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Abstract 37 

The hypothesis that C60 fullerene nanoparticles (C60) exerts an antagonistic interactive effect 38 

on the toxicity of benzo[a]pyrene (BaP) has been supported by this investigation. Mussels 39 

were exposed to BaP (5, 50 & 100 µg/L) and C60 (C60 - 1 mg/L) separately and in combination. 40 

Both BaP and C60 were shown to co-localise in the secondary lysosomes of the 41 

hepatopancreatic digestive cells in the digestive gland where they reduced lysosomal 42 

membrane stability (LMS) or increased membrane permeability, while BaP also induced 43 

increased lysosomal lipid and lipofuscin, indicative of oxidative cell injury and autophagic 44 

dysfunction. Combinations of BaP and C60 showed antagonistic effects for lysosomal stability, 45 

mTORC1 (mechanistic target of rapamycin complex 1) inhibition and intralysosomal lipid (5 & 46 

50 µg/L BaP). The biomarker data (i.e., LMS, lysosomal lipidosis and lipofuscin accumulation; 47 

lysosomal/cell volume and dephosphorylation of mTORC1) were further analysed using 48 

multivariate statistics. Principal component and cluster analysis clearly indicated that BaP on 49 

its own was more injurious than in combination with C60. Use of a network model that 50 

integrated the biomarker data for the cell pathphysiological processes, indicated that there 51 

were significant antagonistic interactions in network complexity (% connectance) at all BaP 52 

concentrations for the combined treatments. Loss of lysosomal membrane stability probably 53 

causes the release of intralysosomal iron and hydrolases into the cytosol, where iron can 54 

generate harmful reactive oxygen species (ROS). It was inferred that this adverse oxidative 55 

reaction induced by BaP was ameliorated in the combination treatments by the ROS 56 

scavenging property of intralysosomal C60, thus limiting the injury to the lysosomal membrane; 57 

and reducing the oxidative damage in the cytosol and to the nuclear DNA. The ROS 58 

scavenging by C60, in combination with enhanced autophagic turnover of damaged cell 59 

constituents, appeared to have a cytoprotective effect against the toxic reaction to BaP in the 60 

combined treatments. 61 

Key words: antagonism, autophagy, complexity, lysosomes, C60-nanoparticles, oxidative-62 

injury  63 
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Introduction 64 

Manufactured nanomaterials (MNMs) including nanoparticles (NPs), nanotubes and 65 

nanofibres are increasingly used in a burgeoning growth of industrial and domestic 66 

applications (Giese et al., 2018). These materials can enter the natural environment via the 67 

atmosphere and waterborne waste (Freixa et al., 2018; Giese et al., 2018). There is only 68 

limited data available, however, for how these materials will interact with conventional 69 

chemical contaminants, such as the ubiquitous contaminant polycyclic aromatic hydrocarbons 70 

(PAHs); and whether such interactions can influence the toxicity of either the NPs or the PAHs 71 

themselves (Al-Subiai, et al., 2012; Barranger et al., 2019a, b; Canesi et al., 2014; Della Torre 72 

et al., 2018; Freixa et al., 2018; González-Soto et al., 2019; Lee et al., 2011; Sforzini et al., 73 

2018, 2020). Previous investigations have indicated that carbon nanomaterials can exert  74 

antagonistic interactive effects on the toxicity and ecotoxicity of organic chemical pollutants 75 

(Barranger et al., 2019a, b; Freixa et al., 2018). 76 

 77 

Accumulating evidence on the toxicity of nanoparticles (NPs) indicates that reactive oxygen 78 

species (ROS) mediated oxidative cell injury is a generic reaction (Barranger et al., 2019a, b; 79 

D’Agata et al., 2014; Dodd and Jha, 2009; Reeves et al., 2008; Sforzini et al., 2020; Stern et 80 

al., 2012; Stone & Donaldson, 2006); although, as yet our understanding of the impact of the 81 

products of nanotechnology on animal and ecosystem health is still rather limited (Canesi et 82 

al., 2014; D’Agata et al., 2014; Della Torre et al., 2018). Animal cells are evolutionarily pre-83 

adapted to internalise nanomaterials by endocytosis or cell feeding (Stern et al., 2012).  84 

Hence, most cellular uptake of NPs will probably occur via this route. Fundamental questions, 85 

however, remain unanswered as to the significance of engineered NPs on the health of aquatic 86 

organisms, as well as interactions between NPs and conventional chemical pollutants, such 87 

as ubiquitous organic xenobiotics (e.g., PAHs and nitrogen and sulphur containing 88 

heterocyclics). Of concern also are the higher level consequences for damage to animal 89 

health, associated ecological risk and the possible food chain risks for humans. 90 
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 91 

The lysosomal vacuolar system in the cells of the molluscan digestive gland (hepatopancreas 92 

or midgut gland) readily accumulates many harmful environmental contaminants, including 93 

metal ions, organic xenobiotics, nano- and micro-plastics and other nanomaterials (Barranger 94 

et al., 2019a, b; Jimeno-Romero et al., 2016; Koehler et al., 2008, Lee & Hong, 2020; Moore 95 

et al.2004; Sforzini et al., 2018, 2020, Shaw et al., 2019; Von Moos et al., 2012). Lysosomal 96 

overload due to sequestration and accumulation of non-degradable foreign materials (e.g., 97 

nanomaterials) and xenobiotic chemicals (e.g., metal ions and organic chemical 98 

contaminants) can lead to lysosomal and autophagic dysfunction, involving permeabilisation 99 

of the lysosomal membrane and in severe cases release of lysosomal enzymes and cell death 100 

(De Duve et al., 1974; Moore et al., 2006, 2007, 2009, Sforzini et al, 2018, 2020; Shaw et al., 101 

2019; Stern et al., 2012). Furthermore,  continuous digestion within lysosomes of iron-102 

containing metallo-proteins, from both endocytosed food and autophagy of cell constituents, 103 

produces a pool of labile, redox-active, low-molecular-weight iron, which may make these 104 

organelles particularly susceptible to oxidative damage (Kurz et al., 2008; Lowe & Moore, 105 

1979; Yu et al., 2003). Oxidant-mediated destabilization of lysosomal membranes with release 106 

of iron and hydrolytic enzymes into the cytoplasm can lead to an oxidative and hydrolase-107 

mediated cascade of degradative and injurious events resulting in cell death (Kirchin et al., 108 

1992; Stern et al., 2012; Winston et al., 1991; Yu et al., 2003). 109 

 110 

C60 fullerene has been reported to induce autophagy in various cells, including molluscan 111 

digestive cells using lysosomal membrane destabilisation, lysosomal volume increase and 112 

LC3 (microtubule-associated proteins 1A/1B light chain 3B) as the biomarkers (Sforzini et al., 113 

2020; Stern et al., 2012). The autophagic reaction to the nanoparticles is probably mediated 114 

by oxidative inhibition (i.e., dephosphorylation) of mTORC1 (mechanistic target of rapamycin 115 

complex 1) by an elevated flux of ROS generated as a result of intra-lysosomal iron release 116 

into the cytosol, as a result of lysosomal membrane destabilisation (i.e., permeabilisation) as 117 
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mentioned above (Brunk & Terman, 2002; Sforzini et al., 2020; Stern et al., 2012; Yu et al., 118 

2003).  119 

 120 

C60 fullerene has the ability to both scavenge and generate (i.e., light-activated) ROS due to 121 

its physico-chemical properties (Halenova et al., 2018; Lee et al., 2011). The feature that 122 

mediates most of the fullerene’s biological and toxic interactions is its particular sensitivity to 123 

the covalent attachment of functional groups to the fullerene core, as well as to the physico-124 

chemical changes introduced by solubilisation procedures for the preparation of fullerene 125 

nanoparticles (Markovic & Trajkovic, 2008). 126 

 127 

Barranger et al. (2019a, b) have previously described antagonistic effects on DNA damage in 128 

mussels for the interactions between benzo[a]pyrene (BaP) and C60 fullerene (C60) and multi-129 

walled carbon nanotubes (MWCNTs). Adverse cell pathological effects of BaP and C60 130 

individually on DNA damage and sub-cellular injury have also been described from previous 131 

investigations (Al-Subiai et al., 2012; Barranger et al., 2019a; González-Soto et al., 2019; 132 

Sforzini et al., 2018, 2020).  133 

 134 

Consequently, the aim of this investigation was to examine the possible interactive effects of 135 

simultaneous exposure to BaP and C60 on marine mussels, an ecologically important bio-136 

indicator and ecological foundation species. The hypothesis was tested that C60 fullerene 137 

exerts a cytoprotective antagonistic interactive effect on the toxicity of BaP (Barranger et al., 138 

2019a, b; Freixa et al., 2018; Lee et al., 2011). Additionally, we also wanted to investigate 139 

whether there was any further evidence for either an antagonistic or synergistic (“Trojan 140 

Horse”) effect between the polycyclic aromatic hydrocarbon BaP and the C60 nanoparticles. 141 

Chemical analyses of the digestive gland tissue, as well as molecular and sub-cellular 142 

biological reactions or biomarkers (viz., DNA damage – Comet assay, LMS, lysosomal 143 

lipidosis, lysosomal lipofuscinosis, lysosome/cell – L/C volume as an autophagy biomarker, 144 

and phosphorylated mTORC1) were used examine the effects of BaP and C60 on tissue 145 
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uptake, lysosomal function, induced autophagic cellular reactions, and oxidative cell injury. 146 

Principal component analysis (PCA) and cluster analysis, together with interactive network or 147 

complexity modelling was used to integrate multi-biomarker data into a mechanistic 148 

explanatory framework; and to test the predictive capability of a previously developed network 149 

complexity model of cellular patho-physiological function for DNA damage (Comet assay) and 150 

programmed cell death (PCD) in molluscan digestive cells (Banni et al., 2017; Barranger et 151 

al., 2019a, b; Lowe, 1988; Sforzini et al., 2018). Network complexity and statistical modelling 152 

were also deployed in order to facilitate the integration of the biomarker findings and to 153 

facilitate their interpretation in a mechanistic context, as was previously implemented with 154 

separate BaP and C60 fullerene treatments (Sforzini et al., 2018, 2020). 155 

 156 

Materials and Methods  157 

Animal Collection and Husbandry 158 

Mussels (Mytilus galloprovincialis; 45–50 mm) were collected from the intertidal zone at 159 

