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A B S T R A C T   

We analyzed gene expression in THP-1 cells exposed to metal-based nanomaterials (NMs) [TiO2 (NM-100), ZnO 
(NM-110), SiO2 (NM-200), Ag (NM-300 K)]. A functional enrichment analysis of the significant differentially 
expressed genes (DEGs) identified the key modulated biological processes and pathways. DEGs were used to 
construct protein–protein interaction networks. NM-110 and NM-300 K induced changes in the expression of 
genes involved in oxidative and genotoxic stress, immune response, alterations of cell cycle, detoxification of 
metal ions and regulation of redox-sensitive pathways. Both NMs shared a number of highly connected protein 
nodes (hubs) including CXCL8, ATF3, HMOX1, and IL1B. NM-200 induced limited transcriptional changes, 
mostly related to the immune response; however, several hubs (CXCL8, ATF3) were identical with NM-110 and 
NM-300 K. No effects of NM-100 were observed. Overall, soluble nanomaterials NM-110 and NM-300 K exerted a 
wide variety of toxic effects, while insoluble NM-200 induced immunotoxicity; NM-100 caused no detectable 
changes on the gene expression level.   

1. Introduction 

Engineered nanoparticles have unique physical-chemical properties 
and are therefore widely used in industry, electronics, consumer prod-
ucts such as cosmetics and textiles, medicine and many other areas. They 
may however represent a health risk as they are widespread, and thus 
exposure through inhalation, ingestion or dermal contact is unavoid-
able. Studying the interaction of nanomaterials (NMs) with the immune 
system is of particular interest, as the immune response is crucial not 
only for the recognition of NM’s and their elimination but also de-
termines their toxic effects (Boraschi et al., 2017). 

Macrophages, are the first line of defense of the body against 

invading agents, including biological threats, such as viruses, bacteria, 
and parasites, and also non-living substances. These professional 
phagocytes act as a key element of the non-specific (innate) immune 
response (reviewed by Varol et al (Varol et al., 2015).). Macrophages 
are, in addition, the first immune cells which interact with NM after they 
enter the body. Therefore, they are a relevant model for studying the 
toxicity of nanoparticles (NP). The interactions with these elements may 
result in the generation of reactive oxygen species, inflammation, or NM 
clearance. 

Adherent macrophage-like cells are differentiated from the human 
monocytic leukemia cell line (THP-1) by phorbol-12-myristate-13- 
acetate (PMA) (Asseffa et al., 1993). THP-1 cells are the right model 
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for studying the in vitro functions of macrophages. Their cytokine pro-
duction, cell morphology and cell surface markers are comparable with 
human peripheral mononuclear blood-derived macrophages (Chanput 
et al., 2014). Moreover, the good availability of the THP-1 cell line with 
a homogenous genetic background in contrast to primary human mac-
rophages, favor them for the screening assessment of the effects of 
various substances. 

The effects of NMs on biological systems are dependent on the 
properties of these NPs; and one of the main factors affecting the in-
teractions of NMs with living matter is their chemical composition, 
especially the solubility and toxicity of the parent substance. The 
chemical composition is also among the key characteristics for NM 
categorization for regulatory purposes (Lynch et al., 2014). Previously, 
it was shown that exposure of THP-1 to NMs led to various impacts on 
these cells. These interactions have been mostly studied with nano-
particles originating from metal elements, e.g. silver, titan, nickel, 
platinum, or zinc. DNA damage was observed after exposure to AgNO3 
(Butler et al., 2015); titanium NM (TiO2) caused the generation of ROS, 
decrease of cell viability, histone phosphorylation, or activation of the 
biological pathways involved in inflammatory responses and apoptosis 
(Hanot-Roy et al., 2016). An increase of inflammatory cytokine pro-
duction and DNA damage was detected after exposure to nickel nano-
particles (Åkerlund et al., 2019). The platinum NM reduced the cell 
viability and proliferation and induced ROS generation as well as 
apoptosis and oxidative stress, or increased the production of proin-
flammatory cytokines (Gurunathan et al., 2019). A similar effect, and 
also upregulation of the genes involved in metal metabolism, were noted 
after the exposure of THP-1 to zinc NM (ZnO) (Safar et al., 2019; Sen-
apati et al., 2015). The effect of non-metal nanoparticles on macro-
phages has also been investigated. Carbon nanotubes caused epigenetic 
changes (hypomethylation of various genes) in THP-1 (Öner et al., 2017) 
and cytotoxicity and genotoxicity of polystyrene NMs was discovered 
(Paget et al., 2015). 

In this study, we continued with our previous research, where THP-1 
were exposed to four NM samples of different chemical composition 
obtained from Joint Research Center (JRC) Nanomaterials Repository 
(Brzicova et al., 2019a). The JRC repository represents a reliable source 
of reference NMs with detailed characterization provided to partners of 
EU projects. All chosen NMs are included in the OECD priority list 
because of their wide commercial use and related safety concerns. Our 
work suggested, that these nanoparticles promote cell adhesion and 
stimulate the immune reactions of THP-1 (Brzicova et al., 2019a). We 
focused on the global gene expression changes in THP-1 following 
exposure to these previously tested NM, namely soluble ZnO and Ag 
nanoparticles (NM-110 and NM-300 K, respectively) and non-soluble 
TiO2 and SiO2 nanoparticles (NM-100 and NM-200, respectively). 
With the exception of the chemical composition and solubility, these 
NMs differ in mean particle size (17–190 nm), shape (spherical, spher-
ical/ellipsoidal, or hexagonal/cubic), crystallinity, and specific surface 
area. 

We aimed to compare the gene expression profiles specific for each 
NM treatment in THP-1 cells and study the complex cellular response in 
association with the diverse intrinsic properties of the tested NMs. Gene 
expression profiling is widely used in the toxicology of environmental 
pollutants as an effective tool for identifying deregulated genes and 
coordinated changes among groups of genes that can predict mecha-
nisms of toxicity. We further combined microarray-based gene expres-
sion data with the protein-protein interaction (PPI) database to 
construct the PPI networks of differentially expressed genes (DEGs). PPIs 
play a remarkable role in the modeling of functional pathways, 
discovering drug targets and exploring the molecular mechanisms of 
various diseases and biological processes. The integration of PPI net-
works and gene expression patterns provides further comprehensive 
biological insight which helps to reveal potential toxic effects. This 
approach may contribute to the development of safe-by-design NMs that 
will not burden the environment and living organisms. 

2. Material and methods 

Four types of nanoparticles obtained from JRC nanomaterials re-
pository were used in this study (Table 1). Their physical properties and 
cytotoxicity were reported previously. Briefly, hydrodynamic size and 
zeta potential was measured by dynamic light scattering (DLS) using 
ZetaSizer Nano ZS (Malvern Instruments Ltd.; Malvern, UK). The zeta 
potential was calculated from the electrophoretic mobility using the 
Helmholtz–Smoluchowski equation. Cell viability was determined by 
the MTS assay (Promega, Madison, WI, USA) according the manufac-
turer’s instructions (Brzicova et al., 2019a, 2019b). 

2.1. Nanomaterials 

NM-100 (TiO2), NM-110 (ZnO), and NM-200 (SiO2) were delivered 
as a dry powder, NM-300 K (Ag) was supplied as a colloidal dispersion in 
water with emulsifiers and a stabilizing agent. NMs were dispersed in 
stock concentration (2.56 mg/mL) according to standard operation 
procedure (Jensen, 2011) and sonicated with Branson Sonifier S-450 D 
(Branson Ultrasonics Corp.; Danbury, CT, USA). Following this, disper-
sions were diluted in a cell culture medium and vortexed to ensure ho-
mogeneity immediately prior to exposure. 

