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Abstract. Growing evidence across organisms points to altered energy metabolism as an adverse
outcome of metal oxide nanomaterial toxicity, with a mechanism of toxicity potentially related to
the redox chemistry of processes involved in energy production. Despite this evidence, the
significance of this mechanism has gone unrecognized in nanotoxicology due to the field’s focus
on oxidative stress as a universal—but non-specific—nanotoxicity mechanism. To further
explore metabolic impacts, we determined LCO’s effects on these pathways in the model
organism Daphnia magna through global gene expression analysis using RNA-Seq and
untargeted metabolomics by direct-injection mass spectrometry. Our results show a sublethal 1
mg/L 48 h exposure of D. magna to LCO nanosheets causes significant impacts on metabolic
pathways versus untreated controls, while exposure to ions released over 48 hr does not.
Specifically, transcriptomic analysis using DAVID indicated significant enrichment (Benjamini-
adjusted p <0.0.5) in LCO-exposed animals for changes in pathways involved in the cellular
response to starvation (25 genes), mitochondrial function (70 genes), ATP-binding (70 genes),
oxidative phosphorylation (53 genes), NADH dehydrogenase activity (12 genes), and protein
biosynthesis (40 genes). Metabolomic analysis using MetaboAnalyst indicated significant
enrichment (gamma-adjusted p < 0.1) for changes in amino acid metabolism (19 metabolites)
and starch, sucrose, and galactose metabolism (7 metabolites). Overlap of significantly impacted
pathways by RNA-Seq and metabolomics suggests amino acid breakdown and increased sugar
import for energy production. Results indicate that LCO-exposed Daphnia are responding to
energy starvation by altering metabolic pathways, both at the gene expression and metabolite
level. These results support altered energy production as a sensitive nanotoxicity adverse
outcome for LCO exposure and suggest negative impacts on energy metabolism as an important
avenue for future studies of nanotoxicity, including for other biological systems and for metal
oxide nanomaterials more broadly.



Introduction

In the field of nanotoxicology, the search for mechanisms of action has focused to a large extent
on oxidative stress, with more than 7000 papers attributing toxicity of a diversity of engineered
nanomaterials (ENMs) to this cause.!> However, lost in the focus on reactive oxygen species
(ROS) is research showing that ROS can be involved in numerous processes as signaling
molecules,*® as well as the importance of redox processes in cells for functions as universal as
energy metabolism.” Importantly, for metal oxide ENMs, it has been demonstrated that overlap
of the conduction band of these materials with the redox potential of biological reactions is
predictive of toxicity.®? In this way, redox active ENMs could interact with and impact critical
biological processes that rely on redox chemistry, including metabolic pathways. However, the
focus on ROS has prevented more sophisticated nanotoxicity mechanisms from being proposed,
with oxidative stress suggested as the general cause of metal oxide ENM toxicity, in spite of

clear metabolic impacts of these ENMs.%?

Both the tricarboxylic acid (TCA) cycle, which produces reducing equivalents for the electron
transport chain (ETC), and the ETC itself rely on redox processes to transfer electrons in order to
produce large amounts of adenosine triphosphate (ATP) to meet cellular energy demands.”!%!!
The centrality of redox processes in these widely conserved mechanisms of energy metabolism,’
and the potential for metal oxide ENMs to interact with these processes,® indicate that these

pathways could be an important target of metal oxide ENM toxicity, particularly at sublethal

concentrations.

In fact, numerous studies have demonstrated metabolic impacts of metal oxide ENM exposures
across cell and animal models. These include: a 5-fold increase in gluconeogenesis in rat liver

cells exposed to ZnO ENM concentrations as low as 2.5 pg/cm?, an effect not accountable by ion



dissolution alone;!? significant negative impacts on primary production and respiration in algae
exposed to nano-TiO; at 0.3 mg/L over 20 d;'* a 4-fold decline in activity of tricarboxylic acid
(TCA) cycle enzyme aconitase in 1 mg/L ZnO ENM-exposed white sucker liver;'* reduced
expression of 11 TCA cycle genes in CuO ENM-exposed Pseudomonas aeruginosa bacteria at
10 mg/L;"® decreases in TCA cycle metabolites succinate, citrate, and a-ketoglutarate in kidney
of ZnO-exposed rats at 100 mg/kg;' declines in TCA cycle metabolites citrate, fumarate, and
malate by 4, 3, and 5-fold respectively in C. elegans exposed to nano-TiO; at 7.7 mg/L;'7 greater
than 2-fold changes in expression of 115 electron transport chain (ETC) genes in human lung
cells exposed to TiO2 ENMs at 800 mg/L;'® greater than 2-fold increased expression of ETC
proteins ATP-synthase and ETF-o in mouse liver cells exposed to TiO2 ENMs at 1 mg/L and
ETC protein cytochrome b-c1 from exposure to ZnO and CuO ENMs at 5 mg/mL;'® and 5-fold
declines in NADH dehydrogenase activity and ATP production in mammalian cells exposed to
C0304, Cr203, Ni,03, CuO, Mn,03, CoO, and ZnO ENMs at concentrations as low as 10 mg/L.®
In spite of this evidence, the broad implication of the impact of a range of metal oxide ENMs on
as universally-conserved of processes as energy metabolism has not been recognized. However,
available evidence makes clear that the metabolic impacts of metal oxide ENMs should be

concretely explored as a mechanism of nanotoxicity.