Trebarwith Strand, Cornwall, UK (50° 38’ 40" N, 4° 45’ 44" W) in October 2016. This site has 160 

previously been used as a reference location for ecotoxocological studies and is considered 161 

relatively clean with a minimum presence of disease (Bignell et al., 2011; Shaw et al., 2011). 162 

Following collection, mussels were transported to the laboratory in cool boxes and placed in 163 

an aerated tank at a ratio of 1 mussel /L with natural seawater from Plymouth Sound (filtered 164 

at 10 µm). Mussels were maintained at 15ºC, fed with micro-algae (Isochrysis galbana - 165 

Interpret, UK) every 2 days with a 100% water change 2 h post feeding. 166 

 167 

Preparation of Stock Solutions 168 

Fullerenes (C60) 169 

C60 stock solutions were prepared as described by Barranger (2019a). C60 was obtained from 170 

Sigma Aldrich (Gillingham, UK) and Designer Carbon Materials Ltd. (Oxford, UK), 171 

respectively. In order to better replicate the conditions of the experiment during analysis, 2 172 

mussels were maintained in 2 L glass beakers for 24 h with natural seawater from Plymouth 173 
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Sound (filtered at 10 µm). Subsequently, fullerenes (1 mg) were added to the mussel-exposed 174 

seawater (10 mL) and the suspension homogenised by ultrasonication (Langford Sonomatic 175 

375, Bromsgrove, UK, 40 kHz) for 1 h at room temperature. The suspension was allowed to 176 

settle for at least 4 h at room temperature prior to analysis of the aggregate size. Dynamic 177 

light scattering (DLS) was performed using a Malvern Zetasizer Nano-ZS (Malvern, UK) at 178 

room temperature; and the results obtained were the average of 3 measurements (Barranger 179 

et al., 2019a).  Bright field transmission electron microscopy (TEM) and dark-field scanning 180 

transmission electron microscopy (STEM) were performed using a JOEL 2100+ microscope 181 

(Welwyn Garden City, UK) operated at 200 keV. Energy dispersive X-ray (EDX) spectra were 182 

acquired using an Oxford Instruments INCA X-ray microanalysis system (Oxford, UK) and 183 

processed using Aztec software (version 3.1 SP1, Oxford, UK). Samples were prepared by 184 

casting several drops of the respective suspensions onto copper grid-mounted lacy carbon 185 

films. 186 

 187 

The C60 concentrations used in this study were based on previous experiments in our 188 

laboratory using marine mussels (Al-Subiai et al., 2012; Barranger et al., 2019a; Di et al., 189 

2017; Moore et al., 2009; Sforzini et al., 2020).   190 

 191 

Benzo[a]pyrene (BaP) 192 

BaP (≥ 96%, B1760, Sigma Aldrich) was dissolved in dimethyl sulfoxide (DMSO) and aqueous 193 

solutions were prepared so that the DMSO concentration in the sea water was 0.001% 194 

(Barranger et al., 2019a). The BaP  concentrations used in this study were based on previous 195 

experiments in our laboratory using marine mussels (Al-Subiai et al., 2012; Di et al., 2011, 196 

2017).   197 

 198 

Experimental design, exposure of animals to BaP and C60 and sampling  199 

Experimental design has been described in detail by Barranger et al. (2019a). Following 200 

depuration, mussels were separated (2 mussels per beaker) into 2 L glass beakers containing 201 
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1.8 L of seawater and allowed to acclimate for 48 h. A photoperiod of 12 h light: 12 h dark was 202 

maintained throughout the experiment. Seawater was aerated (i.e., aquarium pumps and 203 

airstones) and monitored in each of the beakers by measuring salinity with a digital salinity 204 

meter (36.45 ± 0.19‰). Mussels (26 mussels with 2 mussels per 2L beaker for each treatment) 205 

were exposed for 3 days with no water changes to the solvent control, BaP (5, 50 and 100 206 

µg/L), C60 alone (1 mg/L) and a combination of BaP (5, 50 and 100 µg/L) and C60 (1 mg/L). 207 

Control groups received only DMSO at the same concentrations as used in the other exposure 208 

groups (i.e., 0.001% DMSO). After 3-day treatment period, mussel sex was determined by 209 

mantle smear and light microscopy. Digestive glands from 10 female animals were rapidly 210 

removed, placed on aluminium cryostat chucks, chilled in super-cooled n-hexane and stored 211 

at -80°C for cytochemistry and immunocytochemistry (Sforzini et al., 2018). Digestive glands 212 

from female mussels were subsequently processed for immunocytochemical and 213 

cyotochemical analysis (Sforzini et al., 2018). 214 

 215 

Following exposure, digestive gland (DG) tissue was collected from 9 mussels for each 216 

treatment for BaP and C60 analyses, washed in toluene and pooled (3 mussels per tissue 217 

replicate and then extracted with toluene.  218 

 219 

Analyses of benzo[a]pyrene and C60 fullerene in digestive gland tissue 220 

The analyses of BaP and C60 were performed on the toluene extracts. Tissue extracts were 221 

analysed for BaP using an Agilent Technologies (Stockport, UK) 7890A Gas Chromatography 222 

(GC) system interfaced with an Agilent 5975 series Mass Selective (MS) detector as described 223 

by Banni et al. (2017). The tissue extracts were analysed for C60 using ultrahigh performance 224 

liquid chromatography coupled with high resolution mass spectrometry following a protocol 225 

adapted from Sanchís et al. (2019). 226 

 227 

Cytochemical analyses 228 
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Frozen digestive gland sections (10 µm) of mussels from each exposure condition were cut 229 

using a cryostat microtome (Leica CM3050) and flash-dried by transferring them onto poly-L-230 

lysine-coated microscope slides at room temperature.  231 

 232 

Lysosomal membrane stability (LMS) 233 

The determination of LMS in the cells of the digestive gland was performed on cryostat tissue 234 

sections following essentially the method described by Moore (1988) and Moore et al. (2008). 235 

This cytochemical assay is based on acid labilization characteristics of latent hydrolase β-N-236 

acetylhexosaminidase (NAH) using naphthol-AS-BI-N-acetyl-β-D-glucosaminide as a 237 

substrate for NAH, and diazonium post-coupled with fast violet B. Slides were observed using 238 

an inverted microscope (Zeiss Axiovert 100M) at 400 x magnification, connected to a digital 239 

camera (Zeiss AxioCam). The pictures obtained were analysed using an image analysis 240 

system (Scion Image) that allowed for the determination of the labilisation period i.e. the 241 

incubation time in the acid buffer needed to produce the maximal lysosomal staining. 242 

 243 

Lysosomal/cytoplasmic (L/C) volume ratio 244 

The L/C volume ratio of the digestive gland tissue was evaluated following the method 245 

described by Moore (1976) and Moore and Clarke (1982). Lysosomes were reacted for the 246 

lysosomal enzyme β-N-acetylhexosaminidase (NAH) using naphthol-AS-BI-N-acetyl-β-D- 247 

glucosaminide as a substrate for NAH as for LMS above. The ratio between cytoplasmic and 248 

lysosomal volumes was determined by analysing the images obtained from the slides at 400 249 

× magnification by image analysis as described above and expressed as a percentage 250 

variation with respect to controls. 251 

 252 

Lysosomal lipidosis and lipofuscin accumulation 253 

Lysosomal accumulation of triglyceride lipids (neutral lipids) or lipidosis was determined using 254 

the Oil Red O method (Moore et al., 2008). Lipofuscin accumulation (lipofuscinosis) in 255 

lysosomes was determined via the Schmorl assay as previously described (Moore, 1988; 256 
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Moore et al., 2008). Lipofuscin and lysosomal lipidosis were assessed using image analysis 257 

to determine relative absorbance of their respective cytochemical reaction product (Moore 258 

1988; Moore et al., 2008; Sforzini et al., 2020). 259 

 260 

Immunocytochemical analyses 261 

Immunofluorescence for BaP, C60 fullerene and lysosomal cathepsin D  262 

Frozen digestive gland sections (10 µm) of mussels from each exposure condition were cut 263 

using a cryostat microtome (Leica CM3050) and flash-dried by transferring them onto poly-L-264 

lysine-coated microscope slides at room temperature. Sections were then fixed in 265 

paraformaldehyde (PFA) solution (4% PFA in phosphate buffer saline-PBS, pH 7.2, 20 min at 266 

20 ± 1 °C). 267 

 268 

Immunofluorescent anti-PAHs and anti-C60 staining has been described in detail by Sforzini et 269 

al. (2018, 2020). To study the possible accumulation of BaP and C60 in the lysosomes of the 270 

digestive gland cells of exposed mussels, immunofluorescence co-localization of BaP, C60 and 271 

the lysosomal enzyme cathepsin D was performed following the method described in Sforzini 272 

et al. (2018, 2020). 273 

 274 

Colocalization of C60 and BaP by double immunolabelling with monoclonal antibodies from the 275 

same species was performed as described by Eichmüller et al. (1996), with slight 276 

modifications. Digestive gland tissue sections were reacted with the anti-fullerene (anti-C60) 277 

antibody, as reported above for the single labelling (Sforzini et al., 2020). The anti-PAH 278 

antibody (monoclonal mouse, Santa Cruz Biotechnology Inc., 1/100 in PBS containing 1% 279 

BSA), used to detect BaP, was coupled in vitro to the secondary antibody (goat polyclonal to 280 

mouse Alexa Fluor® 568, 1/50, 1h, 37°C; Sforzini et al., 2014, 2018). Normal mouse serum 281 

(0.5%) was then added to saturate excess free anti-mouse binding sites on the secondary 282 

antibody (1h at 37°C). Before applying the antibodies-complex solution, sections were 283 
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incubated with the mouse serum IgG1 (0.5%, 2% BSA, in PBS, 1h, 20±1°C). Following the 284 

immune-reaction with the antibodies-complex (2h, 20±1°C), sections were rinsed in PBS, 285 

stained with DAPI and then mounted in Mowiol mounting medium (Cold Spring Harbour 286 

Protocols, 2006; http://cshprotocols.cshlp.org/). 287 

 288 

Immunofluorescence for anti-phosphorylated-mTORC1  289 

Tissue sections prepared as described above were incubated in a permeabilisation and 290 

blocking solution (0.5% Triton X-100, 2% BSA, 0.5% goat serum in PBS, 1 h at 20 ± 1 °C) and 291 

then with the primary antibody (anti m-TOR (phospho S2448) antibody , Abcam, 1/100 in PBS 292 

containing 1% BSA and 0.05% Triton X-100) overnight at 4 °C in a moist chamber. Sections 293 

were then washed three times in PBS (5 min) and the secondary antibody was applied, i.e. 294 

polyclonal goat to rabbit (Chromeo) (Abcam) (1/100 in 1% BSA and 0.05% Triton X-100 in 295 

