corona (i.e., enriched in the intestinal
phase PE-I corona), the most notable is triacylglycerol lipase, the enzyme that carries out
lipolysis of TAG, normally on the surface of lipid droplets. Several proteins were strongly
enriched in the gastric vs. small intestinal PE-I corona (i.e., depleted in the small intestinal
PE-I corona). The most notable of these was p-casein, which normally coats and stabilizes
milk fat globules, and is displaced by bile salts during fat digestion to provide greater
surface area for lipase binding and activity. The depletion of B-casein and enrichment of
TAG lipase in the small intestinal phase PE-1 corona is consistent with digestion of lipids on
the surface of PE-I by the same mechanism that occurs on fat droplets.

Discussion and Conclusions

In in vitro simulated digestions of a high fat (11.7%) food model we observed that 0.4
mg/mL PE-1 MNPs increased lipolysis of TAGs during the small intestinal phase by 33%
(Figure 2 a) and more than double the amount of TAG and FA absorbed in an in vitro small
intestinal epithelium model (Figure 2 b and c), increasing total fat absorption by nearly 2.5
fold, far more than would be expected to result from the 33% increase in digestion alone.
Exposure to digestas of HFFM containing PE-I caused no significant toxicity (Figure S2)
and did not alter permeability to either 3 kDa or 70 kDa dextran (Figure S3), and therefore
had no effect on either transcytosis or paracellular transport, ruling out the possibility that
cell health or altered permeability contributed to the observed increase.

Analysis of the lipid coronas of PE-I in gastric and small intestinal phase digestas (Figure 3
c and d) revealed predominantly TAG, with FA relatively enriched after small intestinal
digestion (from 1.46% in gastric phase to 6.33% in small intestinal phase). Notably,
enrichment of FA in small intestinal vs. gastric digestas of HFFM alone was less pronounced
(3.0% in small intestinal phase). These findings suggest that TAGs are adsorbed onto the
surfaces of PE-I MNPs and digested on the surface of lipid-coated PE-I particles, analogous
to normal lipolysis on fat globule surfaces. This is in line with the 33% increase in fat
digestion observed during simulated digestions (Figure 2 a). The results of protein corona
analysis of PE-1 (Figure 4) provide further evidence of this: the enzyme triacylglycerol
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lipase, responsible for most TAG digestion on lipid droplet surfaces, was strongly enriched
(5.08-fold) in the small intestinal vs. gastric phase PE-I corona, consistent with binding

of lipase to the MNP lipid corona. Moreover, -casein, which normally coats milk fat
droplets until displaced during by bile salts to enable lipase binding, was markedly depleted
(9.36-fold) in the small intestinal PE-I corona.

Together, these data suggest that the observed increase in TAG digestion in the presence of
PE-1 MNPs could in part be due to additional surface area for lipase binding provided

by lipid coated MNPs. However, if this mechanism is to account for a 33% increase

in digestion, the surface area provided by the lipid-coated MNPs should be sufficient

to substantially increase the surface area of the fat droplets present. While we cannot,
without further studies alluded to above, definitively state that PE-1 augmented lipolysis by
increasing the available surface area for lipase binding, the PE-I lipid and protein corona
findings are strongly suggestive of this mechanism.

Finally, the observed 2.5-fold increase in fat absorption cannot be fully accounted for by

the observed 1.33-fold increase in fat digestion and proportional increase in free FA and
MAG present in the digestas. Without further studies and a more detailed understanding

of the process and regulation of fat absorption, we can only speculate as to how the
presence of PE-1 MNPs accelerated this process so substantially. We can, however, rule

out a few possibilities: First, because permeability to 3 kDa and 70 kDa dextran was
unaffected by exposure to PE-I digestas (Figure S3), we can rule out any role of paracellular
permeability or fluid phase transcytosis. Second, since the increase was observed within
one hour of exposure, and it takes on average one hour to transcribe and translate a
protein®’, we can rule out the possibility that a changes in expression of proteins involved in
uptake, trafficking, or processing of fat played a significant role. What remains when these
possibilities are excluded are direct biophysical and biochemical interactions between the
PE-1 MNPs and the molecules and processes involved in lipid uptake.

Our current understanding of the process of fat (TAG) absorption, reviewed by Thomson et
al.,*8 Pan and Hussain,*® and Demignot et al.,>0 is illustrated in Figure S4 a. Briefly, lipase
binds to lipid droplets, assisted by bile salts. Lipolysis products, FA and monoacylglycerols
(MAG), are incorporated into mixed-micelles coated with bile salts. Whereas free FA and
MAG cannot enter the unstirred water layer (UWL) to reach the apical membrane, mixed
micelles are able to enter the UWL, where an acidic microclimate facilitates dissociation
and release of free FA and MAG. Uptake of FAs beings with interaction of the FA with

the outer plasma membrane monolayer, followed by a “flip-flop” of the bilayer, and finally,
intracellular delivery of the FA. Several membrane proteins are thought to be involved

in the transport of FAs into enterocytes, including CD36/FAT2 (fatty acid translocase 2),
plasma membrane fatty acid binding protein (FABPyy), and fatty acid transport protein 4
(FATP4), although their specific roles are not well understood. Uptake is also facilitated