2.2. Cell cultivation and differentiation 

The human monocytic leukemia cells (THP-1 cell line; ATCC, Man-
assas, VA, USA) were cultured at a density from 2 × 105 to 8 × 105 cells/ 
mL in an RPMI 1640 GlutaMax medium (Gibco, Waltham, MA, USA) 
with 10% (v/v) heat-inactivated fetal bovine serum (FBS HI; Sigma- 
Aldrich, Saint Louis, MO, USA) in a humidified incubator at 37 ◦C and 
5% CO2. 

To differentiate the THP-1 into macrophage-like cells, the complete 
cell culture medium containing 10% FSB HI (CCM) supplemented with 
100 nM PMA was used for 72 hours. After this period, the cells were 
washed with CCM without PMA and incubated in the CCM for 24 hours 
for resting. 

The differentiation of monocytes into macrophages was confirmed 
by cellular adhesion and changes in morphological features (cell 
spreading, cytoplasmic granularity) observed under the microscope. 
Treatments with all tested substances as well as controls were always 
performed simultaneously in one experiment to minimize potential 
differences in cell differentiation and activation state and thus ensure 
reproducibility. 

2.3. Exposure scheme 

The appropriate concentrations of nanomaterials were gained from 
serial dilution in CCM with 100 mg/mL streptomycin, 100 U/mL peni-
cillin, and 1% milliQ water with 0.05% of bovine serum albumin (v/v) to 
ensure an identical vehicle in each well. Prior to exposure, cells were 
washed with fresh CCM and treated with diluted NMs, and in the case of 
NM-300 K with the equivalent weight of this dispersed NM; media were 
used as negative controls and (lipopolysaccharide; Sigma-Aldrich, St. 
Louis, MO, USA) at a concentration of 10 µg/mL was applied as a pos-
itive control. For the analysis of differential gene expression, 60 mm 
Petri dishes with a concentration of 3.15 × 106 of THP-1 cells per dish in 
6.3 mL of CCM were used. Each sample consisted of three biological 
replicates cultivated separately. 

2.4. RNA isolation 

RNA from the tested cells was isolated based on the manufacturer’s 
instructions with NucleoSpin RNA II (Macherey-Nagel, Düren, Ger-
many). The RNA concentration was measured using Nanodrop ND-1000 
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Its 
quality was determined on Agilent 2100 Bioanalyzer (Agilent 
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Technologies Inc.; Santa Clara, CA, USA). The isolated RNA from all 
samples had RNA Integrity Numbers (RIN) higher than 9 and was stored 
at –80 ◦C. 

2.5. Gene expression analysis 

The analysis of differential gene expression was performed as the 
microarray assay. 500 ng of RNA from triplicates was used to prepare the 
biotinylated complementary RNA (cRNA) with the Illumina TotalPrep 
RNA Amplification Kit. Following this, 900 ng of biotinylated cRNA 
targets was hybridized to the Illumina Human-HT12 v4 Expression 
BeadChips. The BeadChip array format uses 12 different arrays on a 
glass slide which are processed simultaneously. Each array represents >
47,000 probe sequences derived from the National Center for Biotech-
nology Information Reference Sequence (NCBI) and other sources for 
genome-wide transcriptional coverage of well-characterized genes, gene 
candidates, and splice variants. The oligos covalently attached to beads 
in each array contain a 29-base address concatenated to a 50-base gene- 
specific probe. On average, each bead type is represented with 15-fold 
redundancy on the array. to generate profiles of gene expression. The 
following steps of washing, staining, and drying were performed based 
on the manufacturer’s instructions. At the end, Beadchips were scanned 
on the Illumina iScan and the probe measurements were summarized by 
GenomeStudio Software v2 (Illumina, San Diego, CA, USA). 

2.6. Statistical analysis of microarray data 

R statistical environment (R Core Team, 2017) was used to process 
the probe fluorescence intensity values obtained by GenomeStudio 
software. A normalization of fluorescence intensities was performed 
using the quantile method in the Lumi package (Du et al., 2008). Only 
the probes with a sufficient fluorescence intensity (detection p-value 
<0.01 in >50% of arrays) were selected for further analyses. The dif-
ferential gene expression analysis was performed between each sample 
exposed to a given NM and unexposed control sample in the Limma 
package using the moderated t-statistic. A linear model was fitted for 
each gene and given a series of arrays using lmFit function (Smyth, 
2004). As thousands of gene expression levels were measured simulta-
neously, a correction of p-values for multiple testing was performed 
using the Benjamini & Hochberg method. Significant differentially 
expressed genes (DEGs) meeting the criteria for corrected p-value 
(<0.05) and fold change (>1.5 and <0.67) were selected and charac-
terized in ToppFun tool of the ToppGene suit (Chen et al., 2009). In this 
tool, duplicated transcripts, non-coding transcripts or experimentally 
confirmed mRNA sequences without annotation were identified and 
removed and well-characterized transcripts only were subjected to 
pathway enrichment analysis using different databases such as Kyoto 
Encyclopedia of Genes and Genomes (KEGG), Reactome, Panther and 
others. The significantly overrepresented biological processes and 
pathways with a corrected p-value<0.05 (Benjamini & Hochberg 
method) were selected. Venn diagrams were constructed using the on-
line tool (Oliveros, 2007). 

2.7. Analysis of protein-protein interactions (PPIs) 

To investigate the interactions among hypothetical proteins encoded 
by DEGs, the Search Tool for Retrieval of Interacting Genes (STRING) 
online analysis tool (https://string-db.org/) was used. The STRING 
database provides known and predicted protein–protein associations 
data derived from multiple resources such as high-throughput experi-
mental data, databases of annotated processes and pathways, automatic 
text-mining of medical literature, predictions based on genomic context 
analysis and orthology-based transfer of evidence across organisms 
(Szklarczyk et al., 2021). The STRING database is among the most 
frequently used PPI databases with excellent coverage and high confi-
dence scoring of interactions (Bajpai et al., 2020). 

DEGs of different NM treatments identified by previous analyses 
were mapped to the STRING tool and PPI networks were constructed. An 
interaction score > 0.4 (medium confidence, represents a probability 
that a predicted link exists between two enzymes in the same metabolic 
map) was considered as the reliability threshold for interaction (line 
thickness indicates the strength of data support). The NM-110 and NM- 
300 K network was clustered to uncover highly interconnected func-
tional protein complexes using the k-means clustering method (20 
clusters for NM-110 and 10 clusters for NM-300 K were obtained). All 
the clusters met the significance criterion (PPI enrichment p-value <
0.01). Due to the relatively few DEGs, in the NM-200 PPI network no 
functional subgroups were found, therefore, the whole network was 
considered as one cluster. The nodes represent the proteins that corre-
spond to the DEGs and the lines (edges) predicted protein-protein in-
teractions. Hub nodes are characterized as proteins with a large number 
of interactions Functional enrichment analysis was conducted for a node 
set of each cluster (or whole PPI network if no clusters were created) 
using the Local STRING network clusters (STRING clusters) names 
which are derived automatically based on a cluster’s consensus protein 
annotations taken from databases including Gene Ontology (GO), KEGG, 
Reactome, Universal Protein Knowledgebase (UniProt), Pfam, Simple 
Modular Architecture Research Tool (SMART), and InterPro. Top bio-
logically relevant clusters were further selected according to the average 
node degree (>4). 

2.8. Reverse transcription-quantitative polymerase chain reaction (RT- 
qPCR) 

Six DEGs identified by microarray analysis were selected for verifi-
cation of their gene expression levels by quantitative qRT-qPCR. 1000 ng 
of the total RNA was transcribed into complementary DNA (cDNA) using 
the Transcriptor High Fidelity cDNA Synthesis Kit (Roche, Germany). 
The qPCR analysis was carried out in 10 μL reactions on Light-
Cycler®480 II qPCR instrument (Roche) using TATAA Probe Grand-
Master® Mix (TATAA Biocenter AB, Sweden) and Taqman™ gene 
expression assays (Thermo Fisher Scientific, USA) to detect corre-
sponding transcripts: CXCL8 (Hs00174103_m1), HMOX1 
(Hs01110250_m1), ATF3 (Hs00231069_m1), SGK1 (Hs00178612_m1), 
IL1B (Hs01555410_m1), MT2A (Hs02379661_g1). Cycle threshold (Ct) 
-values were generated by using the Second Derivative Maximum 

Table 1 
The characteristics of nanomaterials (provided by the supplier).  