One class of transition metal oxide ENM that is relatively understudied in the nanotoxicology
literature are the lithium intercalating cathode materials used in lithium ion batteries (LIBs):
lithium cobalt oxide (LCO) and the alternative lithium nickel manganese cobalt oxide. The use
of LIBs in electronic devices and increasingly in electric vehicles means an estimated 200,000
tons of these cathode materials were produced in 2020, and this is anticipated to rise to 380,000

tons annually by 2025, comparable to or exceeding production quantities of better-studied ENMs



such as Ag and Ti02.22* Less than 5% of these materials are currently recycled, with disposed

material accumulating in landfills, where it may pose an environmental concern,?%>-26

as some
16% of LIB cathode waste is leached from disposed material.>> The 60,000 tons or more of LIB
leachate annually that this represents puts it on par with TiO2, a mass of material that could be of

environmental concern.?%%’

We have previously demonstrated that LCO is capable of negatively impacting survival and
reproduction of the model aquatic invertebrate Daphnia magna at concentrations as low as 0.25
mg/L over 21 days.?® Daphnia magna is a well-established and sensitive model for aquatic
toxicology specifically, but with application as an important screening model for the toxicity of
materials and compounds across species.? Previously, we showed that LCO causes negative
impacts on growth, development, hemoglobin levels, expression of genes related to metabolism,
and activity and oxidation state of the Fe-S TCA cycle enzyme aconitase in larvae of the
sediment-dwelling midge Chironomus riparius at exposure concentrations as low as 10
mg/L.?73 It is our hypothesis that metabolic impacts of LCO will be observed across species due
to the interaction of this ENM with conserved methods of energy metabolism. In order to
determine if metabolic impacts of LCO are a mechanism conserved across species, and to gain
further insight into potential metabolic changes resulting from LCO exposure, we employed
RNA-Seq and metabolomics to examine global changes in gene expression and metabolite levels

in response to a sublethal 1 mg/L LCO exposure in D. magna at 48 h.

Experimental Procedures

LCO nanosheet synthesis and characterization



The LixCoO» nanosheets used in this study were synthesized and characterized as previously
described in Niemuth ez al. 2020.%° Detailed synthesis methods are included in the
Supplementary information. Nanosheet surface area was determined by BET and found to be 125
m?/g. Nanosheets were imaged edge-on using scanning electron microscopy and sheet-like
structures were found to be consistent with previously published syntheses (Supplementary
Figure S2).2! Previously published transmission electron microscopy showed approximate
nanosheet diameters of 25 nm and widths of 5 nm.*! Powder X-Ray Diffraction patterns can be
indexed to the R3m space group (Supplementary Figure S3), consistent with previously
published work.?! Nanosheet zeta potential was measured in moderately hard reconstituted water
(MHRW) exposure media (NaHCO3; 96 mg/L, CaSO4 60 mg/L, MgSO4 60 mg/L, KC1 4 mg/L,
NazSeO3 0.004 mg/L) with results of -12.6 £ 0.6 mV for 1 mg/L LCO (Zetasizer Nano ZS,

).27

Malvern), similar to previous results (Supplementary Table S1).°" Supplementary Figure S4

shows quality data for zeta potential measurments.

RNA-Seq
Animal culture maintenance

Daphnia magna were obtained from Aquatic Research Organisms (Hampton, NH) and cultured
following US EPA guidelines in moderately hard reconstituted water (MHRW; NaHCO3 96
mg/L, CaSO4 60 mg/L, MgSO4 60 mg/L, KCI 4 mg/L, Na;SeO3 0.004 mg/L in 18 MQ ultrapure
water), as in previous studies of LCO impacts in Daphnia.*® Cultures were maintained at 20° C
with a 16 h:8 h light:dark photoperiod, 20 adult daphnids per liter. Cultures were fed 3 times

weekly with 25 mL Raphidocelis subcapitata (~500,000 algal cells/mL) and 10 mL alfalfa



solution (8 g Medigo sativa in 1 L of 18 MQ ultrapure water). Media was changed 100% and
neonates removed 3 times per week. Cultures were maintained using only third or fourth brood

neonates less than 24 h old.

Exposure

Five replicates were prepared for each treatment: MHRW control, 1 mg/L LCO, and ion control
(660 pg/L Li as LiCl and 150 pg/L Co as CoClz; 10% the ions released by 1 mg/L LCO in 48
h).?” LCO exposure at 1 mg/L was chosen for this study as a concentration at which no negative
impacts were apparent in daphnids at 48 h in our previous study, but which is known to cause
impacts by 14 d.?® This concentration also acts as a point of comparison to C. riparius larvae,
which are unaffected by LCO at a 1 mg/L concentration.?”** Each replicate consisted of ten 5-
day-old daphnids, which were then exposed for 48 h. Animals were fed alfalfa solution
immediately after exposure setup and again after 24 h. After 48 h, animals were collected, pooled
by replicate (i.e., 5 replicates per condition, each replicate containing 10 pooled Daphnia), and
flash frozen in liquid nitrogen. Flash frozen animals were then stored at -80°C for subsequent

RNA extraction, cDNA library creation, and next-generation RNA-Sequencing.

RNA-extraction, library preparation, and sequencing

Pooled flash frozen daphnids were homogenized by replicate in TRIzol (Thermo Fisher
Scientific), and RNA was purified using the Direct-zol RNA MiniPrep kit (Zymo Research).
RNA quality, determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific),

Bioanalyzer 2100 (Agilent), and Qubit fluorometer (Thermo Fisher Scientific), were: 260/280



ratio 1.8-2.0, 260/230 ratio 2.0-2.2, and RIN > 7. RNA sequencing libraries were prepared from
200 ng of total RNA from each sample using the Illumina TruSeq Stranded mRNA kit (Illumina,
RS-122-2102) and IDT for Illumina — TruSeq RNA UD Indexes (Illumina, 20022371). Prepared
libraries were then sequenced using an Illumina NovaSeq6000, with paired-end reads of 150 bp.

Data are available from the NCBI Gene Expression Omnibus (GEO) under accession number

GSE174016.

Processing of RNA-Seq data

Raw sequence data from the Illumina NovaSeq 6000 instrument gave a total genomic yield
surpassing 919 million paired-end reads, a median per-sample yield of 41.85 million fragments,
and a population standard deviation of 9.811 million fragments. FastQC v0.11.5 was used to
quality assess the sequence data,*? and no apparent base-calling errors needed to be removed.
Ilumina TruSeq 3’-anchored primers were clipped using Cutadapt v1.18,% and the resulting
quality-controlled data was pseudoaligned and sample-quantified against the daphmag2.4
Ensembl release of the Daphnia magna reference transcriptome using Kallisto v0.45.0.3
Differential expression analysis of sample pairs was performed using the DESeq2 package™®
within R v3.5.3, and the resulting tables of differentially expressed transcripts were re-annotated
with Ensembl reference information and relationally joined with Kallisto sample quantification
counts using custom tooling. As limited annotation data exists for D. magna genes, assembled
contigs were annotated against the Refseq protein database for the well-annotated model
invertebrate Drosophila melanogaster (e-value < 0.1) using the BLASTX tool in the NCBI-