by intracellular acyl-CoA synthase 1, which acylates FAs with CoA, trapping them within
the cytosol and activating them for TAG re-synthesis in the endoplasmic reticulum (ER).
Cytosolic FA-CoAs are transported to the ER by acyl-CoA FA binding proteins (ACBP),
while MAG enters by diffusion. Within the ER, TAGs are regenerated from MAGs and
FA-CoAs in a two-step process by the enzymes monoacylglycerol:acylCoA acyltransferase
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2 (MGAT2), and diacylglycerol:acylCoA acyltransferase 1 (DGAT1). The TAGs produced in
the ER are packaged by microsomal TAG transfer protein (MTP) into prechylomicrons (PC).
the PCs are transported in PC transport vesicles (PCTV) to the ¢/s golgi, where ApoAl is
added to generate the mature chylomicrons (CM), which are transported to the frans golgi,
and subsequently exit trans golgi in membrane bound vesicles that fuse with the basolateral
enterocyte membrane, secreting the CMs into the basolateral lamina propria. It is important
to note that during lipid absorption, in addition to producing chylomicrons, enterocytes
transiently store lipid in lipid droplets (LD) within the cytosol. The dynamic redistribution of
TAGs between the ER and LD storage can affect the overall rate of lipid secretion.

We can only speculate as to how PE-1 MNPs increased the uptake, processing, and/or
secretion of TAGs (Figure S4 b). However, since we have shown that the digested PE-I
MNPs possessed a lipid corona composed of TAGs and FAs, one possibility might be that
PE-I particles directly transported lipids either into the UWL or into the cytoplasm. In
our recent study we showed that hydrophobic PS MNPs entered caco-2 enterocytes in the
same triculture cellular system. Additional studies are needed to determine whether PE-I
is capable of entering either the UWL, where the acidic microenvironment might facilitate
release of FAs from their surfaces or crossing the plasma membrane and delivering FAs
to the cytoplasm. Another potential mechanism might involve delivery of activated FAs
(FA-CoAs) and MAGs to the ER for TAG resynthesis, delivering both substrates directly
to MGAT2, which could decrease the effective Ky, for the enzyme and increase the rate
of DAG synthesis. Finally, a shift of the dynamic balance between cytosolic and LD lipid
toward the cytoplasm could accelerate chylomicron production and secretion.

Given the ongoing human ingestion exposures to MNPs and the global epidemic of obesity
and its many comorbidities, the possibility that such exposures could increase absorption of
ingested fat is concerning. By changing the amount or composition of lipids entering the
colon, the altered digestion and absorption of fat caused by ingested PE-1 could also impact
the gut microbiome. A high fat diet has been shown to rapidly and reversibly alter the gut
microbiota in mice,51:52 and is frequently used to induce obesity, typically accompanied

by gut dysbiosis, in experimental animals.>2-54 As summarized in recent reviews, although
interventional changes in dietary fat have not been found to consistently alter the gut
microbiome composition in humans, several observational studies have reported an inverse
correlation between fat intake and gut microbiota diversity in humans.>2:55:56 Moreover,
gut dysbiosis has been implicated in neuro-psychiatric disorders that often accompany
obesity, which are thought to be mediated by the activity of the gut microbiota through

the “microbiota-gut-brain axis”, recently reviewed by Cryan et al.>” and Morais et al..%8
Reduced lipid delivery to the colon due to increased absorption in the presence of PE-I
might therefore improve the diversity of the gut microbiome and thereby ameliorate these
disorders.

Further studies are needed to determine whether or not PE-I MNPs or other hydrophobic
MNPs can cause the observed increase in lipid digestion by providing additional surface
area for lipase binding, and to identify the mechanisms responsible for the greater increase
in lipid absorption in the presence of PE-I. Additional studies are also needed to assess
the effects of ingested PE-I on fat digestion in a normal or low fat diet and determine the
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extent to which the observed increases in fat digestion and absorption caused by PE-I are
dependent upon a high dietary fat content. In addition, animal studies are needed to assess
whether these /in vitro findings translate to meaningful effects in a whole animal. Such
studies should include evaluation of effects of MNP-induced changes in fat digestion and
absorption on the microbiota in those animals as discussed above. Finally, while PE is one
of the most highly produced of the major plastic polymers, there are several other highly
produced polymers with widely varied chemistries, and the effects of their MNPs on nutrient
digestion and absorption should be assessed separately for each polymer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

An in vitro study of the effects of ingestion of an environmentally relevant micro-
nanoplastic (MNP), nanoscale particles generated by incineration of polyethylene (PE-
1), revealed that the presence of MNPs can increase fat digestion and absorption,
underscoring the need for further studies to evaluate potential interactions of MNPs,
an important emerging contaminant in the environment, food, and drinking water, with
the digestion and uptake of nutrients.
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Figure 1.