Nanomaterial Chemical 
composition 

Shape (Prevailing) 
(TEM) 

Crystallinity 
(XRD) 

Average Diameter ± SD 
(TEM) [nm] 

Specific Surface (BET) 
[m2/g] 

Reference 

NM-100 TiO2 spherical/ellipsoidal anatase 190 ± 6 10 (Rasmussen et al., 
2014) 

NM-110 ZnO hexagonal/cubic zincite 150 (SEM) 12 (Singh et al., 2011) 
NM-200 SiO2 spherical/ellipsoidal amorphous silica 50 ± 51 189 (Rasmussen et al., 

2013) 
NM-300 K Ag spherical metallic silver 17 ± 3 NA (Klein et al., 2010) 

XRD, X-ray diffraction; SD, standard deviation; TEM, transmission electron microscopy; SEM, scanning electron microscopy; BET, Brunauer-Emmet-teller method; NA, 
data not available. 
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Method in the LightCycler® 480 Software (Roche, Germany). Expression 
levels of target genes were normalized to the reference genes TOP1 
(Hs00243257_m1) and ACTB (Hs01060665_g1). Log-transformed rela-
tive changes in normalized gene levels (log2FC) were calculated using 
the 2^− ΔΔCt method (Livak and Schmittgen, 2001). The statistical 
significance of the changes between the mean log2FC values of the 
exposed groups and the control group was determined by the two-tail 
Student’s t-test. Each group consisted of three biological replicates, 
two technical replicates on reverse transcription level and two replicates 
on qPCR level were also included. The Pearson correlation between 
microarray and log2FC values were obtained for individual transcripts. 

3. Results 

3.1. Particle characterization 

The particle size distribution and zeta potential of dispersed NMs as 
well as their cytotoxicity was published previously (Brzicova et al., 
2019a). The results are presented in Supplementary File 1. Based on 
these results, a concentration of 25 µg/mL of nanomaterials was chosen 
for the current study, as the exposure agent for the differential gene 
expression analyses. We aimed to use the highest possible concentration 
of NMs which would not significantly decrease the cell viability of 
THP-1 after exposure to the majority of nanomaterials. The cell viability 
was not influenced with this concentration with three (NM-100, 
NM-110, and NM-200) out of the four tested nanomaterials (Brzicova 
et al., 2019a). 

3.2. Differential gene expression analysis 

We analyzed differential gene expression in cells exposed for 24 h to 
a 25 µg/mL dose of the tested nanomaterials (NMs) compared to an 
untreated control. Following the application of specific analysis criteria 

(adj. p-value < 0.05, log2FC >0.58 and <-0.58), significant differentially 
expressed genes (DEGs) were identified. 

Significantly, no dose of NM-100 induced significant gene expression 
changes; no DEGs meeting the above-mentioned criteria following the 
24 h exposure were found. 

Exposure to other NMs resulted in more extensive gene expression 
changes. We found 981 genes (549up and 432down), 47 genes (45 up 
and 2 down) and 625 genes (373 up and 252 down) deregulated in 
response to NM-110, NM-200 and NM-300 K, respectively. 

We detected overlapping genes among treatments: nineteen DEGs 
were common for all three NMs while 228 DEGs were common for NM- 
110 and NM-300 K, 11DEGs for NM-200 and NM-300 K and 7 DEGs for 
NM-110 and NM-200 (Fig. 1; The complete list of deregulated and 
characterized transcripts is provided in Supplementary File 2.). 

3.2.1. NM-110 
The incubation of THP-1 cells with NM-110 resulted in the 

TOP 10
Name log₂FC Function

NM-200 NM-300 K

PHLDA1 1.56 1.31 regulation of apoptosis
LITAF 0.78 0.87 protein degradation
CBLB 0.88 1.15 protein degradation
SPAG9 0.85 1.26 cell migration
PIM3 0.75 1.29 cell survival and proliferation
RGS1 2.11 2.81 immune response
CXCL16 0.75 1.12 immune response
RALA 0.87 0.99 GTPase activity
SLC16A10 1.93 1.91 amino acid transport
SAT1 0.71 1.02 polyamin metabolism

NM-110 NM-200

NM-300 K

TOP 10
Name aNnoitcnuFCF₂gol me log₂FC Function

MT1H 6.36 regulation of metal homeostasis DHRS9 -1.96 biosynthesis of rethinoic acid
MT1P3 5.37 regulation of metal homeostasis PTCRA -1.93 T-cell development
HSPA1A 4.19 stress response, protein folding PHACTR3 -1.89 regulation of actin cytoskeleton organization
RN5S9 3.87 protein synthesis FCMR -1.86 inhibition of FAS-induced apoptosis
HSPA7 3.77 stress response, protein folding CTSG -1.83 protein degradation
RN7SK 3.71 regulation of gene transcription PRTN3 -1.45 protein degradation
IGFBP3 3.48 regulation of proliferation ELANE -1.71 protein degradation
EBI3 3.29 immune response MYBPH -1.71 structural constituent of muscle
RPPH1 3.18 stress-induced regulation of

transcription
SLC11A1 -1.63 iron metabolism

FOSB 3.12 inhibition of serine proteases PLA2G15 -1.62 phospholipase activity

Name log₂FC Function

CXCL10 1.61 immune response
EPSTI1 1.56 cancer progerssion, immune response to tumor
CHST7 1.31 chondroitin sulphate biosynthesis
IFI44L 0.98 immune response
LFNG 0.98 embryonic development
MX2 0.73 immune response
TGIF1 0.66 embryonic development, cancer progression
NR4A2 0.65 immune response
LILRB2 0.61 immune response
TESK2 0.60 spermatogenesis

TOP 10
Name aNnoitcnuFCF₂gol me log₂FC Function

K003-MN011-MNK003-MN011-MN

MT1M 6.56 4.76 regulation of metal ion homeostasis OLFML3 -2.31 -1.38 matrix-related embryonic
development

MT1IP 6.27 5.60 regulation of metal ion homeostasis MED8 -1.96 -1.21 protein ubiquitination and 
degradation

MT1G 6.06 5.95 regulation of metal ion homeostasis ITGB7 -1.90 -1.57 cell adhesion
MT1X 6.01 5.76 regulation of metal ion homeostasis NPTX1 -1.75 0.97 excitatory synapse formation
MT2A 5.97 5.96 regulation of metal ion homeostasis TEAP3     -1.61 -1.44 iron homeostasis
HSPA6 5.02 5.70 stress response, protein folding CX3CR1 -1.60 -2.27 immune response
MT1E 4.96 5.10 regulation of metal ion homeostasis NFE2 -1.49 -1.60 coagulation and hemostasis
MT1A 4.64 4.76 regulation of metal ion homeostasis PLAC8 -1.44 -1.13 regulation of immunity, cell 

differentiation, and apoptosis
MT1F 4.49 4.52 regulation of metal ion homeostasis MAN1C1 -1.35 -1.16 N-glycan processing
HSPA1B 4.12 4.66 stress response, protein folding KRT17 -1.28 -0.90 structural support, metabolism, 

developmental processes

TOP 10
Name aNnoitcnuFCF₂gol me log₂FC Function

K003-MN002-MN011-MNK003-MN002-MN011-MN

PLAU -0.71 1.10 0.81 tissue remodeling ↓ITGAL -0.65 -0.93 -0.79 tissue remodeling
CCL4L2 1.37 2.65 2.74 immune response ↓NAPSB -1.66 -1.21 -1.46 protein degradation
CXCL8 5.04 3.78 4.69 immune response
KYNU 1.50 1.29 1.48 metabolism of amino acids
ATF3 2.45 2.48 2.80 stress-induced regulation of

transcription
CCL20 3.36 1.91 3.22 immune response
RPS6KA2 -0.63 0.90 1.14 oxidative and cellular stress 

response
SDS -0.83 1.35 1.57 metabolism of amino acids
MX1 -0.73 2.21 1.16 immune response
OSGIN1 0.72 1.18 3.35 oxidative stress response

