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Abstract 

Background: The large-scale applications of alumina nanoparticles  (Al2O3-NPs), one of the most important NPs 
in the global market, are causing severe damages to the environment and human health. Our previous research 
has revealed a critical role of nanoparticle morphology (e.g., flake and rod) in determining the toxic potencies of 
 Al2O3-NPs, where nanorods demonstrated a significantly stronger toxic response than that of nanoflakes. However, 
their underlying mechanisms have not been completely elucidated yet. In the present study, we evaluated and com-
pared the potential toxicological mechanisms of two shapes of γ-Al2O3-NPs (flake versus rod) by measuring miRNA 
and mRNA profiles of astrocytes in rat cerebral cortex, ex vivo.

Results: A total of 269 mRNAs and 122 miRNAs, 180 mRNAs and 116 miRNAs were differentially expressed after 
nanoflakes or nanorods exposure, respectively. Among them, 55 miRNAs (e.g., miR-760-5p, miR-326-3p, and miR-
35) and 105 mRNAs (e.g., Kdm4d, Wdr62, and Rps6) showed the same trend between the two shapes. These miRNAs 
and mRNAs were mainly involved in apoptosis, inflammatory pathways (e.g., NF-kappa B), carcinogenic pathways 
(e.g., MAPK, p53, Notch, Rap1, and Ras), and cellular lipid metabolisms (e.g., glycerolipid metabolism, sphingolipid, 
and ether lipid metabolism). However, the remaining miRNAs and mRNAs either showed an opposite trend or only 
changed by a particular shape. Nanorods could specifically alter the changes of PI3K/Akt, AMPK and TNF pathways, 
cell cycle, and cellular senescence, while nanoflakes caused the changes of Toll and lmd signaling pathways.

Conclusions: Combined with previous research results, we further revealed the potential biomolecular mechanisms 
leading to the stronger toxicity of nanorods than that of nanoflakes, and multi-omics is a powerful approach to eluci-
date morphology-related mode of actions.
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Introduction
With the rapidly increasing applications of nanoparticles 
(NPs), the annual output of NPs has sharply grown from 
2300 tons in 2008 to nearly 58,000 tons in 2020 [1]. Alu-
mina nanoparticles  (Al2O3-NPs), one of the most impor-
tant commercial NP productions in the global market, 
are widely used in pharmaceutical products, biomateri-
als, and high-energy systems [2, 3]. Unfortunately, the 
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tremendous development of nanotechnology and exces-
sive application of  Al2O3-NPs has inevitably brought its 
increased burden on the environment and human health 
[4]. Although earlier epidemiological and toxicologi-
cal studies have demonstrated that  Al2O3-NPs exposure 
could lead to Alzheimer’s disease and other neurodegen-
erative disorders [5, 6], which could be linked to oxidative 
stress, inflammation, genotoxicity, and cell death [7–10], 
their underlying toxicological mechanisms still remain to 
be understood.

Many factors significantly affect the toxicity of NPs, 
including their physical and chemical properties (e.g., 
size, shape, and structure characteristics), concentra-
tions, incubation time, and receptor cell types [8]. 
Previous reports have mostly focused on  Al2O3-NPs 
toxicities induced by particles of various sizes or struc-
tures [11, 12]; however, the toxicity induced by dif-
ferent particle shapes has been rarely reported. For 
instance, it was demonstrated that four different shapes 
of hydroxyapatite NPs could increase reactive oxygen 
(ROS) production, alkaline phosphatase activity and the 
concentration of calcium, and decrease the mitochon-
drial membrane potential and lysosome integrity, and the 
toxicity potential of four shapes were ranked as follows: 
plate > sphere > needle > rod [13]. In our previous study, 
the toxicities of γ-Al2O3-NPs of two different shapes 
(flake versus rod) and their effects on metabolic profiles 
were compared in the astrocytes (ASTs) of rat cerebral 
cortex, ex  vivo [14]. Significantly stronger cytotoxicity 
and apoptosis were observed for nanorods than for nano-
flakes, which were associated with significantly greater 
ROS accumulation, apoptosis, inflammation induction, 
and metabolic responses. However, the underlying mech-
anisms for the shape-induced nanotoxicity, especially at 
the microRNA (miRNA) and transcriptional (mRNA) 
expression levels, were not completely understood in the 
study.

Omics (e.g., epigenomics and transcriptomics) have 
been recognized as a comprehensive and efficient 
approach to identify new biomarkers and to elucidate 
specific mechanisms driving toxicological effects induced 
by nano-alumina [15]. For example, mRNA profiling has 
been used in  Al2O3-NP-exposed human bronchial epi-
thelial (HBE) cells, showing differentially expressed genes 
encoding proteins essential for mitochondrial function, 
such as oxidative phosphorylation [4]. The toxicities of 
various surface modified  Al2O3-NPs (pristine, hydrophile 
or lipophile) to Caenorhabditis elegans (C. elegans) have 
been found to differ, with lipophilic NPs being the most 
toxic modification [16]. The lipophilic  Al2O3-NPs could 
significantly induce excessive ROS production, destroy 
the redox balance, and lead to apoptosis [17]. Moreover, 
transcriptomic analysis further showed that miR-297 was 

significantly up-regulated in HBE cells, inducing pulmo-
nary inflammation via the Notch pathway [17]. Further-
more,  Al2O3-NPs could cause an increase in expressions 
of miR-395, miR-397, miR-398, and miR-399 in tobacco 
seedlings [18]. However, to date, the integrated applica-
tion of a variety of genetically related omics approaches 
to systematically evaluate the impact of different shapes 
of  Al2O3-NPs exposure is relatively scarce.