PBS) for 1 h at 20 ± 1 °C in the dark. Finally, sections were rinsed in PBS, counterstained with 296 

propidium iodide and mounted. Immunocytochemical controls for non-specific fluorescence 297 

included sections that were processed in the absence of the primary or secondary antibodies. 298 

Slides were viewed under 400 × magnification by an inverted photo-microscope (Zeiss 299 

Axiovert 100M connected to a digital camera Zeiss AxioCam MRm) equipped for fluorescence 300 

microscopy using FITC, Rhodamine and DAPI emission filters. Images were analysed using 301 

an image analysis system (Scion Image) that allowed for the quantification of the mean 302 

fluorescence intensity. 303 

 304 

Determination of DNA strand breaks using the comet assay 305 

DNA damage (Comet assay) was determined as described in detail by us in earlier 306 

publications (Banni et al., 2017; Barranger et al., 2019a,b).  Digestive gland tissues were 307 

stored on ice prior to processing for the comet assay. After rough chopping, each piece of 308 

tissue was added to 1 mL of 1.6 mg/mL dispase II solution (in Hank's buffered saline) pre-309 

warmed to 37ºC. After digesting in the dark for 30 min, the resulting suspension was coarsely 310 

filtered through gauze and spun at 200 g to remove any debris. The supernatant was checked 311 

http://cshprotocols.cshlp.org/
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for cell viability using trypan blue (0.04%), and only samples with >90% unstained cells were 312 

used. A sub-sample of 100 μL of the cell suspension was pelleted at 350 g and 180 μL low 313 

melting point agarose added. Two replicate microgels (75 μL) were formed by cover-slipping 314 

and allowed to set at 4ºC for a minimum of 15 min. After the cover slips were removed, cells 315 

were lysed in 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% N-laurylsarcosine, 1% Triton X-316 

100, and 10% DMSO (adjusted to pH 10 with NaOH) for 1 h at 4ºC in the dark. Slides were 317 

then transferred to an electrophoresis chamber containing 1 mM EDTA and 0.3 M NaOH (pH 318 

13). DNA was allowed to unwind in the dark for 20 min, followed by electrophoresis at 1 V/cm 319 

(~300 mA) for 20 min in the dark. Gels were preserved with ice cold 100% ethanol and then 320 

scored after the addition of 20 μg/mL ethidium bromide using a Leica epifluorescence 321 

microscope (Leica Microsystems, Milton Keynes, UK) and Comet 4 image analysis system 322 

(Perceptive Instruments, Bury St Edmunds, UK). One hundred nucleoids were assessed per 323 

slide; all samples were measured blind. Tail intensity (% tail DNA), defined as the percentage 324 

of DNA migrated from the head of the comet into the tail, was used as a measure of DNA 325 

damage induced. 326 

 327 

Programmed cell death (PCD) determination 328 

Digestive tubule atrophy or breakdown was used as a proxy for PCD and was determined 329 

from previously described histopathological and cytochemical investigations of mussel 330 

digestive cells by Lowe (1988) and Moore (1988) that enabled the derivation of the relationship 331 

between LMS and tubule atrophy (inversely correlated: R
2
 = 0.7745, R = -0.8801, P < 0.001, 332 

n = 40). 333 

 334 

Univariate statistical analysis 335 

Five replicates per control and experimental treatment concentration were analysed. Each 336 

replicate consisted of the digestive gland from one mussel; the mussels were collected from 337 
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a separate beaker. The non-parametric Mann-Whitney U-test, and the parametric t-test was 338 

used to compare the data from treated mussels with those of the controls. 339 

 340 

Multivariate statistical analysis 341 

The cellular biomarker data (i.e., LMS, L/C vol., lipid, lipofuscin and phosphorylated mTORC1) 342 

for five mussels from each experimental treatment were analysed using non-parametric 343 

multivariate analysis software, PRIMER v 6 (PRIMER-Є Ltd., University of Auckland, 344 

Auckland, New Zealand; Clarke, 1999; Clarke & Warwick, 2001) as previously described by 345 

Sforzini et al. (2018, 2020). All data were log transformed [logn(1+x)] and standardised to the 346 

same scale. Correlations between biomarkers were tested using a scatter plot matrix 347 

(PRIMER v 6, Draftsman Plot). The multivariate analysis was conducted with and without data 348 

for C60 at 0.01 and 0.1 mg/L that was reported previously by Sforzini et al. (2020) in addition 349 

to C60 at 1 mg/L, as was used for the mixtures with BaP treatments. Correlations between the 350 

various cellular biomarkers and the first and second principal components (PC 1 & PC 2; C60 351 

at 1 mg/L only) were also derived 352 

 353 

Finally, in order to map integrated biomarker data onto “health status space” (measured as 354 

first principal components – PC 1), PC 1 values were plotted against both the complexity 355 

values (system or network complexity - connectance Cv%), and LMS as measures of cellular 356 

well-being for each experimental treatment (Sforzini et al., 2018, 2020). 357 

 358 

Network modelling  359 

Model description 360 

The generic cell model described by Moore (2010) has been developed from extensive 361 

published data in the environmental toxicology and biomedical literature, and the large-scale 362 

organisation of metabolic networks (Cuervo, 2004; Di Giulio & Hinton, 2008; Jeong et al., 363 

2000; Juste & Cuervo, 2019; Levine, 2005; Moore, 2020). This cellular interaction network 364 

was constructed around the essential processes of feeding, excretion and energy metabolism 365 
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(Fig 1A). Protein synthesis and degradation, including lysosomal autophagy, and fusion of 366 

secondary lysosomes with other secondary lysosomes are also incorporated in the model as 367 

are the major protective systems (Livingstone et al., 2000; Moore, 2010; Sforzini et al., 2018). 368 

A modified subset of the generic model incorporating oxidative cell injury was used in this 369 

investigation in order to accommodate the available data (Fig. 1B). The directed cellular 370 

physiological networks were constructed using Cytoscape 3.3.0 software (Shannon et al., 371 

2003). 372 

 373 

Analysis of cell system complexity 374 

Whole system complexity in the directed cellular physiological network was evaluated using 375 

connectedness (Bonchev, 2003). Topological complexity was measured as connectedness or 376 

connectance (CV %) is the ratio between the number of links E in the interaction network and 377 

the number of links (edges) in the complete graph having the same number of nodes or 378 

vertices (V) (Bonchev, 2003). Connectedness relates the number of nodes (vertices) V and 379 

links or edges (arcs in a directed link) E where the connectance percentage ratio, CV%, of a 380 

directed graph (digraph) with V nodes or vertices is then:  381 

 382 

CV % = [1 / max (CV)] ||E|| x 100     (Equation 1) 383 

 384 

which reduces to:  385 

 386 

CV % = (||E|| / V2) x 100      (Equation 2) 387 

 388 

as shown in Equations 1 & 2 for typical digraphs that allow every node to connect to every 389 

other node, where ||E|| is the nearest integer function of E (Davis, 1997). This method uses 390 

the sum of the edge weights rather than the edge count and allows for self-loops or arcs (Fig. 391 

1A & B). The network also contained a node for DNA damage although this data was not 392 
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included in the calculation of connectance. DNA damage (Comet assay) had been determined 393 

previously in animals from the same experiment (Barranger et al., 2019a). 394 

 395 

Transformed biomarker data were used to attribute proportional weight values to the 396 

interactions (edges) between cellular physiological processes (nodes) as previously described 397 

(Sforzini et al., 2018; Fig. 1B). The various biomarker values were standardised to a proportion 398 

of Control mean values. These values (x) were then used for biomarkers that normally 399 

decrease with pathology (i.e., lysosomal membrane stability & mTORC1), while biomarkers 400 

that normally increase with pathology (i.e., lysosomal lipid, lysosomal/cell volume ratio & 401 

lipofuscin) were further transformed to their reciprocal value (x-1). All standardised and 402 

transformed values were normalised using log10 transformation of x or x-1 as appropriate; and 403 

then inputted into the model as the weight values for the network interaction strengths (edge 404 

or link strength). Finally, the non-parametric Mann-Whitney U-test, and the parametric t-test 405 

was applied to the connectance (Cv%) values of the control and experimental treatment groups 406 

to test for statistical differences. Network or system complexity was plotted against PC 1, LMS, 407 

DNA damage (Comet assay for DNA strand breaks) and predicted PCD.  408 

 409 

Analysis of interactions using Interaction Factor (IF) 410 

Analysis of the combined effects of C60 and BaP on the biomarkers (i.e., lysosomal membrane 411 

stability, mTORC1, lysosomal lipid, lipofuscin & lysosomal/cytoplasmic volume ratio) was 412 

performed by calculating the Interaction Factor (IF) in order to test for evidence of additivity, 413 

synergism and antagonism as shown in Equations 3-5 (Barranger et al., 2019a, b; David et 414 

al., 2016; Katsifis et al., 1996; Schlesinger et al., 1992; Zhang et al., 2019): 415 

 416 

IF = (G(C60 + BaP)  – C) – [(G(C60)  – C) + (G(BaP)  – C)]    (Equation 3) 417 

 418 

    = G(C60 + BaP)  – G(C60)  – G(BaP)  + C      (Equation 4) 419 

 420 
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SEM(IF) = √(SEM2
(C60 + BaP) + SEM2

(C60) + SEM2
(BaP) + SEM2

(C))  (Equation 5) 421 

 422 

Where IF is the interaction factor: negative IF denotes antagonism, positive IF denotes 423 

synergism, and zero IF denotes additivity. G is the mean cell pathological reaction to toxicants 424 

(BaP, C60 and BaP + C60), C is the mean cellular response under control conditions. For 425 

lysosomal membrane stability (LMS) and the phosphorylated mTORC1, the IF value was 426 

negatively transformed [-1(IF)] because the experimental treatment generally results in a 427 

decrease in the biomarker value compared to the control rather than an increase, which is 428 

standard for the IF test. SEM(x) is the standard error of the mean for group X. Results were 429 

expressed as IF, and the 95% confidence limits were derived from the combined SEM values.  430 

 431 

In order to test the mixture IF values against predicted additive values (assumed to have an 432 

IF = 0), the additive mean values (A) were calculated as shown in Equation 6: 433 