TOP 10
Name aNnoitcnuFCF₂gol me log₂FC Function

TM4SF19 2.21 cell proliferation, motility, and adhesion CD163 -1.72 immune response
HAMP 2.06 iron homeostasis S100A8 -1.71 immune response
DCSTAMP 1.97 cellular fusion, cell differentiation, bone and 

immune homeostasis
VCAN -1.68 ECM organization and cell adhesion

RGCC 1.78 regulation of cell cycle progression KIF20A -1.63 cytokinesis
GSR 1.71 antioxidant defense SEMA4A -1.41 immune response
EGR2 1.67 regulation of transcription GPX1 -1.39 antioxidant response
RSPO3 1.64 regulation of angiogenesis PTTG1 -1.34 regulation of sister chromatid segregation

and DNA repair
CSRNP1 1.62 regulation of Wnt signalling ALOX5 -1.34 membrane lipid peroxidation, leukotriens

biosynthesis
ZNF365 1.58 repair of DNA damage and maintenance of 

genome stability
ANKRD35 -1.31 associated with cancer

UBQLN1 1.58 regulation of protein degradation PSRC1 -1.26 regulation of mitotic spindle dynamics

Name log₂FC Function

NM-110 NM-200

LPXN 0.80 0.64 cell adhesion
NFE2L2 0.86 0.77 oxidative stress response
TNFAIP3 2.10 1.05 TNF signaling
LAMP3 1.95 1.81 immune response
CD58 1.29 1.02 cell adhesion
NPTX2 1.60 0.66 excitatory synapse formation
TRAF1 0.69 0.94 TNF signaling

Fig. 1. Venn diagram showing common (yellow) and specific (blue) DEGs with their log2FC values identified upon their exposure to NM-110, NM-200 and NM-300 K 
and their primary function. The genes indicated in red and green were up- or downregulated, respectively. 

Table 2 
The top ten significantly modulated pathways for NM-110.  

ID Pathway Source 

M39678 Retinoblastoma Gene in Cancer MSigDB C2 BIOCARTA 
(v7.3) 

M39335 DNA strand elongation BioSystems: REACTOME 
1269875 DNA Replication BioSystems: REACTOME 
1269773 Activation of the pre-replicative complex BioSystems: REACTOME 
1269741 Cell Cycle BioSystems: REACTOME 
1269777 S Phase BioSystems: REACTOME 
1457780 Neutrophil degranulation BioSystems: REACTOME 
M39428 Nuclear Receptors Meta-Pathway MSigDB C2 BIOCARTA 

(v7.3) 
1269757 Activation of ATR in response to 

replication stress 
BioSystems: REACTOME 

1269768 G1/S Transition BioSystems: REACTOME  
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deregulation of various biological pathways. The top ten significantly 
overrepresented ones (q-value < 0.05) are presented in Table 2. “Reti-
noblastoma Gene in Cancer”, the top ranked pathway, involves 
numerous contributing DEGs, such as those encoding mini-chromosome 
maintenance (MCM) proteins (MCM3, 4, 6 and 7↑) and others related to 
DNA replication (CDC7↑, CDC45↑,PRIM1↑, CDT1↑, TYMS↑, PCNA↑, 
POLA1↑, POLE2↑, RFC3↑, RFC4↑, RRM1↑, RRM2↑), repair (MSH6↑), cell 
cycle progression through G1/S and G2/M (CDC25A↑, CCNE1↑, 
CCNE2↑, CDK1↑, CDK2↑), cytokinesis (PLK4↑, ANLN↑), cell cycle con-
trol and regulation of the activity of tumor suppressor genes (E2F2↑, 
CHEK1↑, WEE1↑, BARD1↑). These genes were mostly shared by other 
top ranked overrepresented pathways such as “DNA strand elongation”, 
“DNA replication”, “Activation of the pre-replicative complex”, “Cell 
Cycle”, “S Phase”, “Activation of ATR in response to replication stress” 
and “G1/S transition”. Within these pathways, we observed coordinated 
deregulation of other contributing DEGs associated with initiation, 
progression and control of the DNA replication process (LIG1↑, FEN1↑, 
GINS2↑, RPA4↑ or POLD4↓) and the proteasomal degradation (PSMA6↑, 
PSMB8↓, PSMB10↓). “Cell Cycle” pathway further contained numerous 
DEGs involved in mitosis, cell division control and chromosome main-
tenance (STAG1↑, CENPJ↑, CENPX↑, CENPK↑, HMMR↑). 

The “Neutrophil degranulation” pathway was characterized by DEGs 
encoding chaperones (HSPA1A↑, HSPA6↑, HSPA8↑, HSP90AA1↑), pro-
teins involved in extracellular matrix integrity, cell adhesion and 
migration (MMP9↑, MMP25↑, CD44↑, CD58↑, SERPINA1↑, JUP↑, 
SDCBP1↑, CTSH↑, CTSG↓, PLAU↓, PLAUR↓), immune response 
(TNFAIP3↑, NFKB1↑, HLA-B↓, FCGR2A↓, SLPI↓) and proteins related to 
the transport of molecules (FTH1↑, MAGT1↑, SLC2A3↑, SLC2A5↓, 
SLC11A1↓, ATP6V0A1↓). 

The “Nuclear Receptors Meta-Pathway” includes several target genes 
of activated nuclear receptors. We identified the activation of Nuclear 
factor erythroid 2-related factor 2, due to the deregulation of genes 
encoding antioxidant proteins (FTH1↑, GCLM↑, TXN↑, TXNRD1↑, 
PRDX1↑, SRXN1↑, HMOX1↑), chaperons (HSPA1A↑, HSP90AA1↑, 
DNAJB1↑) transporters (SLC2A1↑, SLC2A3↑, SLC2A6↑, SLC2A5↓, 
SLC2A9↓) or transcription factor (NFE2L2↑). Aryl hydrocarbon receptor 
activation was characterized by the increased expression of ↑AHR and 
deregulation of genes related to proliferation (JUN↑, HES1↑) and 
inflammation (IL1B↑, PTGS2↑). We also found deregulated target genes 
for glucocorticoid receptor (GADD45B↑, TNFAIP3↑, BHLHE40↑, CCL2↑), 
epidermal growth factor receptor (TNF↑), constitutive androstane re-
ceptor (ABCC3↑, SULT1A1↑, ALAS1↑) and peroxisome proliferator- 
activated receptor (ACADM↓, NR1H3↑, CDK1↑). 

3.2.2. NM-200 
The NM-200 induced the expression of diverse cytokines and che-

mokines (CXCL10↑, CXCL16↑, CCL20↑, CCL3L3↑, CXCL8↑, CCL4L2↑), 
variously contributing to the modulation of all the top ten ranked 
pathways, including “IL-18 signaling pathway”, “NF-kappa B signaling 
pathway”, “Chemokine receptors bind chemokines”, “Cytokine-cytokine 
receptor interaction”, “Interleukin-10 signaling”, “Chemokine signaling 
pathway”, “EBV LMP1 signaling”, “CD40/CD40L signaling”, “Rheuma-
toid arthritis” and “IL-17 signaling pathway” (Table 3). We further 
identified TRAF1↑, TNFAIP3↑, ATF3↑, PLA2G7↑, CD83↑ contributing to 
the modulation of “IL-18 signaling pathway“. TRAF1↑, TNFAIP3↑ and 
PLAU↑ also played a role in the deregulation of the “NF-kappa B 
signaling pathway”, “CD40/CD40L signaling”, “EBV LMP1 signaling” 
and “IL-17 signaling”; adhesion molecule ITGAL↓ participated in the 
deregulation of “Rheumatoid arthritis” and CBLB↑ in “CD40/CD40L 
signaling”. 