BLAST+ package v2.2.28.%¢ High-throughput parallelization of Kallisto was achieved using a



high-performance computer cluster leveraging the Slurm job scheduler,?” while all other steps

were completed using a high-performance local workstation employing GNU Parallel.*®

RNA-Seq data analysis using DAVID and KEGG

A total of 17,604 contigs were successfully assembled and present in at least 80% of samples. Of
these, 15,223 were successfully annotated against D. melanogaster using BLASTX. 3,280
contigs were differentially expressed between MHRW control and 1 mg/L LCO samples (Wald
FDR < 0.1) and found in at least 80% of samples. Of these, 2,988 could be annotated against D.
melanogaster. These differentially expressed, annotated contigs were analyzed for functional
enrichment using the Database for Annotation, Visualization and Integrated Discovery (DAVID)
using a Benjamini-adjusted FDR < 0.1.3%%° Pathway analysis was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) mapper based on assigned KEGG orthology (KO)
terms.*!* Of annotated, differentially expressed contigs between MHRW control and 1 mg/L
LCO samples, 2,446 could be assigned functions in DAVID and 1,071 could be assigned KOs by

KEGG.

Metabolomics
Daphnid cultures

D. magna were cultured as indicated above: density of 20 animals per liter MHRW, 16 h:8 h
light:dark photoperiod, and a temperature of 20 °C. For metabolomics, cultures were fed daily on

suspensions of unicellular green alga, Chlorella vulgaris (7.84 x 107 cells/mL) at 2 mL/L. Algae



was supplemented daily by 50 uL/L of dried bakers yeast (1mg/mL stock, Sigma—Aldrich) to
conform to protocols previously established for metabolomics analysis in Daphnia magna.**

Cultures were maintained using third or fourth brood neonates less than 24 h old.

Exposure Details and Procedures

Ten replicates were prepared for each treatment: MHRW control, 1 mg/L LCO, and ion control
(66 ng/L Li as LiCl and 15 pg/L Co as CoClz; equivalent to ions released by 1 mg/L LCO over
48 h).2”?® Twenty neonates per replicate (< 9 h old) were transferred to 100 ml beakers 48 hours
prior to exposure and fed proportionate amounts of food for 48 hours. At the end of the 48-hour
feeding period, daphnids were transferred to 200 ml control or exposure beakers. Exposures were

carried out for 48 h without food per standard OECD guidelines for D. magna.

At the end of the exposure daphnids were collected and transferred (20 pooled animals per
replicate) into labeled Precellys tubes using a fine sable brush and flash frozen in liquid nitrogen.

Samples were stored at -80 °C and shipped to the University of Birmingham, UK on dry ice.

Daphnia Tissue Extraction

For the extraction, all solvents were chilled to 4 °C. A mixture of 320 uL of HPLC grade MeOH
and 128 pL of HPLC grade H>O were added to each sample tube and kept on ice. Tubes were
then placed in a Precellys 24 homogeniser for 2 x 10s bursts at 6400 rpm. The homogenised

mixture was then transferred into a clean 1.8 mL glass vial (Fisher TUL 520 006 J) using a



Pasteur pipette. 320 uL (32 pL/mg) CHCI3 (HPLC grade) and 160 pL (16 pL/mg) dH>O (HPLC
grade) were then added to each vial. These vials were vortexed on full power for 15 s each to
thoroughly mix polar and non-polar solvents. Vials were then left on ice for on ice for 10 min to
allow initial phase separation. Vials were then centrifuged at 4000 rpm at 4 °C for 10 min to
ensure complete phase separation. Centrifuged vials were allowed to come to room temperature

by setting them on the lab bench for 5 min.

Samples were then visibly biphasic, with protein debris separating the upper (polar) and lower
(non-polar) layers. A 500 uL Hamilton syringe was then used to remove the polar phase (~ 2 X
150 pL aliquots) into 2 clean 1.5 mL Eppendorf tubes (one for positive, one for negative ion
analysis). Polar samples were then dried using a Speed Vac concentrator and stored at -80 °C

until analysis.

Sample Preparation and Direct Infusion Mass Spectrometry Metabolomics

For positive ion analysis, 30 uL of 4 °C 80:20 methanol:water plus 0.25% formic acid was added
to each of the frozen, dried extracts, and each sample vortexed for 30s. For negative ion analysis
30 uL of 4 °C 80:20 methanol:water plus 20 mM ammonium acetate was added to each of the
frozen, dried extracts, and each sample vortexed for 30 s. Samples were then centrifuged at 4000
g at 4 °C for 10 mins. For both positive and negative ion analyses, samples were randomized and
5 uL of sample supernatant was pipetted into a pre-washed 96-well sample plate in
quadruplicate. Three quality control (QC) samples (a mixture with equal volume from all

samples) and a blank were also included on each plate. Loaded plates were covered with a foil



seal using heat sealer and loaded into a TriVersa Nano-Mate® nanoelectro-spray ion source
(Advion) with the cooler set at 10 °C. Non-targeted analysis was carried out on polar fractions by
direct infusion mass spectrometry (DIMS) using an LTQ Orbitrap Elite (Thermo Fisher
Scientific). Twenty-one overlapping selected ion monitoring (SIM) windows were collected
covering m/z values from 50 to 620. Data are available in the NIH National Metabolomics Data

Repository (NMDR) under project number PR001141.

Data analysis

The Galaxy pipeline at the University of Birmingham® was used to process raw data collected.

SIM windows were assembled into single spectra for each sample (SIM-Stitching).

A signal to noise ratio (SNR) of 10 was selected to filter out background noise from the data. A
replicate filter was applied to retain only peaks found in at least 3 out of 4 technical replicates,
and samples aligned across biological samples. A blank filter was applied to only retain peaks if
they are a specified % larger than blank values. Finally a sample filter was applied to keep only

those peaks found in greater than 80% of biological samples.

Probabilistic quotient normalization (PQN) was applied to normalize the DIMS metabolomics
data to account for differences in dilution between samples. A K-nearest neighbor (KNN)
algorithm was then applied to impute missing values. A generalized-log transformation was then

applied to stabilize the technical variance of the DIMS measurements. To assess data quality, the



median relative standard deviation (RSD) was measured across technical replicates and an RSD

cutoff value of 10 was specified.