 434 

A  = (G(C60)  – C) + (G(BaP)  – C)       (Equation 6) 435 

 436 

The Pythagorean theorem method for combining standard errors was used to derive combined 437 

standard errors for the predicted mean additive values (A) of C60 and BaP 438 

(http://mathbench.org.au/statistical-tests/testing-differences-with-the-t-test/6-combining-sds-439 

for-fun-and-profit/). The standard errors (SEM) for the three C60 and BaP treatments (predicted 440 

additive) were derived using the following Equation 7: 441 

 442 

SEM(add) = √(SEM2 (C60) + SEM2 (BaP) + SEM2
(C))    (Equation 7) 443 

 444 

This enabled the 95% confidence limits to be derived for the predicted additive values. The 445 

confidence limits (95% CL/√2) were used to test the predicted additive values having an IF = 446 

0 against the IF values for the mixtures (Buzatto et al., 2015; Lowe et al., 1981). 447 

 448 
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Results 449 

Analyses of digestive gland for C60 and BaP 450 

The results for the chemical analyses of tissues have been previously reported by Barranger 451 

et al. (2019a). Both C60 fullerene and BaP accumulated in the tissues of the digestive gland 452 

(Fig. 2A & B). In our study, we analysed for the first time in a marine bivalve, BaP uptake (at 453 

different exposure concentrations) in the digestive gland in the presence of C60 fullerene in 454 

order to highlight a possible role of contaminant carrier of C60. Comparable BaP tissue 455 

concentrations in the presence or absence of C60 were observed (Fig. 2A).  456 

 457 

Low but quantifiable amounts of C60 in digestive gland tissues indicated active uptake, with 458 

adsorption on the outside of the tissue ruled out due to external washes with toluene prior to 459 

analysis (Fig. 2). High variability in C60 concentrations in the digestive gland makes it difficult 460 

to detect a difference between treatments in accumulation of C60 by mussels. 461 

 462 

Biomarker evaluation and cellular localisation of C60 fullerene and benzo[a]pyrene 463 

All the different treatments utilised in this study induced adverse cellular reactions (i.e. 464 

mTORC1, lysosome/cell volume ratio (L/C volume ratio), lysosomal lipofuscin, lysosomal lipid 465 

and DNA damage)   in the digestive gland of mussels, without affecting their survival (data not 466 

shown) during the time course of the experimental treatments. Representative images for the 467 

cellular changes in mTORC1, lysosome/cell volume ratio (L/C vol.; autophagy biomarker), 468 

lipofuscin and lysosomal lipidosis (triglygeride) are shown in Figure 3A-D. Additionally, Figure 469 

4A-D showed that the BaP and C60 were both co-localised in the digestive cell secondary 470 

lysosomes, using cathepsin-D as an immunocytochemical marker for lysosomes. 471 

 472 

As shown in Fig. 5 (A - E), all the biomarkers that were strongly related to the autophagic 473 

process (i.e. LMS, phosphorylated mTORC1 and L/C volume ratio) showed a similar trend in 474 

mussels exposed to BaP (5, 50, 100 µg/L), C60 (1 mg/L), and also in the combined treatments 475 

(MIX). In particular, there was a decrease in LMS, and mTORC1 phosphorylation compared 476 
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to controls. The evaluation of L/C volume ratio showed significant increases in this biomarker 477 

in the treated animals, with the exception of the lowest BaP concentration (5 µg/L).  478 

 479 

The results for lysosomal lipofuscin content (an oxidative injury biomarker) showed that BaP 480 

caused a significant increase of this parameter at all the concentrations tested, with a 481 

maximum at 100 µg/L with respect to controls (Fig. 5D). Otherwise, no significant change was 482 

observed in C60 exposed mussels; while the combined treatments (MIX) showed a similar 483 

trend to that of BaP, but for 5 and 50 µg/L BaP with lower values, while the mixture at 100 BaP 484 

was not significantly different from the control (Fig. 5D). The evaluation of lysosomal lipid 485 

(triglyceride) accumulation (biomarker revealing an alteration of lipid metabolism) showed that 486 

in mussels exposed to BaP there was a significant increase of lipid content, with a maximum 487 

at 50 µg/L (Fig. 5E). No significant increase was found in C60 as well in combined treatment 488 

(MIX) of 1.0 mg/L C60 and 5 µg/L BaP exposed animals; similar changes to those observed in 489 

BaP treatments were induced in animals exposed to the higher MIX concentrations. 490 

 491 

Pairwise statistical testing between the BaP and combined (MIX) treatments showed that there 492 

were significant decreases (P ≤ 0.05, Mann-Whitney U-test, t-test)  in the combined treatments 493 

for LMS (MIX 5, 50 & 100 µg/L BaP) , mTORC1 (MIX 5, 50 & 100 µg/L BaP), lysosomal lipid 494 

(MIX 5 & 50 µg/L BaP), lysosomal lipofuscin (MIX 100 µg/L BaP) and network complexity (MIX 495 

5 & 50 µg/L BaP) compared with the corresponding BaP treatments (Fig. 5A, B, D, E). The 496 

autophagy biomarker (L/C volume ratio), however, showed a significant increase (P ≤ 0.05, 497 

Mann-Whitney U-test, t-test) in the combined treatment (MIX 5 µg/L BaP) compared with the 498 

corresponding BaP treatment (Fig. 5C). 499 

 500 

Multivariate analysis of biomarker reactions  501 

PCA and hierarchical cluster analysis of all the biomarker reactions showed that all 502 

experimental treatments compared to the control, had a detrimental effect on the patho-503 
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physiology of digestive cells in mussels (ANOSIM, P ≤ 0.01; Fig. 6). The first principal 504 

component (PC 1) represented 52.5% of the variability and is significantly correlated with all 505 

five biomarkers (Table 1). However, the second principal component (PC 2), which 506 

represented 24.6% of the variance, was strongly correlated with lipofuscin and lysosomal lipid 507 

(Table 2), which corresponded to the BaP treatments. Analysis of similarity shows that C60 508 

and BaP 100 µg/L were significantly different (P ≤ 0.05), and that BaP at all three 509 

concentrations were significantly different from their corresponding mixtures (ANOSIM, P ≤ 510 

0.01), and C60 and the mixture (C60 + BaP 100 µg/L ) were significantly different (P < 0.05). 511 

Overall analysis of similarity showed a highly significant value for dissimilarity (ANOSIM, 512 

Global R Statistic:  R = 0.567, P ≤ 0.001). Regression analysis (Scatter Plot matrix excluding 513 

0.01 and 0.1 mg/L C60) of the biomarker data indicated that many of the biological parameters 514 

were significantly correlated, particularly those directly related to autophagy: - LMS, L/C 515 

volume and dephosphorylation of phosphorylated mTORC1 (Fig. 7).  516 

 517 

 Network modelling biomarker reactions to C60 + BaP treatments 518 

Inputting the biomarker data into a directed cellular interaction network (digraph) model (Fig. 519 

1B; Table 2) enabled the determination of the system complexity. Complexity values 520 

determined as percentage connectance (Cv%) for the experimental treatments are shown in 521 

Figure 5F. There was a significant loss in connectance in all experimental treatments 522 

compared with the control (P ≤ 0.005, Mann-Whitney U-test, t-test). Pairwise statistical testing 523 

between the BaP and combined (MIX) treatments showed that there were significant 524 

decreases (P ≤ 0.05, t-test) in the combined treatments for network complexity measured as 525 

connectance  (MIX 5 & 50 µg/L BaP) compared with the corresponding BaP treatments (Fig. 526 

5F). 527 

 528 

The connectance analysis of these biomarkers data demonstrated that in mussels exposed to 529 

all treatments there was a loss of functional complexity (cellular homeostasis), with respect to 530 
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controls; the maximum loss of connectance was found in animals exposed to 100 µg/L BaP 531 

(Fig. 5F).  532 

 533 

The determination of node degree indicated that lysosomal function, autophagy and oxidative 534 

cell injury were the most highly connected nodes (vertices) with 7 degrees (number of links or 535 

edges), making them important patho-physiological hubs (Fig. 1B). In the more 536 

comprehensive network shown in Figure 1A, lysosomal function and autophagic function were 537 

the most connected nodes, underlining their central role in cellular patho-physiology. System 538 

complexity (connectance Cv%) was strongly correlated with the first Principal Component (PC 539 

1, direct), DNA damage (inverse; Comet assay data from Barranger et al., 2019a) and 540 

lysosomal stability (direct), as shown in Figure 8A – C (all correlations included data for 0.01 541 

and 0.1 mg/L C60 from Sforzini et al, 2020). Complexity was also inversely correlated with 542 

estimated or predicted programmed cell death (Fig. 8C; predicted PCD was derived from the 543 

previously determined correlation between digestive tubule epithelial atrophy and lysosomal 544 

stability shown in the inset of Figure 8C; Lowe, 1988; Lowe et al., 1981; Moore 1988). 545 

 546 

Mixture Interactions 547 

The Interaction Factors (IF) for C60 fullerene and BaP are shown in Table 3. There was 548 

evidence of antagonistic interactions (t-test, significant at the 5% level) between mixtures of 549 

C60 fullerene and BaP for DNA damage (Comet, MIX 100 µg/L BaP; data from Barranger et 550 

al., 2019a), mTORC1 inhibition, lysosomal membrane stability, lysosomal lipofuscin (MIX 100 551 

µg/L BaP), lysosomal lipid (MIX 5 and 50 µg/L BaP), and connectance (Table 3). Furthermore, 552 

antagonistic interactions that were just outside the 5% level, but which were significant at the 553 

10% level, were also found for lysosomal/cytoplasmic volume ratio (autophagy) with the MIX 554 

50 and 100 µg/L BaP, and DNA damage with the MIX 50 µg/L BaP. There was no evidence 555 

for any synergistic interactions between the test compounds (Table 3). 556 

 557 

Discussion 558 
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There was no evidence for a synergistic “Trojan Horse” effect when mussels were exposed to 559 

mixtures of C60 and BaP. In fact, the converse was observed, with strong evidence for a 560 

negative (antagonistic) interaction induced by the combined treatments as has been 561 

previously described by Freixa et al. (2018) and Barranger et al. (2019a, b); while Lee et al., 562 