3.2.3. NM-300 K 
NM-300 K upregulated the genes encoding proteasomal proteins 

(PSMA6↑, PSMB2↑, PSMB7↑, PSMB8↑, PSMC1↑, PSMC2↑, PSMD1↑, 
PSMD6↑, PSMD12↑, PSMD14↑) which were involved in most of the top 
overrepresented pathways “Signaling by Interleukins”, “Cytokine 

Signaling in Immune system”, “Innate Immune System”, “Cellular re-
sponses to stress”, “G2/M Transition”, “Mitotic G2-G2/M phases” and 
“The role of GTSE1 in G2/M progression after G2 checkpoint” (Table 4). 
Besides numerous cytokines and chemokines such as CCR2↓, CCL2↑, 
CCL3L1↑, CCL20↑, IL1B↑, IL7R↑, CXCL8↑, IL15↑, a variety of other 
upregulated genes related to cellular and oxidative stress response, 
inflammation, DNA damage, programmed cell death and mitotic cell 
cycle regulation (CDKN1A↑, HMOX1↑, TXNRD1↑, FOS↑, JUN↑, EGR1↑, 
PTGS2↑, STAT1↑, SOD1↑, SOD2↑, DUSP1↑), protein quality control 
(genes encoding heat shock proteins and chaperones, HSPA8↑, HSPA9↑, 
HSP90AA1↑, HSP90AB1↑, DNAJB1↑), transport (ATP6V1D↑, 
ATP6V1H↑, ATP6V1A↑, ATP6V1C1↑, ATP6V0B↑) participated in the 
modulation of the top ranked pathways (including “Rheumatoid 
arthritis” and “NRF2 pathway” in addition to those mentioned above). 
On the other hand, reduced gene expression of several cell cycle regu-
lators (CENPF↓, FOXM1↓, CEP131↓, CCNA2↓, CCNB2↓, CDC25B↓) 
contributed to the modulation of pathways “G2/M Transition, Mitotic” 
and “G2-G2/M phases” and genes involved in cytoskeleton organization, 
adhesion and cell migration (RHOU↓, ICAM1↑, FSCN1↓, ITGAL↓, 
LMNB1↓) to Rheumatoid arthritis. Similarly, as NM110, NM-300 K 
modulated “Nuclear Receptors Meta-Pathway”. Within this pathway, 
activation of Nuclear factor erythroid 2-related factor 2 (TXN↑, 
TXNRD1↑, PRDX1↑, SRXN1↑, HMOX1↑, TGFBR2↓, EGR1↑, GSR↑, 
GCLM↑, GSTM4↑), aryl hydrocarbon receptor (MGST1↑, IL1B↑, JUN↑, 
PTGS2↑, NQO1↑), glucocorticoid receptor (GADD45B↑, BHLHE40↑, 
CCL2↑) and constitutive androstane receptor (ABCC3↑, ALAS1↑) was 
evident. The complete list of modulated pathways with contributing 
genes for all NMs can be found in Supplementary File 3. 

Table 3 
The top ten significantly modulated pathways for NM-200.  

ID Pathway Source 

1269318 Signaling by Interleukins BioSystems: 
REACTOME 

1269310 Cytokine Signaling in Immune system BioSystems: 
REACTOME 

1269203 Innate Immune System BioSystems: 
REACTOME 

M39428 Nuclear Receptors Meta-Pathway MSigDB C2 BIOCARTA 
(v7.3) 

1270414 Cellular responses to stress BioSystems: 
REACTOME 

200309 Rheumatoid arthritis BioSystems: KEGG 
M39454 NRF2 pathway MSigDB C2 BIOCARTA 

(v7.3) 
1269799 G2/M Transition BioSystems: 

REACTOME 
1269797 Mitotic G2-G2/M phases BioSystems: 

REACTOME 
1383017 The role of GTSE1 in G2/M progression after 

G2 checkpoint 
BioSystems: 
REACTOME  

Table 4 
The top ten significantly modulated pathways for NM-300 K.  

ID Pathway Source 

M39818 IL18 signaling MSigDB C2 BIOCARTA (v7.3) 
634527 NF-kappa B signaling pathway BioSystems: KEGG 
1269547 Chemokine receptors bind 

chemokines 
BioSystems: REACTOME 

M9809 Cytokine-cytokine receptor 
interaction 

BioSystems: KEGG 

1470924 Interleukin-10 signaling BioSystems: REACTOME 
99051 Chemokine signaling pathway BioSystems: KEGG 
M39410 EBV LMP1 signaling MSigDB C2 BIOCARTA (v7.3) 
138061 CD40/CD40L signaling BioSystems: Pathway Interaction 

Database 
200309 Rheumatoid arthritis BioSystems: KEGG 
1474301 IL-17 signaling pathway BioSystems: KEGG  
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3.3. Analysis of PPI networks 

Eight top biologically relevant clusters derived from the NM-110 PPI 
network meeting the criterion for average node degree (>4) are depicted 
in Fig. 2. These clusters contained enriched STRING cluster names 
related to the regulation of cell cycle, mitosis and activation of cell cycle 
checkpoints (cluster 1), DNA replication, DNA damage response and 
repair (cluster 2), proinflammatory response, signaling by interleukins, 
chemokine, TNF and NF-κB signaling (cluster 3), protein folding and 
cellular response to stress (cluster 4), protein processing in endoplasmic 
reticulum (cluster 5), response to oxidative stress (cluster 6), MAPK 
signaling (cluster 7) and PPARγ signaling (cluster 8) (Table 5). The top 
five clusters of NM-300 K PPI network were selected (Fig. 3) and the 
most significant overrepresented STRING cluster names were associated 
with the regulation of cell cycle and mitosis (cluster 1), immune 
response and chemokine signaling (cluster 2), proteasome function and 
protein processing (cluster 3), cellular response to stress (cluster 4) and 
oxidative stress response (cluster 5) (Table 6). The top overrepresented 
STRING cluster names within the NM-200 PPI network (Fig. 4) included 
those related to immune response and chemokine signaling (Table 7). 
All the clusters and enrichment results are presented in Supplementary 
File 4. 

3.4. Validation of microarray results by qRT-PCR method 

The expression of the top significantly deregulated genes involved in 
selected key modulated processes such as pro-inflammatory and stress 
response (CXCL8, IL1B), oxidative stress (HMOX1), stress-activated 
regulation of transcription (ATF3), ion channels activation (SGK1) and 
metal response (MT2A) was validated by RT-qPCR. The results 
confirmed the expression patterns identified by the microarray analysis 
in THP-1 cells exposed to NM-110, NM-200 and NM-300 K (Fig. 5). A 
significant correlation (r = 0.965, p-value <0.001) was determined. 

4. Discussion 

In the present study, which is a follow-up of our previous work 
(Brzicova et al., 2019a), we used transcriptomic analysis to further 
explore genome-wide expression changes in THP-1 cells. A compre-
hensive approach involving differential expression analysis of individual 
genes, pathway analysis and PPI network analysis was used to reveal the 
potential toxic effects specific for each NM as well as common processes 
modulated by all NMs. Below we discuss the physico-chemical proper-
ties of the tested NMs and their effect on the modulation of various genes 
and biological processes. 