Univariate ANOVAs were carried out on metabolite data with a false discovery rate (FDR)
correction to account for the large number of possible comparisons. Peaks were annotated using
the Functional Analysis tool for MS peaks on the MetaboAnalyst 5.0 online web server.*® Peak
list files were uploaded containing m/z values and FDR corrected p-values obtained by the
processing above, and analyzed in the respective (positive or negative) ion mode with a 5.0 ppm
mass tolerance. For enrichment analysis, the Mummichog algorithm was applied with a p-value
cutoff of p < 0.1 and analyzed against the KEGG database for Homo sapiens and Drosophila

melanogaster.

Results and Discussion
RNA-Seq supports metabolic response to LCO exposure

DAVID enrichment analysis shows significant enrichment (Benjamini-adjusted p <0.1) for a
series of gene ontology (GO) terms, UniProt keywords, and KEGG pathways associated with
energy metabolism for genes identified by RNA-Seq as differentially expressed (Wald FDR-
adjusted p <0.01) between MHRW control and 1 mg/L LCO-exposed D. magna at 48 h (Table
1). Specifically, 8 different categories related to components and functioning of the electron
transport chain (ETC) are significantly enriched: Mitochondrial respiratory chain complex I, 17
genes, p = 0.0002; Ubiquinone, 16 genes, p = 0.0004; Oxidoreductase, 80 genes, p = 0.0006;

Mitochondrion, 70 genes, p = 0.004; Oxidative phosphorylation, 53 genes, p =0.01; NADH



dehydrogenase activity, 12 genes, p = 0.05; NADH dehydrogenase (ubiquinone) activity, 13
genes, p = 0.05; and Mitochondrial electron transport, NADH to ubiquinone, 12 genes, p = 0.06.
The cellular response to energy starvation was also specifically identified as enriched by DAVID
(25 genes, p =0.002), as well as ATP binding (70 genes, p = 0.006) and one-carbon metabolism

(5 genes, p=0.07).

The electron transport chain is the primary energy source for all multicellular eukaryotes,
utilizing reducing equivalents such as NADH derived from the breakdown of sugars, amino
acids, and fatty acids in the tricarboxylic acid (TCA) cycle to produce adenosine triphosphate
(ATP), the so-called “energy currency of the cell,” essential for life due to its use as the energy
source for numerous biochemical processes.!®!! Figure 1 demonstrates the specific genes in the
ETC differentially expressed (Wald FDR-adjusted p < 0.01) in D. magna exposed to LCO at 1
mg/L for 48 h versus control animals. As can be seen (Fig 1, Supplementary Table S2), 34
different ETC genes are upregulated in response to LCO exposure, including 20 components of
Complex I (NADH dehydrogenase Fe-S proteins NDUFS2, 3, 4, 6, and §; NADH dehydrogenase
flavoprotein 1 NDUFV1; NADH dehydrogenase 1 alpha subcomplex subunits NDUFA2, 4, 5, 6,
7,10, 12, and 13; and NADH dehydrogenase 1 beta subunits NDUFB?2, 3, 4, 9, 10, and 11; note
that NADH dehydrogenase activity and NADH dehydrogenase ubiquinone activity were
identified as significantly enriched by DAVID, Table 1), one subunit of Complex II (succinate
dehydrogenase flavoprotein subunit SDHA), two components of Complex III (ubiquinol-
cytochrome c reductase subunits QCR7 and QCRS), five components of Complex IV
(cytochrome c oxidase subunits COX 1, 4, 5B, 64, and 6B), and six components of Complex V
(F-type H'-transporting ATPase subunits ATPeF0B, D, F, F6, and O, and F-type H'-transporting

ATPase subunit epsilon ATPeFIE).



Complex I, also known as NADH dehydrogenase, is the critical first complex of the ETC and
allows the transfer of electrons from NADH into the ETC, transferring electrons via an FMN
cofactor, through a series of Fe-S centers, and ultimately to ubiquinone, pumping protons into
the mitochondrial intermembrane space in the process.*” We previously showed that expression
of Complex I subunit genes as well as levels of Complex I Fe-S centers are upregulated in
response to LCO exposure in larvae of sediment-dwelling invertebrate Chironomus riparius.>
NADH dehydrogenase activity has also been shown to be negatively impacted by metal oxide

ENM exposure in mammalian cells.® Thus, changes in Complex I may be a sensitive indicator of

metal oxide ENM toxicity across species and particle types.

Complex I, Succinate dehydrogenase, is also an Fe-S enzyme complex, and uses an FAD
cofactor to transfer electrons from succinate through a series of Fe-S centers to ubiquinone. Like
Complex I, succinate dehydrogenase genes and Fe-S centers are also increased in response to
LCO exposure in C. riparius.® Complexes III and IV, Cytochrome ¢ reductase and Cytochrome
c oxidase, are involved in transferring electrons to Cytochrome c from ubiquinol and from
cytochrome ¢ to oxygen, respectively.'® Cytochrome c itself was shown to be oxidized by metal
oxide ENMs (including CoO and Co,03) in vitro,® which may indicate that metal oxide ENMs
are capable of interacting directly with redox-active cellular components, including in the ETC.
Complex V, ATP synthase, utilizes the proton gradient created by electron transfer in Complexes
I, I, and IV, to couple P; and ADP, creating ATP.!° ATP production was shown to be
negatively impacted in mammalian cells exposed to metal oxide ENMs,® indicating that the
ultimate endpoint of oxidative metabolism can indeed be negatively impacted by metal oxide

ENM exposure.