(2011) have shown that C60 was cytoprotective. Canesi et al. (2014) have previously 563 

demonstrated both synergistic and antagonistic effects of TiO2 nanoparticles and TCDD in 564 

combination. The findings from these authors indicated an antagonistic effect on lysosomal 565 

membrane stability, but that there was a synergistic effect on L/C volume. 566 

 567 

Comparable BaP tissue concentrations in the presence or absence of C60 were observed (Fig. 568 

2A); and despite the expected strong sorption of BaP on C60, no Trojan horse effect was 569 

observed, and C60-sorbed BaP remained bioavailable (Fig. 2A; Barranger et al., 2019a; 570 

Linnard et al., 2017). In general, however, high variability for C60 tissue concentration, as was 571 

observed in the MIX 100 µg/L BaP, may conceal subtle changes.  572 

 573 

In a previous study in mussels by Al-Subiai et al. (2012), it has been shown that animals 574 

exposed to C60 alone exhibited a higher accumulation of C60 in the digestive gland compared 575 

to the gill. Co-exposure to fluoranthene, however, modified the accumulation of C60, with 576 

greater accumulation of C60 when animals were exposed to C60 alone compared to the 577 

combined exposure.  578 

 579 

When comparing tissue concentrations for BaP and C60, the bioconcentration observed was 580 

much lower for C60 compared to BaP. The uptake in the digestive gland  of mussels exposed 581 

to a similar aqueous concentration of BaP and C60 was about 2000 times higher for BaP. 582 

However, non-constant concentrations in the aqueous phase, attributed to sorption and/or 583 

sedimentation, did not allow the calculation of bioaccumulation factors, which also requires 584 

reaching a steady-state in the tissues (Barranger et al., 2019a). The difference between BaP 585 

and C60 tissue concentration could also be attributed to different kinetics of uptake that can in 586 
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future, only be explored through longer exposure periods and regular sampling. Nonetheless, 587 

recent work has indicated a continuous increase of C60 concentrations in whole mussels over 588 

at least three weeks (Sanchís et al., 2018). It is probable that the bioavailability of 589 

nanomaterials and their co-contaminants depend on many factors such as their size, shape, 590 

surface coating and aggregation state and on the metabolism of the species investigated 591 

(Linnard et al., 2017). 592 

 593 

C60 fullerene and BaP administered separately is known to accumulate in the mussel digestive 594 

gland and to be sequestered in the lysosomal compartment (Barranger et al., 2019a; Sforzini 595 

et al., 2018, 2020). This investigation has clearly demonstrated that in animals exposed to the 596 

combined BaP and C60 treatments, the PAH and the nanoparticles accumulated in the 597 

lysosomes of the digestive gland cells as confirmed with the localisation of the lysosomal 598 

marker protease cathepsin-D (Fig. 4A-D). Lysosomal enlargement in molluscan digestive cells 599 

is a feature of autophagy. It also involves lysosomal fusion with a decrease in the number of 600 

lysosomes (Choy et al., 2018; Lowe et al., 1981). Autophagy is a highly complex process 601 

involving the interactions of many proteins and cell signalling pathways (Zhao & Zhang, 2019). 602 

The cell pathology results indicate that autophagy is induced in the digestive cells with all 603 

experimental treatments as indicated by reduced lysosomal integrity (LMS) and increased 604 

lysosomal/cytoplasmic volume ratio.  605 

 606 

C60 accumulates in the lysosomal compartment of molluscan hepatopancreatic digestive cells, 607 

probably as a result of endocytic uptake as aggregates or individual nanoparticles, or 608 

otherwise adsorbed onto food particles by Van der Waal’s interactions (Emelyantsev et al., 609 

2019; Di Giosia et al., 2019; Giełdoń et al., 2017; Rashid et al., 1991;  Sforzini et al., 2020). 610 

C60 fullerene has been reported to induce autophagy in various cell types, including molluscan 611 

digestive cells using LMS, lysosomal volume increase and LC3 (microtubule-associated 612 

proteins 1A/1B light chain 3B) as the biomarkers (Lee et al., 2011; Sforzini et al., 2020; Stern 613 

et al., 2012). Accumulation of non-degradable C60 in the lysosomal compartment will probably 614 



 

24 
 

P
ag

e2
4

 

contribute to lysosomal overload and membrane destabilisation with release of iron, and 615 

consequent generation of ROS in the cytosol (Sforzini et al., 2020; Stern et al., 2012; Yu et 616 

al., 2003). This increased flux of ROS will probably be the major trigger for an augmented 617 

autophagic reaction to the nanoparticles by oxidative inhibition (dephosphorylation) of 618 

mTORC1 (mechanistic target of rapamycin complex 1; Cuervo, 2004; Moore, 2020). 619 

Autophagy induced by C60 appears to be cytoprotective. Although there was some evidence 620 

of ROS mediated oxidative damage, such as increased lysosomal fragility, this response was 621 

limited and there was no evidence for serious oxidative stress, as would be characterised by 622 

the lack of lipofuscin accumulation in the lysosomal compartment (Lee et al., 2011; Moore et 623 

al., 2020; Sforzini et al., 2018, 2020; Shaw et al., 2019).  624 

 625 

Accumulation of lysosomal lipofuscin is an effective indicator of oxidative cell injury (Moore et 626 

al., 2006; Sforzini et al., 2018). As mentioned above, the C60 treatment did not appear to cause 627 

significant oxidative cell injury, as there was no increase in lipofuscin (Sforzini et al., 2020). 628 

However, oxidative cell injury was observed in the three BaP treatments, probably caused by 629 

increased generation of ROS, accompanied by increased lysosomal lipofuscin and lipid, and 630 

reduced lysosomal membrane stability (Fig. 2B, C & D; Fig. 4A, D & E; Jaishy & Abel, 2016; 631 

Seranova et al., 2017; Sforzini et al., 2018, 2020). Lipofuscin was elevated in the MIX 5 and 632 

50 µg/L BaP treatments. The trend was, however, lower than in the BaP-treated animals and 633 

significantly lower at the MIX 100 µg/L BaP (P ≤ 0.05, Mann-Whitney U-test).  It was  also 634 

significantly antagonistic in the MIX 100 µg/L BaP treatment (Table 3). However, the PCA 635 

indicated that this induced autophagy could be differentiated into probable augmented 636 

functional autophagy, and augmented but tending towards dysfunctional autophagy (Fig. 6; 637 

Moore et al., 2020; Shaw et al., 2019). All of the cellular biomarkers correlated with PC 1 638 

(Table 1), whereas PC 2 was strongly correlated with lysosomal lipofuscin and lysosomal lipid 639 

content (Table 1), both of which are indicative of dysfunctional autophagy, with inhibition of 640 

lysosomal degradative enzymes (Jaishy & Abel, 2016; Shaw et al., 2019). The BaP treated 641 

mussels contributed to the alignment with the second principal component (PC 2), while the 642 
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C60 and mixture treatments aligned with the first principal component (PC 1) as indicated in 643 

Figure 8A. The PCA also indicates that there is probably an antagonistic interaction in the 644 

mixtures (Fig. 6). 645 

 646 

Excessive lipofuscin accumulation in lysosomes is also harmful in its own right, due to the 647 

production of ROS by lipofuscin-bound iron (Brunk & Terman, 2002). Consequently, much of 648 

the observed DNA damage will probably have resulted from oxidative injury caused by ROS 649 

generated by the release of reactive iron from within the lysosomal compartment, as well as 650 

increased ROS produced by iron bound to lysosomal lipofuscin (Barranger et al., 2019a; Brunk 651 

& Terman, 2002; Sforzini et al., 2018, 2020; Zanger et al., 2004). There was no evidence for 652 

the formation of DNA adducts as a result of interactions with oxidative metabolites of BaP 653 

(Barranger et al., 2019a). 654 

 655 

Dysfunctional autophagy characterised by swollen lipid-rich lysosomes (triglyceride lipidosis)  656 

can also contribute to an increased level of programmed cell death (Fig. 3D; Cuervo, 2004; 657 

Lowe, 1988; Sforzini et al., 2018). This was further reflected as reduced lysosomal membrane 658 

stability and associated indications of dysfunctional autophagy was strongly linked with 659 

digestive tubule atrophy as a result of programmed cell death (PCD) based on re-analysis of 660 

previously published findings (Lowe, 1988; Moore, 1988).  661 

 662 

PCA and cluster analysis, however, does not integrate the various biomarkers in a functionally 663 

meaningful way. It is only the first stage in developing numerical and network models for 664 

environmental impact on the health of sentinel animals such as mussels and earthworms 665 

(Moore, 2010; Sforzini et al., 2015, 2018, 2020). In order to encapsulate the cellular 666 

physiological processes, it is necessary to interconnect the biomarker data within a logical 667 

mechanistic framework. Previous studies have used a network model of the physiological and 668 

pathological processes known to occur in the digestive cells (Moore et al., 2015; Sforzini et 669 

al., 2018). Complexity is a measure of the interconnectedness of the network and can be used 670 
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as an indicator of homeostasis (Lewis et al., 1992; Moore, 2010; Moore et al., 2015; Sedivy, 671 

1999). Complexity of the whole system increases when sub-systems, such as detoxication 672 

and anti-oxidant protective processes, augmented autophagy, protein degradation and 673 

induction of stress proteins, are up-regulated and start to interact significantly as part of a 674 

response to low-level stress (i.e., biphasic or hormetic response; Moore, 2010, 2020; Moore 675 

et al., 2015, 2020). However, with increasing severity of stress, cell injury and higher-level 676 

functional impairment lead to physiological dysfunction, pathology and breakdown of the 677 

whole interaction network with consequent loss of complexity (Moore, 2010). Consequently, 678 

inputting the biomarker data from the C60 + BaP exposure experiment into a directed cell 679 

patho-physiological network model showed that there was a statistically significant reduction 680 

in system complexity with increasing tissue BaP (chemical data from Barranger et al., 2019a; 681 

Sforzini et al., 2018), in both the presence and absence of C60. This indicated decreased 682 

homeostasis and health status (Fig. 5F; Barranger et al., 2019a). The model demonstrates 683 

that autophagy is an important highly connected hub in the cellular physiology network of the 684 

system being tested. This lends support to the overall hypothesis, namely, that autophagy, 685 

lysosomal function, oxidative cell injury and mTOR signalling are intrinsically interlinked in 686 

physiological responses and patho-physiological reactions to stress (Fig. 1A). The strong 687 

correlations between network complexity versus the first principal component, DNA damage, 688 

lysosomal membrane stability and estimated programmed cell death further support the use 689 

of system complexity as a measure of cellular homeostasis; and the capability to extrapolate 690 

to higher level effects (e.g., predicted PCD; Fig. 8A-D). 691 

 692 

The network approach supports the hypothesis that stress leading to pathology results in a 693 

loss of system complexity as previously described by Moore (2010). Consequently, cellular 694 

networks can be used to integrate information from biomarker data; and to direct the selection 695 

of biomarkers and design of experiments, in order to develop suites of tests that will 696 

demonstrate which links are active or inactive, and to what degree. This provides 697 

mathematical formalism for an objective evaluation of health status based on measurement of 698 
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various biomarkers for potential use in risk assessment (Moore, 2010, Moore et al., 2015; 699 