These nanomaterials differ not only in their chemical composition 
(NM-100: TiO2, NM-110: ZnO, NM-200: SiO2, and NM-300 K: Ag) but 
also in solubility and size. As reported previously, the adhesion- 
promoting and immunomodulating effects in THP-1 were stronger in 
the soluble NMs (ZnO and Ag) (Brzicova et al., 2019a). This might 
indicate a more harmful outcome of particles that dissociate to ions and 
less in those which are insoluble. For example, the insoluble titan oxide 
(NM-100) did not cause a toxic effect based on the detection of DNA 
damage or reactive oxygen species (ROS) production (Brzicova et al., 
2019a) which was also shown in this study, where no deregulated genes 
following the exposure of NM-100 to THP-1 were detected. On the other 
hand, the toxicity of titan oxide NM may be dependent on more factors 
(Brzicova et al., 2019b). The other insoluble NM tested in our study, 
NM-200 (SiO2), showed a stronger toxic effect compared to NM-100, but 
weaker when compared to the soluble NMs (Brzicova et al., 2019a). The 
cytotoxic effect as well as the elevated levels of IL-8 after treatment with 
amorphous silica was detailed, and it was suggested that it is caused due 
to the localization in membrane-bound cell vesicles, where it created 
large aggregates or damaged internal cell membranes resulting in the 
leakage of endolysosomal material (Brzicova et al., 2019a; Costantini 
et al., 2011). 

4.1. Oxidative stress and activation of redox-sensitive pathways 

As transcriptomic data suggested, all three nanomaterials NM-110, 

Fig. 2. The top biologically relevant clusters of NM-110 PPI network. Nodes stand for DEGs, lines represent interactions between nodes. DEGs, differentially 
expressed genes. 
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NM-200 and NM-300 K induced expression of numerous genes related to 
oxidative stress and anti-oxidant response, however this response 
differed among NMs. A large body of evidence has demonstrated that 
metal NPs significantly increase the expression of anti-oxidant genes as a 
defensive mechanism against the production of ROS, activate signaling 
pathways such as MAPK, NF-κB, responsible for the expression of cy-
tokines, chemokines and adhesion molecules involved in immune 
response and potentially cause mitochondrial damage, leading to cyto-
toxicity and cell death (Manke et al., 2013). NM-110, NM-200 and 
NM-300 K shared the overexpression of SOD2, the enzyme that protects 
cells from superoxide anions. The transcriptional activation of phase II 
antioxidant enzymes including SOD2 via Nrf2 (nuclear factor (eryth-
roid-derived 2)-like 2) (Nrf2) induction represents the first level of the 
defense against mild oxidative stress while at intermediate level, 
redox-sensitive MAPK and NF-κB pathways are triggered and enhance 
pro-inflammatory response. NM-200 significantly upregulated SOD2 
only; expression of other antioxidant genes such as HMOX1 was strongly 
induced in NM-110 and NM-300 K treated cells, but only slightly in cells 
exposed to NM-200. Moreover, no processes associated with oxidative 
stress or anti-oxidant response were enriched by NM-200, suggesting 
weaker pro-oxidant properties of this NM compared to others. Both 

NM-110 and NM-300 K further upregulated a variety of other genes 
associated with oxidative stress and activation of Nrf2 transcription 
factors (GCLM, TXN, TXNRD1, PRDX1, SRXN1), as well as genes related 
to MAPK signaling (MAPK3, JUN, FOS, EGR1). Activation of Nrf2 and 
induction of HMOX1 in response to ZnO and Ag nanoparticles was also 
observed in other studies (Zhang et al., 2021; Kang et al., 2012). The 
MAPK signaling pathway has been implicated in cellular stress responses 
such as inflammation, metabolism, cell death, development, cell dif-
ferentiation, senescence, and tumorigenesis, and is closely associated 
with oxidative stress. In agreement, various metal NMs including ZnO 
and Ag elicit an activation of MAPK signaling in different experimental 
models (Cameron et al., 2022). Contrary to our results, many reports 
have also described the activation of MAPK signaling by SiO2 NM. It has 
been suggested, that the toxicity of SiO2 NM, is based on the dose, fol-
lowed a hierarchical oxidative stress model consisting of the activation 
of anti-oxidant enzymes (tier 1, low level of ROS), activation of 
ROS-dependent MAPK, and NF-κB pathways and pro-inflammatory 
response (tier 2, intermediate level of ROS) and triggering of mito-
chondrial dysfunction (tier 3, high level of ROS) (Sahu et al., 2014). 
Pro-inflammatory responses, the generation of ROS and autophagy have 
been accepted as the main mechanisms of SiO2 NMs immunotoxicity 

Table 5 
The top eight biologically relevant clusters for NM-110 with the five most significant enriched STRING cluster names and 5 hub nodes with the highest node degree.   

Average node 
degree 

Top 5 hub 
nodes 

Node 
degree 

ID Top 5 enriched STRING cluster names 

Cluster 
1  

31.2 CDK1 74 CL:4849 Mitotic Spindle Checkpoint, and mitotic nuclear division 
CCNA2 61 CL:4850 Mixed, incl. condensed chromosome, centromeric region, and kinesin motor, catalytic domain. 

atpase. 
KIF11 58 CL:4854 Mixed, incl. condensed chromosome, centromeric region, and kinesin motor, catalytic domain. 

atpase. 
CDC45 57 CL:4860 Mixed, incl. mitotic sister chromatid segregation, and gastric cancer network 1 
PLK4 57 CL:5301 DNA replication, and interstrand cross-link repair 

Cluster 
2  

20.6 RFC4 44 CL:5301 DNA replication, and interstrand cross-link repair 
FEN1 37 CL:5494 DNA replication, and DNA strand elongation involved in DNA replication 
PCNA 37 CL:5570 Lagging Strand Synthesis, and Ctf18 RFC-like complex 
RFC3 37 CL:5498 Activation of the pre-replicative complex 
RPA3 35 CL:5571 Processive synthesis on the lagging strand, and Donson 

Cluster 
3  

17.4 TNF 103 CL:18266 Chemokine receptors bind chemokines, and macrophage proliferation 
IL1B 81 CL:18269 Chemokine receptors bind chemokines 
CXCL8 63 CL:18486 Mixed, incl. apoptosis modulation and signaling, and nf-kappa b signaling pathway 
CCL2 52 CL:18487 Mixed, incl. nf-kappa b signaling pathway, and card domain 
CCL5 50 CL:18490 NF-kappa B signaling pathway, and TIR domain 

Cluster 
4  

8.78 HSP90AA1 44 CL:3010 Mixed, incl. chaperone complex, and chaperone cofactor-dependent protein refolding 
HSPA8 27 CL:3014 Mixed, incl. chaperone complex, and chaperone cofactor-dependent protein refolding 
HSPA1A 23 CL:3019 Hsp70 protein, and BAG domain 
HSPA1B 21 CL:3015 Chaperone complex, and chaperone cofactor-dependent protein refolding 
DNAJB1 19 CL:3020 Heat shock protein 70kD, peptide-binding domain superfamily, and Chaperone DnaJ 

Cluster 
5  

6 CANX 28 CL:3165 Protein processing in endoplasmic reticulum, and Insertion of tail-anchored proteins into the 
endoplasmic reticulum membrane 

HSPA5 17 CL:3166 Protein processing in endoplasmic reticulum, and signal peptide processing 
P4HB 14 CL:3170 Mixed, incl. protein folding in endoplasmic reticulum, and ubiquitin-dependent glycoprotein erad 

pathway 
HSP90B1 11 CL:3172 Photodynamic therapy-induced unfolded protein response, and protein disulfide isomerase activity 
SEC61A1 11 CL:3272 Oligosaccharyltransferase complex, and protein export 

Cluster 
6  

5.55 CAT 25 CL:13061 Glutathione metabolism, and Selenocysteine 
HMOX1 13 CL:13134 Mixed, incl. antioxidant, and peptide-methionine (s)-s-oxide reductase activity 
GCLM 12 CL:13062 Glutathione metabolism, and Antioxidant 
SOD2 12 CL:13136 Mixed, incl. thioredoxin peroxidase activity, and superoxide dismutase activity 
TXNRD1 12 CL:13148 Superoxide dismutase activity, and catalase 

Cluster 
7  

5.1 MAPK3 29 CL:6223 Mixed, incl. host-pathogen interaction of human coronaviruses - mapk signaling, and mitogen- 
activated protein (map) kinase phosphatase 

JUN 12 CL:5987 Mixed, incl. ppara activates gene expression, and host-pathogen interaction of human coronaviruses - 
mapk signaling 

FOS 11 CL:6248 Mitogen-activated protein (MAP) kinase phosphatase, and Mitogen-activated protein (MAP) kinase, 
ERK1/2 

DUSP1 9 CL:6310 Mixed, incl. ap-1 transcription factor, and activation of the ap-1 family of transcription factors 
EGR1 8 CL:6326 Mixed, incl. ap-1 transcription factor, and arc, c-lobe 

Cluster 
8  

4.76 PPARG 20 CL:5988 PPARA activates gene expression, and Nuclear hormone receptor, ligand-binding domain 
CEBPA 9 CL:6133 Mediator complex 
MLXIPL 8   
CD36 7   
PCK2 6    
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(Chen et al., 2018). We therefore speculate that the level of ROS induced 
by NM-200 was perhaps not high enough to elicit significant changes in 
the expression of MAPK-related genes. 