In this study, the upregulation of these ETC components (Fig 1), along with enrichment of genes
associated with energy starvation (Table 1), clearly demonstrate the negative impacts of LCO on
metabolism, and also provide evidence that may explain the impacts of LCO and other complex

metal oxide ENMs on the growth and reproduction of D. magna after exposure to these materials

8 as well as growth and development impacts observed for the sediment-

in the literature,’
dwelling invertebrate Chironomus riparius.”’ These results also accord well with previous
demonstrations of metabolic impacts of LCO in other models by RNA-Seq, both in C. riparius
larvae and in gill cell culture from trout species Oncorhynchus mykiss, where metabolism was
identified as significantly enriched.’** Impacts of other metal oxides on expression of genes in
the ETC have also been demonstrated for TiO, nanoparticles,'® and exposure to numerous metal
oxide nanoparticles (i.e. C030s, Cr203, Ni203, CuO, Mn,03, CoO, ZnO) have been demonstrated
to negatively impact metabolism of cells in vitro, specifically by reducing NADH dehydrogenase
activity as measured by MTS assay as well as ATP production at sub-cytotoxic concentrations.
Thus, metabolism may be a sensitive endpoint for metal oxide ENM exposure, showing impacts

at sub-lethal exposure concentrations in Daphnia in this study, as well as for chironomids,*° trout

gill cells,*® and mammalian cell culture.®'8

Also supporting impacts related to the ETC, and specifically to ATP, is the identification by
DAVID of enrichment for Plasma membrane proton-transporting V-type ATPase complex (13
genes; Benjamini-adjusted p = 0.002) and ATP hydrolysis coupled proton transport (18 genes;
Benjamini-adjusted p = 0.06). As shown in Fig 1, 13 subunits of the vacuole-localized V-type
H'-transporting ATPase (ATPeV0A, 0B, 0C, 0D, OE, 14, 1B, I1C, 1D, IE, IF, 1G, and 1H) are all
downregulated. This transporter uses ATP to pump protons into vacuoles,* and its

downregulation suggests conservation of ATP as a result of energy starvation.



Downregulated components of the ETC include Complex IV genes heme a synthase (COX15)
and cytochrome ¢ oxidase assembly subunit 17 (COX17), both potentially related to metal
homeostasis (Fig 1). COX135 is involved in synthesizing the heme a cofactor for Complex IV.>°
Heme synthesis was also seen as being downregulated by LCO exposure in C. riparius larvae,?’
and heme-containing catalase was downregulated in D. magna as a result of LCO exposure by
qPCR.?® We proposed that the heme impacts of LCO exposure were the result of deregulation of
iron homeostasis as a result of oxidation of the Fe-S center of the iron-responsive protein, which
we showed to be oxidized using both activity assay and electron paramagnetic resonance in C.
riparius larvae.® COX17 is involved in the transfer of copper during the assembly of Complex
IV It’s downregulation could indicate a broader disruption of metal homeostasis as a result of
LCO exposure. Disruption of iron homeostasis was indicated by RNA-Seq in C. riparius larvae

exposed to LCO.*°

Also identified as enriched by DAVID (Benjamini-adjusted p < 0.1) were a series of terms
related to protein synthesis, degradation, and amino acids (Table 1). Specifically enriched were:
Ribosome biogenesis, 21 genes, p = 0.0009; Protein biosynthesis, 40 genes, p = 0.003;
Aminoacyl-tRNA synthetase, 20 genes, p = 0.003; Ribosome biogenesis in eukaryotes, 38 genes,
p = 0.01; Protein export, 17 genes, p = 0.01; Protease, 86 genes, p = 0.02; Aminoacyl-tRNA
biosynthesis, 25 genes, p = 0.08; and rRNA processing, 13 genes, p = 0.08. Supplementary Table
1 shows that genes in KEGG pathways for Ribosome biogenesis (37 genes), Ribosome (30
genes), Protein export (16 genes), and Aminoacyl-tRNA biosynthesis (26 genes) are all
downregulated. These processes are all necessary for protein synthesis, and their coordinated
downregulation suggests a metabolic shift away from anabolic processes like protein synthesis

and, as will be discussed in the context of metabolomics data below, toward catabolism,



specifically the breakdown of proteins for energy. The enrichment for protease genes (Table 1),

necessary for the breakdown of proteins into amino acids, also supports this conclusion.

Metabolomics and RNA-Seq support metabolic switch to energy production

Table 2 shows enriched KEGG pathways as identified by MetaboAnalyst (gamma-adjusted p <
0.1) for metabolites significantly different (FDR-adjusted p <0.1) between MHRW control and 1
mg/L LCO exposed daphnids at 48 h. As can be seen, amino acid metabolism is the most
common pathway type identified as significantly enriched among putatively annotated
metabolites, with 10 enriched pathways: Histidine metabolism, 3 metabolites, p = 0.02; beta-
Alanine metabolism, 4 metabolites, p = 0.03; Valine leucine and isoleucine biosynthesis, 3
metabolites, p = 0.03; Aminoacyl-tRNA biosynthesis, 5 metabolites, p = 0.04; D-Arginine and
D-ornithine metabolism, 2 metabolites, p = 0.05; Tryptophan metabolism, 3 metabolites, p =
0.05; Valine leucine and isoleucine degradation, 3 metabolites, p = 0.07; Glycine serine and
threonine metabolism, 3 metabolites, p = 0.08; Lysine degradation, 2 metabolites, p = 0.08; and

Arginine and proline metabolism, 3 metabolites, p = 0.09.

The combination of metabolomics results with RNA-Seq data for differentially expressed genes
demonstrates important overlap between significantly changed amino acid metabolites, their
breakdown metabolite intermediates, and expression changes for genes of enzymes involved in
amino acid metabolism and degradation between MHRW control and 1 mg/L LCO-exposed
daphnids (Supplementary Table S2). Particularly striking are the lower levels of the amino acids
L-Leucine (Leu), L-Valine (Val), and L-Isoleucine (Ile), the increased levels of their breakdown

intermediates Isoveryl-CoA and (S)-2-Methylbutanoyl-CoA, and the increase in expression of 14



genes for enzymes involved in the breakdown of these amino acids (Fig 2). These changes
support the breakdown of these amino acids to produce Acetyl-CoA, the critical entry metabolite
for production of reducing equivalents in the TCA cycle (and ultimately ATP in the ETC).!!
Other changes observed in combined metabolomics and RNA-Seq data supporting this
conclusion are changes in Tryptophan metabolism, specifically the increase in levels of 7
putatively annotated breakdown intermediates for Tryptophan (L-Kynurenine, 5-Hydroxy-L-
tryptophan, 3-Hydroxy-L-kynurenine, Formyl-5-hydroxykynurenamine, 5-Hydroxy-N-
formylkynurenine, 5-Hydroxykynurenine, N-Methyltryptamine) and increased expression for 6
enzyme genes involved in Tryptophan degradation (glutaryl-CoA dehydrogenase, tryptophan 5-
monooxygenase, dihydrolipoamide succinyltransferase, arylalkylamine N-acetyltransferase, L-
tryptophan decarboxylase, and enoyl-CoA hydratase; Supplementary table S2). As was noted
above, 26 genes involved in Aminoacyl-tRNA biosynthesis, that is loading of amino acids onto
tRNAs for subsequent protein synthesis, are all downregulated (Supplementary Table S2). The
amino acids to be loaded in this process that are lower in LCO-exposed animals are: L-Arginine,
L-Leucine, L-Histidine, L-Valine, and L-Isoleucine (Supplementary Table S2). Taken together,
decreases in protein synthesis genes, enrichment for protease genes, decreases in levels of amino
acids, increases in amino acid breakdown intermediates, and increases in expression of enzyme
genes involved in breakdown of amino acids support a shift in LCO-exposed animals toward

protein catabolism, likely in response to energy starvation (seen as enriched by DAVID, Table

).