Sforzini et al., 2018). The strong correlation between system complexity and DNA damage 700 

indicates that this type of modelling has potential for predicting cellular pathological endpoints 701 

(Barranger et al., 2019a; Canova et al., 1998; Fig. 1A). DNA damage was included in the 702 

network model as an endpoint, although the values from the Comet assays were not required 703 

for the calculation of connectance as DNA damage was an endpoint with uni-directional links 704 

from oxidative stress and autophagy (Fig. 1B, Table 2). 705 

 706 

Pairwise testing of the BaP and combined (MIX) treatments showed that there were significant 707 

decreases at all concentrations of BaP for LMS and mTORC1, while the other biomarkers 708 

showed significant decreases at particular concentrations of BaP, but not all (Fig. 5). Network 709 

or system complexity was also decreased in the two lower BaP concentration combined 710 

treatments (MIX 5 and 50 µg/L BaP; Fig. 5). The autophagy biomarker (L/C volume ratio), 711 

however, was increased in the lowest combined treatment (MIX 5 µg/L BaP; Fig. 5). Interaction 712 

factors (Ifs) generally indicated that cell injury was statistically additive at MIX 5 and 50 µg/L 713 

BaP, but was antagonistic at MIX 100 µg/L BaP, based on the lipofuscin levels (Table 3). 714 

There appeared, however, to be an intracellular limiting effect on oxidative cell injury in some 715 

of the test mixture treatments, as exemplified by the antagonistic interactions for DNA damage 716 

(MIX 100 µg/L BaP), phosphorylated mTORC1 kinase, LMS, lysosomal lipofuscin (MIX 100 717 

µg/L BaP) and lysosomal lipid accumulation (MIX 100 µg/L BaP; Table 3). The additional 718 

evidence from the PCA and network analyses support the interpretation that this amelioration 719 

in cell injury in the mixtures may be caused either by a reduction in ROS generation, or else 720 

by more effective scavenging of ROS by C60, when C60 and BaP are present together in close 721 

association, as previously described (Della Torre et al. 2018; Di et al. 2017). C60 fullerenes are 722 

both cytoprotective scavengers and generators of ROS (Barranger et al., 2019a; Lee et al., 723 

2011; Rondags et al., 2017; Sforzini et al., 2020); and when C60 fullerene and BaP are closely 724 

associated, or bound together, within the overloaded lysosomal compartment of the mussel 725 
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digestive cells, the ROS scavenging ability of C60 is probably a significant factor  (Fig. 9A-C; 726 

Barranger et al., 2019; Stern et al., 2012).  727 

 728 

Uptake of both BaP and C60 is probably mediated by endocytosis, associated with food 729 

proteins or else bound to cell surface proteins mediated by Van der Waals interaction 730 

(Emelyantsev et al., 2019; Di Giosia et al., 2019; Giełdoń et al., 2017; González-Soto et al., 731 

2019; Moore et al., 2004; Oh & Park, 2014; Rashid et al., 1991; Sayes et al., 2004). BaP may 732 

also enter the digestive cells through a combination of direct transfer (Plant et al., 1985); as 733 

well as through endocytosis in bound form with C60 and food proteins and lipids (Barranger et 734 

al., 2019a; Sforzini et al., 2018). However, mTORC1 is inhibited by ROS and oxidative 735 

damage, which will probably limit endocytic uptake of particle associated BaP and C60 + bound 736 

BaP (Zhao et al., 2017). Inhibition of mTORC1 will also trigger decreased LMS, as well as  737 

increased autophagy and programmed cell death (i.e., PCD type 1 – apoptosis, PCD type 2 – 738 

autophagic cell death and PCD type 3 – necrotic cell death; Cuervo, 2004; Seo et al., 2018; 739 

Wang et al., 2018). Previous studies have shown that PAHs such as fluoranthene, 3-740 

methylcholanthrene and BaP accumulate in the lysosomal compartment; where they 741 

destabilise the lysosomal membrane releasing lysosomal iron, hence, inducing oxidative cell 742 

injury and dysfunctional autophagy in the hepatopancreatic digestive cells (Kurz et al., 2008; 743 

Moore et al., 2006, 2007; Sforzini et al., 2018; Shaw et al., 2019; Stern et al., 2012). Autophagy 744 

and lysosomal function can become dysfunctional due to excessive lipid and lipofuscin 745 

accumulation (Brunk & Terman, 2002; Jaishy & Abel, 2016; Kurz et al., 2008). 746 

 747 

There was strong evidence for interactions in the biomarker and connectance data for the 748 

three combinations of BaP and C60 fullerene (Barranger et al., 2019a, b; David et al., 2016; 749 

Katsifis et al., 1996; Schlesinger et al., 1992; Zhang et al., 2019). The antagonistic interactions 750 

reported here can be interpreted as a cytoprotective effect against the cytotoxicity of BaP 751 

being exerted by C60 scavenging of ROS generated by BaP overload within the lysosomal 752 

compartment (Barranger et al., 2019a, b; David et al., 2016; Katsifis et al., 1996; Lee et al., 753 
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2011; Schlesinger et al., 1992; Sforzini et al., 2018; Stern et al., 2012; Zhang et al., 2019).  754 

Augmented autophagy induced by oxidative inhibition of mTORC1 will also have contributed 755 

to the cytoprotective effect of C60 (Lee et al., 2011; Moore, 2020; Moore et al., 2020; Sforzini 756 

et al., 2020). However, C60 does also exert cytotoxicity in its own right, so the cytoprotective 757 

properties appear to be superimposed on the toxicity of BaP when the two compounds are 758 

used in combination (Fig. 9A-C). C60 is known to have cytoprotective properties as well as 759 

being a generator of ROS (Rondags et al., 2017; Zhang et al., 2019). Since ROS generation 760 

by C60 is induced by visible light, it is considered unlikely that C60 is producing significant ROS 761 

within the lysosomal-vacuolar system of the digestive cells: rather the sequestration of non-762 

degradable C60 in the lysosomes will cause limited release of intra-lysosomal iron that will in 763 

turn, generate ROS and inhibit mTORC1, thus triggering protective augmented autophagy 764 

(Kirchin et al., 1992; Moore, 2020; Moore et al., 2020; Sforzini et al., 2020; Stern et al., 2012; 765 

Winston et al., 1991; Zhao & Zhang, 2019). The findings of Barranger et al. (2019a) and the 766 

current data support the cytoprotective interpretation of internalised C60 nanoparticles (Fig. 767 

8C). In fact, the chemical analytical data reported by Barranger et al. (2019a) indicated that 768 

the internalisation of C60 was considerably enhanced when mussels were treated at the 769 

highest experimental concentration of BaP (100 µg/L), in comparison with the lower treatment 770 

concentrations (Fig 2B). The explanation for this is not readily apparent, however, the chemical 771 

data for C60 + BaP (100 µg/L) had high variability (Fig. 2B; Barranger et al., 2019a). 772 

 773 

The digestive gland, liver analogue, is probably the most important organ for the health of the 774 

mussel. Damage to this organ, as described in this investigation, has the potential for serious 775 

higher level adverse impacts on the functionality of the whole animal. This cell injury, in turn, 776 

will have potential eco-pathological consequences for the mussel population and functional 777 

ecology of the ecological assemblages that are dependent on mussels as ecological 778 

foundation species (Moore et al., 2013). 779 

 780 
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The network modelling has facilitated the further refinement of an integrated conceptual 781 

mechanistic framework described by Sforzini et al. (2018) that encapsulates the interrelated 782 

patho-physiological processes involved in the cellular reactions to C60 and BaP. These 783 

processes have been described diagrammatically in Figure 10, and in a network format in 784 

Figure 1A. Although most of these processes are considered to be evolutionarily highly 785 

conserved, some have not yet been confirmed to occur in molluscs (i.e., mTORC1 links with 786 

the regulation of endocytosis and MDR/Pgp40 multi-drug resistance transporter) (Boya, 2012; 787 

Flinn & Backer, 2010; Grahammer et al., 2016; Jiang & Liu, 2008; Wang et al., 2018). 788 

Physiological augmented autophagy is activated by the inhibition of mTORC1, along with 789 

reduced lysosomal membrane permeability or LMS. This can be triggered by a number of 790 

environmental factors, including low nutrient concentration and oxidative stress (Moore et al., 791 

2007; Seranova et al., 2017; Zhao et al., 2017). 792 

 793 

As previously described, hypothesised functional links between endocytic uptake of C60 and 794 

BaP with natural particles, transfer to the lysosomal system, where accumulation will be further 795 

facilitated by the presence of P-glycoprotein (MDR-Pgp40) in the lysosomal membrane (Minier 796 

& Moore, 1996a, b; Yang et al., 2002). The demonstrated accumulation of C60 fullerene, BaP 797 

and lipid in the lysosomal compartment will probably result in ROS generation and formation 798 

of lipofuscin or stress/age pigment (Brunk & Terman, 2002; Moore et al., 2006; Sforzini et al., 799 

2018). However, C60 fullerene is indicated to have a cytoprotective role in scavenging ROS 800 

generated by BaP in the mixture treatments as shown diagrammatically in Figure 6. mTORC1 801 

inhibition by ROS is probably a further contributory factor to cytoprotection in the C60 + BaP 802 

mixtures as this inhibition will result in augmented functional autophagy, whereas BaP on its 803 

own will shift the balance towards dysfunctional autophagy (Fig. 9A-C; Moore et al., 2020; 804 