The downregulation of genes such as PPARG and CEBPA following 
NM-110 exposure indicates inhibition of PPARγ (peroxisome 
proliferator-activating receptor gamma) signaling. PPARγ is a ligand- 
activated transcription factor that has a wide spectrum of biological 
functions, including the regulation of mitochondrial function and energy 
metabolism, anti-oxidant defense and redox balance, immune responses, 
fatty acid oxidation and anti-tumor activities. Several studies have 
demonstrated that ZnO nanoparticles impair mitochondrial biogenesis 
via suppression of PGC-1α, a coactivator of PPARγ (summarized in 
(Patrón-Romero et al., 2022)). 

NF-κB is a central mediator of pro-inflammatory gene activation, it 
functions in both innate and adaptive immune cells and is activated by 
stimulation signals such as pro-inflammatory cytokines TNF-α, IL-1 and 
others. The expression of TNFAIP3, a negative regulator of NF-κB and 
TRAF1, a pro-survival NF-κB-inducible factor, upregulated by NM-200 
and NM-300 K, as well as the expression of other genes representing 
targets of NF-κB (IL1B, CXCL8, PLAU, CCL4L2), elevated by all NMs, 
strongly suggest activation of this transcription factor. It has been 
documented that metal-based nanoparticles trigger activation of NF-κB 
via a mechanism involving the generation of ROS (Manke et al., 2013). 

4.2. Immune response 

A mechanism common for all three tested NMs was the pro- 
inflammatory response characterized by increased expression of 

numerous cytokines, chemokines and proinflammatory mediators. 
Several chemokines (CXCL8, CCL20, CCL3L3, CCL4L2) were similarly 
upregulated by all three NMs. Chemokine signaling is implicated in 
immune and inflammatory responses regulating key processes, such as 
activation and migration of leukocytes or the development of immune 
cells. CXCL8 is a major mediator of inflammatory responses and is 
produced by macrophages to attract and activate granulocytes, mainly 
neutrophils. In this study, we showed that all tested NMs caused a sig-
nificant increase of CXCL8 mRNA in THP-1 cells. This was also previ-
ously confirmed on a protein level in the same cellular model and using 
the same nanomaterials (Brzicova et al., 2019a). CXCL8 is typical for 
exposure to metal NMs and was established as the common biomarker of 
inflammation (Horie et al., 2018). 

IL1B is a critical pro-inflammatory regulator. Increased expression of 
IL1B in immune cells was observed in response to various NMs and it is 
thus generally recognized as a biomarker of immunotoxicity of NMs 
(Elsabahy and Wooley, 2013). It has been suggested that IL1B produced 
in THP-1 cells could be used as an index to rank the inflammatory po-
tential of metal oxide NMs (Huang et al., 2020). Our findings are in line 
with our previous study (Brzicova et al., 2019a) where induction of IL1B 
was also detected following the incubation of all three tested NMs. 

Importantly, we also found several genes involved in the repression 
of inflammatory response. ATF3 is activated by multiple extracellular 
signals, such as oxidative, genotoxic and endoplasmic reticulum stress as 
well as inflammatory reactions. ATF3 acts as a hub of the cellular 
adaptive-response network: as a master transcription factor regulating a 
variety of immune response genes involved in local and systemic 
inflammation in order to keep cellular homeostasis (Hai et al., 2010). In 

Fig. 3. The top biologically relevant clusters of the NM-300 KPPI network. Nodes stand for DEGs, lines represent interactions between nodes. DEGs, differentially 
expressed genes. 
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addition to its role in the downregulation of pro-inflammatory genes via 
the inhibition of NF-κB (Kwon et al., 2015), it has been shown that ATF3, 
activated by the Nrf2 transcription factor, exerts an anti-oxidant and 
cytoprotective effect by maintaining the redox status and glutathione 
levels in astrocytes (Kim et al., 2010) and promotes DNA repair and 
apoptosis of damaged cells under ZnO NM-induced genotoxic stress in 
lung epithelial cells (Wei et al., 2019). ATF3 was also deregulated after 
Ag and SiO2 NMs exposure (Böhmert et al., 2015; Waters et al., 2009). 
SGK1, along with its established function as an ion channel regulator, is 
also involved in the regulation of the immune response and has been 
documented to repress the transcription of pro-inflammatory cytokines 
through inhibition of NF-κB activity (Han et al., 2022; Zhou et al., 2015). 

It should be noted that the similar immune response induced by 
diverse NMs does not mean that all NMs share the same mechanism of 
toxicity, as immune cell lines often show a defined expression pattern 
common for various NM treatments (Gatto and Bardi, 2018). The 
toxicity of NMs is determined by a combination of various properties 
including their shape, size, surface properties (Brzicova et al., 2019b). 
As discussed in our previous study (Brzicova et al., 2019a), the general 
immunostimulatory and cell adhesion-promoting effects of NM-110, 
NM-200 and NM-300 K on THP-1 cells was evident. However, NM-110 
and NM-300 K most likely have a different mechanism of toxicity 
since these NMs are soluble and release toxic ions that further promote 
NM’s toxicity. 

4.3. Response to metal ion exposure and heat shock stress response 

NM-110 and NM-300 K, but not NM-200, induced a substantial in-
crease of several types of metallothioneins (MT1M, MT2A, MT1E and 
others) and the solute transmembrane carrier SLC30A1 indicating the 

Table 6 
The top five biologically relevant clusters for NM-300 K with the five most sig-
nificant enriched STRING cluster names and 5 hub nodes with the highest node 
degree.   

Average 
node 
degree 

Top 5 hub 
nodes 

Node 
degree 

ID Top 5 enriched 
STRING cluster 
names 

Cluster 
1  

12.8 KIF2C  33 CL:4861 Mitotic nuclear 
division, and 
gastric cancer 
network 1 

CCNB2  30 CL:4867 Mixed, incl. mitotic 
cytokinesis, and 
gastric cancer 
network 1 

KIF20A  30 CL:4847 Mitotic Spindle 
Checkpoint, and 
mitotic nuclear 
division 

CCNA2  29 CL:4869 Mixed, incl. spindle 
midzone assembly, 
and gastric cancer 
network 1 

CDCA8  28 CL:4854 Mixed, incl. 
condensed 
chromosome, 
centromeric 
region, and kinesin 
motor, catalytic 
domain. atpase. 