Also found to be enriched by MetaboAnalyst are Starch and sucrose metabolism (4 putatively
annotated metabolites, gamma-adjusted p = 0.03) and Galactose metabolism (6 putatively

annotated metabolites, gamma-adjusted p = 0.04; Table 2). Unlike amino acids, similarities in



mass between sugar isomers and other transformation products makes positive identification of
specific sugars difficult by DIMS. However, as seen in Table 3, ions putatively corresponding to
7 sugars are all increased in LCO-exposed daphnids. Corresponding changes in expression of
Starch and sucrose metabolism and Galactose metabolism can also be seen by RNA-Seq
(Supplementary Table S2). Increases in expression of glucose transporters was previously seen
in trout gill cells exposed to LCO.*® The increase in sugars in LCO-exposed daphnids, like the

breakdown of amino acids, supports a response in exposed animals to energy starvation.

Taken together, changes observed by both RNA-Seq and metabolomics support metabolic
changes in Daphnia in response to LCO exposure toward increasing energy production, likely as
a response to energy starvation. These include: enrichment of gene expression changes related to
the Cellular response to energy starvation and to Oxidative phosphorylation (Table 1), the
upregulation of ETC components and downregulation of ATP using complexes (Fig 1), the
enrichment for and downregulation of genes involved in protein synthesis (Table 1;
Supplementary Table S2), decreases in levels of amino acids and increases in their breakdown
products and expression of amino acid degradation enzyme genes (Table 2, Fig 2,
Supplementary Table S2), and increases in levels of sugars (Table 3) and changes in sugar
metabolism enzyme genes (Supplementary Table S2). These results accord with metabolic
impacts seen from LCO and other metal oxides in the literature including changes in metabolic
gene expression in C. riparius larvae and trout gill cells exposed to LCO,*** changes in
expression of oxidative phosphorylation genes in human lung cells following TiO> exposure,'®
reduced in NADH dehydrogenase activity and ATP production in mammalian cells exposed to a
range of metal oxide ENMs,® and metabolic changes observed in components of the TCA cycle

and ETC from exposure to numerous metal oxide ENMS in different biological systems. '+ !7:1?



Metal oxide ENMs have also been shown to impact function of mitochondria in both yeast and
plants, as well as function of plant chloroplasts.’? Thus, evidence both provided by this study as
well as that available in the literature suggest that metabolic impacts of metal oxide ENMs may

be a mechanism of nanotoxicity applicable across species and particle type.

Released ion control showed no significant impact on metabolites versus MHRW control at
concentrations equivalent to that released by 1 mg/L LCO at 48 h (66 pg/L Li and 15 pug/L Co).
RNA-Seq showed gene-expression changes for ion exposure only at a concentration equivalent
to 10x the ions released from 1 mg/L LCO in 48 h (660 pg/L Li and 150 pg/L Co).?’ In this case,
DAVID functional enrichment terms shared with particles included the Ribosome KEGG
pathway (Benjamini-adjusted p = 0.000002) but did not include enrichment for oxidative
phosphorylation or other ETC components, demonstrating the nano-specificity of metabolic

impacts of LCO.

Potential mechanism and implications of metabolic impacts

The mechanism by which LCO and other metal oxide ENMs may be able to impact metabolism
has been suggested in the literature, but only from the standpoint of ROS generation and
oxidative stress, ultimately missing what may be a far more nuanced process with broad
implications: the ability of metal oxide ENMs to participate in redox chemistry.®** Zhang et al.
2012 demonstrate that the overlap of the conduction band of metal oxide ENMs with the
biological redox potential is predictive of toxicity, including reduced NADH dehydrogenase
activity and ATP production.® In the case of LCO, its bandgap energy is similar to that of CO304

nanoparticles shown to negatively impact metabolism in Zhang et al. 2012 (2.7 versus 2.53 eV



respectively),’333

supporting the possibility that LCO’s bandgap may explain its metabolic
impacts in this and other studies.’*** Zhang et al. 2012 also show oxidation of cytochrome ¢ by
these metal oxide ENMs, but ultimately attribute impacts to general oxidative stress.® Hamers
2020 proposes that the toxicity of LCO may be due to reduction of Co®* to Co?" during metal
release into aqueous solution, with concomitant oxidation of other species to produce ROS.?°
LCO has been shown to oxidize the non-specific ROS-sensitive fluorescent dye CM-H.DCFDA
in trout gill cells® and oxidize the Fe-S center of aconitase in C. riparius lavae,*° indicating that
it can participate directly or indirectly in redox processes. An important point in this context is
that energy metabolism is reliant on redox processes’ and may thus represent a sensitive endpoint
to redox-active materials, potentially as a result of redox chemistry occurring at the particle
surface or via an ROS intermediate. This could be the result of the overlap of the redox potential
of these metabolic processes with the ENM conduction band, of oxidative metal release, or of the
combination of these or other redox processes. The conservation of these redox-dependent
processes for energy metabolism across eukaryotes,'? and the conservation of energy
metabolism across species more broadly,>® in combination with the observation of changes in
energy metabolism in response to metal oxide ENM exposure across metal types and biological

8,12-19,30,48

systems, suggest that this may be a fruitful avenue of future nanotoxicity research, both

from the standpoint of chemistry and biology.