Sforzini et al., 2018, 2020; Shaw et al., 2019). 805 

 806 

The network model shown in Figure 1A and B indicates that lysosomal function and autophagy 807 

are both highly connected nodes, and as such form important hubs in the cellular physiology 808 
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of the digestive cells. Consequently, physiological hub dysfunction as a result of xenobiotic 809 

and NP overload and the associated oxidative attack, is indicative of the importance of both 810 

these linked modular cellular systems to the normal functioning of the digestive cells as well 811 

as in the cell’s response to stress (Stern et al., 2012). The relative homogeneity of the 812 

responses of network complexity responses (connectance) to the experimental treatments as 813 

shown in Figure 5F, indicates that the animals are effectively compensating for the 814 

environmental insults and have established a new steady state (Moore, 2010; Stelling et al., 815 

2004). An explanation for this may be that even if individual nodes (vertices) are compromised, 816 

the system or network can compensate by bypassing or modifying the interaction strengths 817 

for the damaged node, and utilise alternative processes and pathways to minimise network 818 

disruption and the degree of cell injury (Fig. 1A; Stelling et al., 2004). Stelling et al. (2004) has 819 

previously demonstrated that functional cellular networks are highly robust when perturbed by 820 

environmental and other stressors, and will establish a new physiological state unless a key 821 

hub (highly connected node) or several hubs is compromised. 822 

 823 

In the future, the individual nodes in the network representing cellular processes can 824 

potentially be further modelled at lower levels of biological organisation by inputting 825 

transcriptomic and proteomic data as has been initiated by Banni et al. (2017) and Barranger 826 

et al. (2019a,b). This capability will probably be enhanced by future improvements in our 827 

knowledge of protein-protein interactions (interactome); as well as how effectively gene 828 

expression correlates with the proteome and is represented by functional interacting proteins. 829 

However, at present the pathways that regulate the kinetics of transcriptional and translational 830 

activity and post-translational modification of proteins during cell maturation are not well 831 

defined (Hoogendijk et al., 2019). In addition, the often low correlation between the 832 

transcriptome and the proteome supports the view that post-transcriptional processes play a 833 

major role in the adaptation to altered physiological conditions (Bathke et al., 2019).  834 

 835 

Conclusions 836 
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The hypothesis that C60 fullerene exerts an antagonistic interactive effect on the toxicity of 837 

benzo[a]pyrene has been supported by this investigation. BaP and C60 were shown to co-838 

localise in the secondary lysosomes of the hepatopancreatic digestive cells in the digestive 839 

gland. Combinations of BaP and C60 showed antagonistic effects for lysosomal membrane 840 

stability, mTORC1 inhibition, lysosomal lipofuscin and lysosomal lipid (MIX 5 & 50 µg/L BaP). 841 

Previous reports based on data from the same investigation have indicated an antagonistic 842 

interaction for DNA damage. The biomarker data analysed using multivariate statistics: 843 

principal component and cluster analysis clearly showed that BaP on its own was more 844 

injurious than when in combination with C60. When the biomarker data were incorporated in 845 

an interactive network model describing the main cell pathology processes, the integrated 846 

outputs (connectance – Cv%) for the system complexity (i.e., essentially a measure of system 847 

integrity or homeostasis) showed that there was a significant antagonistic interaction at all 848 

BaP concentrations for the combined treatments. It is inferred that oxidative cell injury 849 

reactions induced by BaP are ameliorated in the combination treatments by the ROS 850 

scavenging property of intralysosomal C60. This  limits the injury to the lysosomal membrane, 851 

reducing the oxidative damage in the cytosol and to the DNA. The ROS scavenging by C60 in 852 

combination with enhanced autophagic turnover of damaged cell constituents appears to have 853 

a cytoprotective effect against the toxic reaction to BaP in the combined treatments  854 

 855 

Furthermore, the loss of cellular physiological complexity in the hepatopancreatic digestive 856 

cells, has a potential predictive capability, since complexity correlated inversely with DNA 857 

damage. It also inversely correlated with the degree of predicted PCD caused by the 858 

experimental treatments based on the inverse correlation between lysosomal membrane 859 

stability and digestive tubule atrophy. The network model deployed in this investigation and a 860 

previous study of the effects of BaP is a subset of a larger network model incorporating other 861 

processes  that were not included in this study, but that are known to be involved in the patho-862 

physiology and induced molecular toxicology of mussels. It is suggested that the inclusion of 863 

a larger group of molecular and cellular biomarkers in future studies, as indicated in this larger 864 
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network, will give a more comprehensive picture of the cellular dysfunctionality caused by 865 

environmental nanomaterials and toxic xenobiotics in the molluscan digestive gland 866 

(hepatopancreas) following environmental insult. 867 
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 1179 

Fig. 1. A. Interaction network model based on the physiological and pathological processes 1180 

represented by the biomarker investigations in mussel digestive cells. Processes 1181 

represented include endocytosis (cell feeding), lysosomal function (highly connected 1182 

hub), autophagy (highly connected hub), phosphorylated mTORC1 signalling, lysosomal 1183 

lipid accumulation, oxidative cell injury, DNA damage, cytochrome P450 mediated 1184 

biotransformation and Programmed Cell Death (PCD – yellow node:- apoptosis – type 1185 

1 PCD; autophagic – type 2 PCD; necrotic – type 3 PCD). B. Abbreviated network 1186 

corresponding to the biomarkers actually deployed in the current study. The calculation 1187 

of connectance % did not include values for yellow nodes DNA damage and PCD (red 1188 

outline). Green nodes represent those included in the determination of system 1189 

complexity (connectance - Cv%). AUT – autophagy, Anti-Oxid – anti-oxidative protection, 1190 

BIOTRANS – Cytochrome P450 (CYP) mediated biotransformation, ENDOCYT – 1191 

endocytosis, DNA adducts – organic xenobiotic derived adducts, DNA oxid adducts – 1192 

oxidative adducts, LIPID – lysosomal triglyceride (lipidosis), Lipid Oxid – lipid 1193 

peroxidation,  Lipofuscin – ceroid lipofuscin (stress pigment), LYS – lysosomal function, 1194 

mTOR – mTORC1, Mito Function – mitochondrial energy metabolism, Oxid Inj – 1195 

oxidative cell injury, PCD – programmed cell death (apoptotic, autophagic and necrotic 1196 

cell death), Prot Oxid – protein oxidation (carbonyls); and ROS – reactive oxygen 1197 

species. 1198 
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 1199 

Fig. 2. C60 and BaP concentrations in digestive gland tissue:-  A. gas chromatography-mass 1200 

spectrometry (GC–MS) analyses of BaP in digestive gland (mean ± SE); B. liquid 1201 

chromatography-mass spectrometry (LC–MS) analyses of C60 in digestive gland (mean 1202 

± SE)with C60 levels for Mix 100 treatment being significantly different from the controls 1203 

and other treatments (P ≤ 0.05, n = 3, Tukey post-hoc test) . Data adapted from 1204 

Barranger et al. (2019a). 1205 

1206 
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 1207 

Fig. 3. Representative paired images of the lysosomal and autophagy-related biomarker 1208 

changes in the digestive gland tissue sections from controls and exposed mussels: A. 1209 

anti-phosphorylated-mTORC1 immunocytochemical fluorescence reaction (green: 1210 

Chromeo conjugated secondary antibody); B. L/C volume ratio; C. lysosomal lipofuscin 1211 

(LF) accumulation (lipofuscinosis); and D. lysosomal lipid (NL) accumulation (lipidosis). 1212 

  1213 
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 1214 

Fig. 4. A. Anti-PAHs immunofluorescence for the detection of BaP; B. anti-fullerene 1215 

immunofluorescence (green: FITC conjugated secondary antibody) of digestive gland 1216 

tissue sections from control and Mix 5 μg/L treated animals; C. double 1217 

immunocytochemical fluorescent reactions in digestive cells from mussels treated with 1218 

Mix 5 μg/L reacted with anti-PAHs and anti-cathepsin D antibodies (separate colour 1219 

images for PAHs [FITC, green] and cathepsin D [DyLight 594, red]) - immunoreactivities 1220 

were merged into a composite image, whereby the co-localization of both antigens 1221 

resulted in a yellow colour; and D. double immunofluorescence of digestive cells from 1222 

animals treated with Mix 5 μg/L reacted with anti-PAHs and anti-fullerene antibodies 1223 

(separate colour images for PAHs [Alexa Fluor® 568, red] and fullerene [FITC, green] - 1224 

immunoreactivities were merged into a composite image, whereby the co-localization of 1225 

both antigens resulted in a yellow-orange colour. In the merged pictures, nuclei were 1226 

stained with DAPI (blue fluorescence). 1227 

  1228 
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 1229 

Fig. 5. Biomarker data for the experimental treatments with C60 fullerene (1 mg/L), BaP (5, 50 1230 

& 100 µg/L) and mixtures of both compounds: A. Lysosomal membrane stability (LMS); 1231 

B. Lysosomal lipid (lipidosis); C. Autophagy measured as lysosomal volume / cell 1232 

volume (L/C vol ratio); D. Phosphorylated mTORC1; E. Lipofuscin (lipofuscinosis); and 1233 

F. Network complexity measured as connectance (Cv%) including 0.01 and 0.1 mg/L C60 1234 

fullerene (biomarker data from Sforzini et al., 2020). All treatments were tested against 1235 

the control (* P ≤ 0.05; Mann-Whitney U test and t-test); and the biomarker and 1236 

connectance values (mean ± 95% CL/√2, n = 5) are also significantly different (P ≤ 0.05, 1237 

t-test) if the error bars do not overlap (Lowe et al., 1981; Buzatto et al., 2015); ꭝ P ≤ 0.05 1238 

(t-test) for pairwise tests between BaP 5, 50 & 100 µg/L and MIX 5, 50 & 100 µg/L. 1239 
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 1241 

Fig. 6. Principal component (PCA) and cluster analysis of the C60 and BaP biomarker data 1242 

biomarker data not including DNA damage, but including data for 0.01 and 0.1 mg/L C60. 1243 

Vectors indicate the directionality of specific biomarkers. Arrows indicate:- a. 1244 

Increasing Cell Injury corresponding to the first principal component (PC1); and b. 1245 

Increasing trend for Autophagic Dysfunction based on elevated intralysosomal lipofuscin 1246 

and lipid, and corresponding to the second principal component (PC2). Inset:- PCA 1247 

excluding data for 0.01 and 0.1 mg/L C60. Vectors:- LMS – lysosomal membrane 1248 

stability; L/C Vol – lysosome/cell volume ratio (autophagy biomarker); LF – lysosomal 1249 

lipofuscin (lipofuscinosis); NL – lysosomal lipid (lipidosis); and mTORC1 – 1250 

phosphorylated mTORC1. 1251 
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 1253 