Study design overview.
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Figure 2. Effect of ingested PE-I on lipid digestion and absor ption.
HFFM with and without 0.4 mg/mL PE-I was subjected to 3-phase simulated digestion, with

pH stat titration during the small intestinal phase for quantification of lipolysis. Digestas
were applied to triculture transwells and FA and TAG in the basolateral compartment were
measured at 1 and 2 h to assess fat absorption. a. Percent of fat digested based on amount

of NaOH titrant consumed (measured by pH stat titration) to maintain a constant pH of 7.0
during small intestinal digesta, b. Mass of TAG in the basolateral compartment 1 h and 2

h after applying digesta to cells in the apical compartment, c. Mass of FFA in basolateral
compartment 1 h and 2 h after applying digesta to the apical compartment, d. Percentages of
applied fat in basolateral compartment (TG + FFA) 1 h and 2 h after application of digestas
to cells. N=3. PE-I: Incinerated Polyethylene, PMg 1 fraction. * p < 0.05. ** p < 0.01.
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Figure 3. Analysis of lipidsin HFFM digesta and PE-| coronas before and after lipid digestion.
a. Lipid profile of gastric phase digesta of HFFM alone. b. Lipid profile of small intestinal

digesta of HFFM alone. c. Lipid profile of PE-I lipid corona after gastric phase digestion

of HFFM in the presence of PE-I. d. Lipid profile of PE-I lipid corona after small

intestinal phase digestion of HFFM in the presence of PE-I. PE-I: Incinerated Polyethyleng,
PMg 1 fraction; CER: ceramides; DAG: diacylglycerides; FA: fatty acids; ST: sterols; TAG:

triacylglycerides.

Environ Sci Technol. Author manuscript; available in PMC 2023 September 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

DeLoid et al.

a.

-logyo (p-value)

-log,, (p-value)

PI7E_-I Small Int / Control Small Int

-logy, (p-value)

PE-I Gastric / PEl Small Int

70

24

T
0 log, (fold change) ™

E-l Gastric / Control Gastric

“EF

>
i

il

b

©
i

T T
- Iogz(fold change) ™

T T
» log, (fold change) 1

d.

Page 21

10 kDa heat shock protein, mitochondrial=4
3-hydroxybutyrate dehydrogenase 2=
40S ribosomal protein S9=4

60S ribosomal protein L18=

60S ribosomal protein L40=

78 kDa glucose-regulated protein=4

A287A328=
AOA287AATT:
AOA287BP38:
AOA3Q1LTKO:
AOA3Q1M3L6:

ADP nbosylanon fac(or 4
bumin:

Alpha- amylase
Alpha- S1 casem

Breast ca
Butyrophilin subfamlly1 memberA1
C-type lectin domain-containing proteine=4
Carboxylic ester hydrolase=4
Cation-transporting ATPase=4
Chitinase=

Chymotrypsin-C=4

Elastase family member 2A=

Citrate synthase, mitochondrial=4
Coatomer subunit beta=1

Collagen type IV alpha 2 chain=4
Cytochrome ¢ oxidase=4
Deoxyribonuclease=4

Dipeptidase=

A yniha
| |

lichyt
Dolichy

t
p

Elongation factor 1-alpha 1=

Elongation factor Tu=4

Epoxide hydrolase=4

Fatty acid-binding protein, heart=4

G protein subunit beta 1=4
G3N2D8
G3N3S3
Gastricsin
Glutathione S-transferase:
Glycosylation-dependent cell adhesion molecule 1
Guanine nucleotide-binding protein G
Hemoglobin subunit beta:
Histone H2A:
Histone H2B:
Ig-like domain-containing protein:

Sodium-dependent pnosphale transport protein 2B8=4

Lactadherin

Laminin:

Lipocalin:

Malate dehydrogenase:

Myosin-10:

Pepsin B

Peptidyl-prolyl cis-trans isomerase B:

Perilipin
Prostate stem cell antigen=4
RAB1A, member RAS oncogene family=
RAB2B, member RAS oncogene family=4
Ras-related protein Rab-18=4
SEC22 homolog B veswle trafficking protein=
a 1-type opioid receptor=

Solute carrier family 25 member 12=4
Surfeit locus protein 4=4

Syncollin=4

Thioredoxin=

protein 97=4

| Triacyiglycerol lipase=]

TUGU a1pha cham=
WD repeat-containing protein 55=
Xanthine dehydrogenase:

PE-l Gastric

T T
PE-| Gastric PE-l Small Int

PE-l Small Int

Control Gastric Control Small Int

Figure 4. Analysis of proteinsin HFFM digesta and PE-I coronas after gastric and small

intestinal digestion.

a. Volcano plot (log10 p-value vs. log2 fold change) for identified proteins in the PE-I
corona in gastric phase digestas relative to small intestinal phase digestas of HFFM + PE-I.
b. Volcano plot for identified proteins in the gastric phase PE-I corona (from digestion of
HFFM + PE-I) relative to the gastric phase digesta of HFFM alone. c. Volcano plot for
identified proteins in the small intestinal phase PE-I corona (from digestion of HFFM +
PE-I) relative to the small intestinal phase digesta of HFFM alone. d. Heatmap of log2 fold
changes for significantly enriched or depleted proteins from the three volcano plots in a-c.
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