The time course and reversibility of these impacts also remain to be studied, as well as
systematic validation of the conservation of cross-species impacts of metal oxide ENMs on
energy metabolism, determination of species-specific impacts or strategies for mitigating these

impacts (e.g. anaerobic metabolism in bacteria and yeast), exploration of impacts on conserved



molecular targets (e.g. Fe-S centers, as identified in C. riparius)*® across species, and the effect

of impacts on energy metabolism on reproduction, fitness of offspring, and the food web.

Conclusion

We have provided evidence that metal oxide ENM LCO impacts energy metabolism in the
model invertebrate Daphnia magna at both the gene expression and metabolite level, and
proposed the reactivity of metal oxide ENMs with redox-dependent biological processes as a
likely mechanism for these impacts. This study contributes to a growing body of evidence that
metal oxide ENMs negatively impact energy metabolism across species, from bacteria’ to yeast,
plants,>? invertebrates,’* and mammalian cells.® By providing evidence for specific pathways
impacted using both gene expression and metabolomic techniques, namely components of the
ETC and pathways involved in energy metabolism (Table 1, Fig 1) and impacted metabolites
related to energy metabolism (Table 2, Fig 2, Table 3), this study provides important molecular
targets for future investigation both across species and ENM types. The techniques employed
also point the way for potentially fruitful studies of the metabolic impact of metal oxide ENMs
across species, and the proposed mechanism, in the context of the literature, points to likely

conservation of these impacts across metal oxide ENMs.
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Figures

Table 1. Selected DAVID enrichment terms for differentially expressed genes between lithium cobalt oxide
1 mg/L and control.

Benjamini-
Gene  adjusted p-
Category Term count value
Energy metabolism
GO: Cellular component Mitochondrial respiratory chain complex I 17 0.0002
UniProt keyword Ubiquinone 16 0.0004
UniProt keyword Oxidoreductase 80 0.0006
GO: Cellular component Plasma membrane proton-transporting V-type ATPase 13 0.002
complex
GO: Biological process  Cellular response to starvation 25 0.002
GO: Cellular component Mitochondrion 70 0.004
UniProt keyword ATP-binding 70 0.006
KEGG pathway Oxidative phosphorylation 53 0.01
GO: Molecular function NADH dehydrogenase activity 12 0.05
GO: Molecular function NADH dehydrogenase (ubiquinone) activity 13 0.05
GO: Biological process  ATP hydrolysis coupled proton transport 18 0.06
GO: Biological process  Mitochondrial electron transport, NADH to ubiquinone 12 0.06
UniProt keyword One-carbon metabolism 5 0.07
Proteins and amino acids
UniProt keyword Ribosome biogenesis 21 0.0009
UniProt keyword Protein biosynthesis 40 0.003
UniProt keyword Aminoacyl-tRNA synthetase 20 0.003
KEGG pathway Ribosome biogenesis in eukaryotes 38 0.01
KEGG pathway Protein export 17 0.01
UniProt keyword Protease 86 0.02
KEGG pathway Aminoacyl-tRNA biosynthesis 25 0.08

GO: Biological process  rRNA processing 13 0.08
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Figure 1. Diagram of oxidative phosphorylation showing genes differentially expressed
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between lithium cobalt oxide 1 mg/L and control.



Table 2. MetaboAnalyst enriched KEGG pathways for differential metabolites between
lithium cobalt oxide 1 mg/L and control.

Gamma-
adjusted
KEGG pathway p-value KEGG ID Putatively annotated metabolites
Histidine metabolism 0.02 C00386, C00135, Carnosine; L-Histidine; beta-
C01262 Alanyl-N(pi)-methyl-L-histidine
beta-Alanine metabolism 0.03 C01013, C00429, 3-Hydroxypropanoate; 5,6-
C00386, C00135 Dihydrouracil; Carnosine; L-
Histidine
Starch and sucrose 0.03 C00089, C01083, Sucrose; alpha,alpha-Trehalose;
metabolism C00208, C00721 Maltose; Dextrin
Valine leucine and 0.03 C00123, C00407, L-Leucine; L-Isoleucine; L-
isoleucine biosynthesis C00183 Valine
Glycerophospholipid 0.04 C00588, C00114, Choline phosphate; Choline;
metabolism C01996, C01233 Acetylcholine; sn-Glycero-3-
phosphoethanolamine
Insect hormone 0.04 00448, C03461 trans,trans-Farnesyl diphosphate;
biosynthesis 2-trans,6-trans-Farnesal
Galactose metabolism 0.04 C05404, C00089, D-Gal alpha; Sucrose; Raffinose;
C00492, C05402, Melibiose; Epimelibiose; alpha-
C05400, C01235, D-Galactosyl-(1->3)-1D-myo-
C00243 inositol; Lactose
Aminoacyl-tRNA 0.04 C00135, C00183, L-Histidine; L-Valine; L-
biosynthesis C00407, C00123, Isoleucine; L-Leucine; L-Proline;
C00148, C01110 5-Amino-2-oxopentanoic acid
D-Arginine and D- 0.05 C01110, C03771 5-Amino-2-oxopentanoic acid; 5-
ornithine metabolism Guanidino-2-oxopentanoate
Tryptophan metabolism 0.05 C00643, C05648, 5-Hydroxy-L-tryptophan; 5-
C05639, C01252, Hydroxy-N-formylkynurenine;
C05637, C05635, 4,6-Dihydroxyquinoline; 4-(2-
C00448 Aminophenyl)-2.4-
dioxobutanoate; 4,8-
Dihydroxyquinoline; 5-
Hydroxyindoleacetate;
trans,trans-Farnesyl diphosphate
Terpenoid backbone 0.06 C00448, C03461 trans,trans-Farnesyl diphosphate;
biosynthesis 2-trans,6-trans-Farnesal
Valine leucine and 0.07 C00183, C00407, L-Valine; L-Isoleucine; L-
isoleucine degradation C00123 Leucine
Glycine serine and 0.08 C00114, C00719, Choline; Betaine; 5-

threonine metabolism

C00430

Aminolevulinate



Lysine degradation 0.08

Pantothenate and CoA 0.09
biosynthesis
Arginine and proline 0.09
metabolism

C01181, C00449

C00429, C00183

C00763, C00148,
C03440, CO1165,
C05945, C00884,
C01157

4-Trimethylammoniobutanoate;
N6-(L-1,3-Dicarboxypropyl)-L-
lysine

5,6-Dihydrouracil; L-Valine

D-Proline; L-Proline; cis-4-
Hydroxy-D-proline; L-Glutamate
5-semialdehyde; L-Arginine
phosphate; Homocarnosine;
Hydroxyproline
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Table 3. Differential sugars in Starch, Sucrose, and Galactose metabolism identified by
Metaboanalyst between lithium cobalt oxide 1 mg/L and control.