Fig. 7. Regression matrix for the C60 and BaP biomarker data. Inset:- 3D summary plot of the 1254 

biomarker reactions to the experimental treatments. Pearson’s correlation coefficient: * 1255 

indicates P ≤ 0.05; ** indicates P ≤ 0.01; *** indicates P ≤ 0.001; n = 40.  1256 
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 1257 

Fig. 8. Statistical modelling of system complexity (Cv%), lysosomal stability, predicted 1258 

programmed cell death and DNA damage based on C60 and BaP biomarker data 1259 

(including data for 0.01 and 0.1 mg/L C60) versus: A. first principal component (PC 1) v 1260 

complexity; B. Lysosomal membrane stability (LMS) versus PC 1; DNA damage 1261 

(Comet); C. Predicted programmed cell death (PCD) v complexity (Inset: – LMS v 1262 

digestive tubule breakdown as indicator of PCD); D. lysosomal stability versus 1263 

complexity; and E. Predicted programmed cell death (PCD) versus DNA damage; and 1264 

F. DNA damage versus complexity. Coefficient of determination (R2), Pearson’s 1265 

correlation coefficient (R), and probability values (one-tailed test). 1266 

  1267 
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 1268 

Fig. 9. Subcellular reactions to:- A. C60 fullerene; B. BaP; and C. C60 + BaP. Conceptual model 1269 

deduced from the observed lysosomal cytoprotective effects of C60 scavenging (green 1270 

arrows) of intra-lysosomal ROS (generated by iron and lipofuscin-bound iron) and 1271 

autophagic cytoprotection against BaP induced oxidative cell injury (i.e., autophagic 1272 

dysfunction, oxidative stress and including DNA damage). Intralysosomal iron is 1273 

released when lysosomal membrane stability is reduced by accumulation of C60 and 1274 

BaP, as well as the injurious action of lysosomal hydrolases and ROS (i.e., increased 1275 

lysosomal membrane permeability; Kurz et al., 2008; Stern et al., 2012; Yu et al., 2003). 1276 

Increased autophagy of lipid results in lipidosis that tends to inhibit lysosomal 1277 

degradative processes contributing to autophagic and lysosomal dysfunction.   1278 
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 1279 

Fig. 10. Diagrammatic representation of an explanatory mechanistic framework for the 1280 

interconnected cellular reactions to C60 and BaP based on the biomarker data, network 1281 

modelling and other published sources in the scientific literature (Sforzini et al., 2018). 1282 

Destabilisation of the lysosomal membrane (i.e., increased permeability) induced by 1283 

overload of BaP and C60 will cause lysosomal hydrolase and iron (Fe) release into the 1284 

cytosol with resultant generation of reactive oxygen species (ROS) and degradation of 1285 
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macromolecules. Autophagy will have a cytoprotective effect by transporting oxidatively 1286 

damaged proteins, damaged organelles (e.g., mitochondria) and damaged genomic 1287 

components into the lysosomal compartment. Autophagosomes can also fuse with late 1288 

endosomes to form amphisomes, which then mature into secondary lysosomes 1289 

(Nakamura & Yoshimura, 2017). ROS will inhibit phosphorylated mTORC1 (active form), 1290 

which will induce augmented autophagy (Brunk & Terman, 2002; Chen et al., 2010; 1291 

Moore et al., 2006, 2015; Sforzini et al., 2018, 2019). Inhibition of mTORC1 will also 1292 

inhibit endocytosis, further reduce lysosomal membrane stability and activate Pgp40 1293 

(Boya, 2012; Flinn & Backer, 2010; Jiang & Liu, 2008). The increased flux of ROS will 1294 

also contribute to fatty change (steatosis), with accumulation of autophagocytosed lipid 1295 

within the lysosomal compartment resulting in lysosomal and autophagic dysfunction. 1296 

Increased ROS flux will also cause oxidative damage to DNA (Canova et al., 1998); and 1297 

enhanced autophagy may engulf portions of damaged and undamaged genomic 1298 

material through partial nuclear autophagy (Buckland‐Nicks & Hodgson, 2005; Mochida 1299 

et al., 2015). Autophagy of nuclear DNA may contribute to autophagic and/or apoptotic 1300 

programmed cell death as a pathological endpoint (Lowe, 1988; Lowe et al., 1981). ROS 1301 

- reactive oxygen species; Phos mTOR - active phosphorylated form of mTORC1 cell 1302 

signalling system; mTOR - inactive dephosphorylated form of mTORC1; MDR – Pgp40 1303 

multidrug transporter; Biotrans Ph I & II - Phase I and II biotransformation system 1304 

(Canova et al., 1998).  1305 

  1306 
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Table 1. Pearson’s correlation coefficients for correlations between the first and second 1307 

principal components (PC1 & PC2) and individual biomarkers. 1308 

 1309 

PC1 represents 52.5% of the variability, and PC2 24.6 % of the variability. * Indicates significance at 1310 

the 5% level, ** significance at the 1% level, and *** significance at the 0.1% level, two-tailed test; n = 1311 

40. Does not include the data for 0.01and 0.1 mg/L C60. 1312 

  1313 

Principal 

Components 

Lysosomal 

Lipid (Lipid) 

Lipofuscin Lysosomal 

Stability 

(LMS) 

Lys/Cell 

Volume (L/C 

Vol) 

mTORC1 

(phosphorylated) 

 

PC1 -0.5413  -0.4160* 0.8739*** -0.7799*** 0.8874*** 

PC2 0.6509*** 0.7663*** 0.2973 -0.3048 0.1955 
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Table 2. Intracellular interactions (edges or links E) used in the network model* for the 1314 

determination of connectance (Cv %) as a measure of system complexity. 1315 

 1316 

* PCD node (vertex) was not included in the determination of complexity in the network (Fig. 1B). 1317 

 1318 

  1319 

Interaction Abbreviation Biomarker 

Lysosomal function & Autophagy LYS-AUT Lysosomal membrane stability 

(LMS) 

Lysosomal function & Oxidative 

injury 

LYS-Oxid Inj Lysosomal membrane stability 

(LMS) 

Autophagy & Lysosomal function AUT-LYS Lysosome/Cell volume ratio 

(L/C vol) 

Autophagy & Oxidative injury AUT-Oxid Inj Lysosome/Cell volume ratio 

(L/C vol) 

Autophagy & DNA damage AUT-DNA damage Lysosome/Cell volume ratio 

(L/C vol) 

Triglyceride lipid & Lysosomal 

function 

LIPID-LYS Lysosomal lipid (triglyceride) 

Triglyceride lipid & Autophagy  LIPID-AUT Lysosomal lipid (triglyceride) 

Phosphorylated mTORC1 & 

Lysosomal function (permeability) 

mTOR-LYS Phosphorylated mTORC1 

kinase (phos-mTORC1) 

Phosphorylated mTORC1 & 

Autophagy 

mTOR-AUT Phosphorylated mTORC1 

kinase (phos-mTORC1) 

Oxidative cell injury & Autophagy Oxid Inj-AUT Lysosomal Lipofuscin 

Oxidative cell injury & Lysosomal 

function 

Oxid Inj-LYS Lysosomal Lipofuscin 

Oxidative cell injury & Lipid (fatty 

change) 

Oxid Inj-LIPID Lysosomal Lipofuscin 

Oxidative cell injury & 

phosphorylated mTORC1 

Oxid Inj-mTOR Lysosomal Lipofuscin 

Oxidative cell injury & DNA 

damage 

Oxid Inj-DNA 

damage 

Lysosomal Lipofuscin 
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Table 3. Interaction Factors (IF) for the combined effects of C60 fullerene and benzo[a]pyrene 1320 

(BaP) on the various biomarkers and connectance (Cv%).  1321 

 1322 

Interaction Factor ± 95% Confidence Limit /√2 (Buzatto et al., 2015). * indicates significance at the 5% 1323 

level, and ꭝ indicates significance at the 10% level. A negative IF indicates antagonism; an IF of 0 1324 

indicates additivity; and a positive IF indicates synergism. Statistical significance as indicated by * was 1325 

determined by testing for overlap between the mixture IF ± 95% CL/√2 and the predicted additive value 1326 

for C60 and BaP, assumed to have an IF = 0 ± 95% CL/√2, where the confidence limit is derived from 1327 

the SEM(add) value for the additive C60 and BaP. DNA damage data was incorporated from Barranger et 1328 

al. (2019a). Additive values (IF = 0 ± 95% CL/√2) are shown in parentheses for each treatment and 1329 

biomarker. 1330 

 1331 

 1332 

 1333 

Treatment 

Mixture 

DNA 

Damage 

(COMET) 

Lysosomal 

Stability 

(LMS) 

mTORC1 

(phos-

mTORC1) 

Lysosomal 

Lipid  

Lysosomal 

Lipofuscin  

Autophagy 

(Lysosomal/ 

Cell Volume 

Ratio) 

Network 

Complexity 

(Connectance 

– Cv%) 

Mix C60  

1mg/l + BaP 

5µg/l 

-7.48  

± 6.63 

(0 ± 6.31) 

-44.0* 

± 8.7 

(0 ± 7.72) 

-39.1* 

± 13.2 

(0 ± 11.74) 

-90.4* 

± 47.5 

(0 ± 42.1) 

-21.81 

± 23.34 

(0 ± 21.00) 

-21.9 

± 21.5 

(0 ± 18.9) 

-6.12* 

± 2.42 

(0 ± 2.30) 

Mix C60 

1mg/l + BaP 

50µg/l 

-10.39ꭝ 

± 6.42 

(0 ± 5.97) 

-43.2* 

± 8.7 

(0 ± 8.58) 

-47.9* 

± 16.6 

(0 ± 15.65) 

-104.25* 

± 46.1 

(0 ± 34.6) 

-25.77 

± 16.99 

(0 ± 16.99) 

-39.0ꭝ 

± 20.5 

(0 ± 18.7) 

-7.24* 

± 2.37 

(0 ± 2.05) 

Mix C60 

1mg/l + BaP 

100µg/l 

-12.69 * 

± 6.05 

(0 ± 5.82) 

-36.0* 

± 11.0 

(0 ± 8.28) 

-56.6* 

± 13.2 

(0 ± 11.74) 

-12.9 

± 48.4 

(0 ± 37.7) 

-54.71* 

± 21.08 

(0 ± 16.92) 

-32.9ꭝ 

± 19.5 

(0 ± 16.6) 

-8.89* 

± 3.13 

(0 ± 1.98) 
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