Cluster 
2  

10.7 IL1B  60 CL:18264 Chemokine 
receptors bind 
chemokines, and 
Intercrine alpha 
family small 
cytokine C-X-C) 
(chemokine CXC) 

CXCL8  42 CL:18266 Chemokine 
receptors bind 
chemokines, and 
macrophage 
proliferation 

CCL2  39 CL:18269 Chemokine 
receptors bind 
chemokines 

ICAM1  33 CL:18273 Chemokine 
receptors bind 
chemokines 

CD86  29 CL:18277 Chemokine 
receptors bind 
chemokines 

Cluster 
3  

9.66 HSP90AA1  60 CL:2704 Proteasome 
HSP90AB1  32 CL:2693 Regulation of 

ornithine 
decarboxylase 
(ODC), and RAS 
signaling 
downstream of NF1 
loss-of-function 
variants 

HSPA8  32 CL:2707 Proteasome 
HSPA9  20 CL:3019 Hsp70 protein, and 

BAG domain 
BAG3  19 CL:3015 Chaperone 

complex, and 
chaperone 
cofactor-dependent 
protein refolding 

Cluster 
4  

5.95 JUN  34 CL:5987 Mixed, incl. ppara 
activates gene 
expression, and 
host-pathogen 
interaction of 
human 
coronaviruses - 
mapk signaling  

Table 6 (continued )  

Average 
node 
degree 

Top 5 hub 
nodes 

Node 
degree 

ID Top 5 enriched 
STRING cluster 
names 

FOS  23 CL:6223 Mixed, incl. host- 
pathogen 
interaction of 
human 
coronaviruses - 
mapk signaling, 
and mitogen- 
activated protein 
(map) kinase 
phosphatase 

ATF3  14 CL:6310 Mixed, incl. ap-1 
transcription 
factor, and 
activation of the 
ap-1 family of 
transcription 
factors 

EGR1  14   
NFKBIA  11   

Cluster 
5  

5 GSR  24 CL:13061 Glutathione 
metabolism, and 
Selenocysteine 

NQO1  20 CL:13062 Glutathione 
metabolism, and 
Antioxidant 

GCLM  18 CL:13069 Glutathione 
derivative 
metabolic process 

SOD1  18 CL:13064 Glutathione 
conjugation, and 
Glutathione 
peroxidase active 
site 

TXN  18 CL:15368 Zinc homeostasis, 
and Heavy-metal- 
associated domain  
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release of toxic metal ions. Metallothioneins (MTs) are heavy-metal 
binding proteins that are important in the detoxification of metal ions, 
maintenance of homeostasis and suppression of tumor growth (Si and 

Lang, 2018). 
In addition to MTs, heavy metals are also known to induce the heat 

shock response pathway (Wagner et al., 1999). Activation of this 
pathway results in the expression of chaperone proteins (heat shock 
proteins; HSP) that protect cells from stress by maintaining the folded 
states of proteins, and repairing those that are damaged. Recent tran-
scriptomic studies conducted on various cell lines have consistently re-
ported the increased expression of MT1 and HSPs in response to ZnO and 
Ag NM’s exposure (Safar et al., 2019; Gao et al., 2022; Alsagaby et al., 
2020). As inferred from the PPI network analysis, the elevated expres-
sion of various MTs and HSPs by both NM-110 and NM-300 K indicate 
the activation of a rapid cellular stress response to metal ions. Together 
with MTs, HSPs represent the main defense, specifically against metal 
toxicity (Bauman et al., 1993). 

In line with this, we further observed elevated expression of genes 
encoding subunits of 20 S proteasome core particle (PSMA1, PSMA6) 
and 19 S proteasome regulatory particle (PSMD1, PSMC1), sub-
complexes of 26 S proteasome that mediate protein degradation and 
play a key role in the maintenance of protein homeostasis, by removing 
misfolded and damaged or no longer required proteins. Metal oxide NMs 
have been shown to interact with proteasome subunits and alter its ac-
tivity (Falaschetti et al., 2013). 

Fig. 4. The NM-200 PPI network. Nodes stand for DEGs, lines represent interactions between nodes. DEGs, differentially expressed genes.  

Table 7 
PPI network of NM-200 with the 5 most significant enriched STRING clusters 
names and five hub genes with the highest node degree.  

Average 
node 
degree 

Top 5 hub 
nodes 

Node 
degree 

ID Top 5 enriched STRING 
cluster names 

2.65 CXCL8  16 CL:18273 Chemokine receptors bind 
chemokines 

CXCL10  12 CL:18276 Chemokine receptors bind 
chemokines 

CD83  10 CL:19385 Interferon alpha/beta 
signaling, and Negative 
regulators of DDX58/IFIH1 
signaling 

CCL20  9 CL:18277 Chemokine receptors bind 
chemokines 

TNFAIP3  8 CL:19391 Interferon alpha/beta 
signaling, and ISG15-protein 
conjugation  
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4.4. Genotoxicity and alteration of cell cycle 

Induced expression of genes that are involved in DNA damage 
response and alteration of cell cycle was observed after the exposure to 
both soluble nanomaterials NM-110 a NM-300 K. ZnO and Ag NMs have 
been widely investigated for their genotoxic effects. In our previous 
study (Brzicova et al., 2019a), genotoxic potency was measured by 
Comet assay. Both NM-110 and NM-300 K, exhibited a slight but sig-
nificant increase of oxidized DNA lesions. In line with our previous 
findings, we observed the activation of genes closely related to the DNA 
damage response such as GADD45B (by NM-110) and CDKN1A (by 
NM-300 K) as well as other genes involved in the oxidative stress 
response, DNA repair or cell cycle regulation further indicating DNA 
damage. Other recent studies also confirmed DNA damage induced by 
Ag and ZnO MNs (Senapati et al., 2015; AshaRani et al., 2009). 

As evident from results of gene expression profiling, ZnO and Ag NMs 
caused severe alterations of the cell cycle. Increased expression of the 
cell cycle regulators that promote G1/S transition (CDC25A, CCNE1, 
CCNE2, CDK1, CDK2) observed in response to ZnO nanoparticles may 
result in chromosomal instability and tumorigenesis. We further detec-
ted upregulation of cell cycle checkpoint genes (E2F2, CHEK1, WEE) that 
are activated in response to DNA damage and replication stress, to 
protect cells before premature entry into mitosis and mediate DNA 
repair. Besides other functions, the role of the E2F family of transcrip-
tion proteins in the regulation of DNA replication, repair and mitosis has 
been established (Polager et al., 2002). It has recently been shown that 
E2F2 has a key role in the activation of DNA repair pathways (Rennhack 
and Andrechek, 2020). It is thus likely that high expression of DNA 
replication and repair regulators observed in our study (MCM6, PCNA, 
RFC4, FEN1) is related to a genomic integrity-preserving activity of 
E2F2. Several studies also confirmed the adverse effect of ZnO nano-
particles on cell cycle progression in diverse cell lines (Patel et al., 2016; 
Gao et al., 2016). In contrast, NM-300 K caused a different effect on the 
cell cycle; expression of key genes involved in G2/M transition, forma-
tion of mitotic spindle and chromosome segregation (FOXM1, CDC25B, 
CCNB2, CENPF, KIF20A) was rather repressed, indicating mitotic delay 
or arrest. Similarly, G2/M delay, chromosomal instability, abnormal cell 
division and reduced proliferation was also found in other cell lines 
exposed to Ag NMs (AshaRani et al., 2009; Foldbjerg et al., 2012; Rank 

Miranda et al., 2020; Garcia et al., 2019). Chromosome instability and 
mitosis inhibition is closely associated with cytotoxicity and genotox-
icity of Ag nanoparticles, as evidenced in number of studies (Cameron 
et al., 2022). 

5. Conclusions 

In summary, transcriptomic analysis of THP-1 cells was performed 
after these cells were exposed to two soluble and two insoluble nano-
particles to detect genome-wide expression changes in the cells. We 
observed no changes in expression levels after the treatment with tita-
nium dioxide and limited effect of silica dioxide. On the contrary, both 
soluble nanoparticles, zinc oxide and silver, showed strong responses 
related to oxidative stress and activation of the redox-sensitive pathway, 
immune response, heat shock stress response, and alteration of the cell 
cycle. These results support the previously published hypothesis that 
nanomaterials which dissociate to ions might be more toxic to the 
studied system. Our study further emphasizes the significance of 
network-based gene expression profiling as a valuable strategy for better 
understanding the mechanisms of NMs toxicity. 
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