FDR-
KEGG Putatively annotated Fold adjusted
m/z Matched ion form compound metabolite change p-value
342.11202 M(C13)-H[-] C00089, C00185, Sucrose, Cellobiose, 1.5 0.08
C00208, C00243, Maltose, Lactose,
C00252, C01083, Isomaltose,
C01235, C05400, Trehalose, Galactinol,
C05402 Epimelibiose,
Melibiose
377.08558 M+CI[-] C00089, C00185, Sucrose, Cellobiose, 2.3 0.024
C00208, C00243, Maltose, Lactose,
C00252, C01083, Isomaltose,
C01235, C05400, Trehalose, Galactinol,
C05402 Epimelibiose,
Melibiose
379.08258 M+CI37[-] C00089, C00185, Sucrose, Cellobiose, 2.2 0.03
C00208, C00243, Maltose, Lactose,
C00252, C01083, Isomaltose,
C01235, C05400, Trehalose, Galctinol,
C05402 Epimelibiose,
Melibiose
503.16200 M-H[-] C00492, C00721, Raffinose, Dextrin, 1.03 0.008
C05404 Manninotriose
527.15958 M+Nal[1+] C00492, C00721, Raffinose, Dextrin, 2.2 0.01
C05404 Manninotriose
539.13874 M+CI[-] C00492, C00721, Raffinose, Dextrin, 1.03 0.009
C05404 Manninotriose
563.18265 M+CH3COO[-] C00492, C00721, Raffinose, Dextrin, 1.03 0.004
C05404 Manninotriose



Figure Legends

Figure 1. Diagram of oxidative phosphorylation showing genes differentially expressed
between lithium cobalt oxide 1 mg/L and control. Diagram of oxidative phosphorylation,
based on KEGG map 00190, showing genes differentially expressed (FDR-adjusted p < 0.1)
between lithium cobalt oxide 1 mg/L exposed and control daphnids at 48 h. Upregulated genes
include: Complex I genes NADH dehydrogenase Fe-S proteins (NDUFYS) 2, 3, 4, 6, and &,
NADH dehydrogenase flavoprotein 1 (NDUFV1), NADH dehydrogenase 1 alpha subcomplex
(NDUFA) subunits 2, 4, 5, 6, 7, 10, 12, and 13, and NADH dehydrogenase 1 beta (NDUFB)
subunits 2, 3, 4, 9, 10, and /1; Complex II gene succinate dehydrogenase flavoprotein subunit
(SDHA); Complex III genes ubiquinol-cytochrome ¢ reductase (QCR) subunits 7 and 8; Complex
IV genes cytochrome c oxidase (COX) subunits /, 4, 5B, 64, and 6B; and Complex V genes F-
type H'-transporting ATPase (4TPeF0) subunits B, D, F, F6, and O, and F-type H'-transporting
ATPase subunit epsilon (47PeFIE). This coordinated upregulation supports compensation for
energy starvation. Downregulated genes include: Complex IV genes heme a synthase (COX15),
involved synthesis of heme a, cytochrome c oxidase assembly protein subunit 17 (COX17),
involved in transfer of copper, and cytochrome c oxidase subunit 7a (COX74). Downregulation
of COX15 and COX17 support disruption of heme synthesis and metal homeostasis by LCO
exposure. Also downregulated are subunits of the V-type H'-transporting ATPase (ATPeV)
localized to the vacuole, which uses ATP to pump protons into the vacuole: 04, 0B, 0C, 0D, OF,
14, 1B, IC, ID, IE, IF, 1G, and 1H. Downregulation of this ATP-using complex suggests

downregulation of ATP-using processes for energy conservation.



Figure 2. Pathway for Valine, leucine, and isoleucine degradation showing differential
compounds and genes between lithium cobalt oxide 1 mg/L and control. Diagram of valine,
leucine, and isoleucine degradation based on KEGG map 00280, showing metabolites and genes
significantly different (FDR-adjusted p < 0.1) between lithium cobalt oxide 1 mg/L exposed and
control daphnids at 48 h. Putatively annotated amino acids valine (Val), leucine (Leu), and
isoleucine (Ile) are significantly lower in 1 mg/L exposed daphnids than in controls, while the
intermediate metabolites of Leu and Ile breakdown, isoveryl-CoA and (S)-2-Methylbutanoyl-
CoA are both significantly increased, pointing to breakdown on these amino acids. Upregulated
genes involved in Val, Leu, and Ile breakdown are, in order of appearance in the highlighted
pathway: branched-chain amino acid aminotransferase (i/vE), 2-oxoisovalerate dehydrogenase
E1 component alpha subunit (BCKDHA), isovaleryl-CoA dehydrogenase (/VD), acyl-CoA
dehydrogenase (4CADM), 3-methylcrotonyl-CoA carboxylase alpha subunit (MCCC1),
methylglutaconyl-CoA hydratase (4 UH), hydroxymethylglutaryl-CoA lyase (HMGCL), butyryl-
CoA dehydrogenase (4CADS), short-chain 2-methylacyl-CoA dehydrogenase (4CADSB), enoyl-
CoA hydratase (ECHSI), and 3-hydroxyacyl-CoA dehydrogenase (HADH). Not significantly
changed genes in the highlighted pathway are: dihydrolipoyl transacylase (DBT) and acetyl-CoA
acyltransferase (fad4). Ancillary genes included in KEGG map 00280 that were upregulated are:
methylmalonate-semialdehyde dehydrogenase (mmsA), 3-oxoacid CoA-transferase (OXCT), and
malonyl-CoA/methylmalonyl-CoA synthetase (4 CSF3). Ancillary gene hydroxymethylglutaryl-
CoA synthase (E2.3.3.10) was downregulated. Taken together, metabolite and gene expression
changes support amino acid breakdown as a means to compensate for energy starvation, by

increasing production of Acetyl-CoA for the citric acid cycle.