As an extension of our previous work [14], in the pre-
sent study, we exposed rat primary ASTs to γ-Al2O3-
NPs of two distinct shapes (flake versus rod) at a dose 
of 125 μg/mL for 72 h with the aims to: (1) comprehen-
sively characterize the differentially expressed miRNAs 
and mRNAs through high-throughput small RNA and 
transcriptome sequencings; (2) identify the miRNAs 
and mRNAs specifically responding to nanoflakes or 
nanorods; (3) explore the interactions between miRNA 
and mRNA responding to the distinct toxicities of nano-
flakes and nanorods, for a further understanding of their 
underlying mechanisms or pathways.

Materials and methods
Nanoparticles preparation and sample collection
γ-Al2O3-NPs were successfully synthesized and fully 
characterized (e.g., particle size and shape) as reported 
in our previous study [14]. Rat primary ASTs were 
extracted from the cortex of neonatal 24-h-old Wistar 
rats (purchased from the Chinese Experimental Animal 
Center of Military Medical Science Academy, Beijing, 
China) as previously described [14]. Before the experi-
ment, two differently shaped (flake or rod) γ-Al2O3-NPs 
were dispersed in DMEM/F12 medium (HyClone, Bei-
jing, China), sonicated and shaken for 30  min at 20  °C. 
Rat ASTs were then exposed to nanoflakes and nanorods 
at the concentration of 125 μg/mL for 72 h with signifi-
cant cytotoxicity observed. The same volume of culture 
medium without γ-Al2O3-NPs was used as a control. 
Three parallel controls were set in each group. After 
exposure, cells were washed in cold phosphate buffered 
saline (PBS) for three times and total RNA was isolated 
using Trizol (Invitrogen, Carlsbad, CA, USA) [19].

Total RNA extraction
After exposure, total RNA was extracted from the cells 
using Trizol (Invitrogen, Carlsbad, CA, USA) according 
to the supplier’s instructions. Briefly, samples were centri-
fuged for 5 min with 12,000×g at 4 °C, and supernatants 
were transferred into a new RNAase-free Eppendorf tube 
with 0.3 mL chloroform/isoamyl alcohol (24:1). The mix 
was shaken for 15 s, and then centrifuged at 12,000×g for 
10 min at 4 °C. After centrifugation, RNA containing the 
upper aqueous phase was transferred into a new RNAase-
free tube with equal volume of supernatant of isopropyl 
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alcohol, then centrifuged at 12,000× rpm for 20  min at 
4 °C. After discarding the supernatant, RNA pellets were 
washed twice with 1  mL of 75% ethanol. The mix was 
then centrifuged at 12,000× rpm for 3 min at 4 °C to col-
lect residual ethanol, and then the pellet was allowed to 
air dry for 10 min. Finally, 25 µL of diethylpyrocarbonate-
treated water was added to dissolve the RNA. Total RNA 
was qualified and quantified using a NanoDrop ND-2000 
and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, 
MA, USA).

miRNA library preparation and sequencing
A library of miRNA was prepared with 1  μg total RNA 
for each sample. Total RNA was purified by electropho-
retic separation on a 15% urea denaturing polyacrylamide 
gel electrophoresis (PAGE) gel. Small RNA regions with 
the 18- to 30-nt bands in the marker lane were excised 
and recovered. The 18- to 30-nt small RNAs were ligated 
to a 5’-adaptor and a 3’-adaptor. The adapter-ligated 
small RNAs were subsequently transcribed into cDNA 
by SuperScript II Reverse Transcriptase (Invitrogen, 
Waltham, MA, USA). PCR products were selected by 
agarose gel electrophoresis with target fragments 100–
120  bp, and then purified by the QIAquick Gel Extrac-
tion Kit (QIAGEN, Valencia, CA, USA). The library was 
assessed for quality and quantity by checking the distri-
bution of the fragment size using the Agilent 2100 bio-
analyzer and by quantifying the library using qRT-PCR. 
The final ligation PCR products were sequenced using 
the BGISEQ-500 platform (BGI-Shenzhen, China).

miRNA sequencing data processing
The raw tags were processed using the following steps by 
removing low-quality tags, tags with 5 primer contami-
nants or poly A, tags without 3 primer or insertion, and 
tags shorter than 18 nt. After filtering, the clean tags were 
mapped to the reference genomes and other sRNA data-
bases, including miRbase, siRNA, piRNA, and snoRNA 
with Bowtie2 (v2.2.5). MiRanda (v2.041), RNAhybrid 
(v2.1), and TargetScan (v5.0) were used to predict the 
target genes of miRNAs. The expression level of miRNA 
was calculated by counting the absolute number of mol-
ecules using unique molecular identifiers. Differential 
expression analysis was performed using the DEGseq 
(v1.4.5). Q value ≤ 0.001 and absolute value of Log2Ra-
tio ≥ 1 were the default threshold to indicate the signifi-
cance. To annotate gene functions, all target genes were 
aligned against the Kyoto Encyclopedia of Genes (KEGG) 
and Gene Ontology (GO) database. GO enrichment anal-
ysis (http:// www. geneo ntolo gy. org/) and KEGG enrich-
ment analysis (https:// www. kegg. jp/) of the target genes 
were performed using phyper in R software (v3.3.1). The 
p value was corrected using the Bonferroni method. 

GO terms or KEGG terms were defined as significantly 
enriched terms only when corrected p value ≤ 0.05.

mRNA library preparation and sequencing
Oligo(dT)-attached magnetic beads were used to purify 
mRNA. Purified mRNA was fragmented into small 
pieces with fragmentation buffer. First-strand cDNA was 
then generated using random hexamer-primed reverse 
transcription and followed by a second-strand cDNA 
synthesis. A-tailing mix and RNA index adapters were 
added by incubating to end repair. The cDNA fragments 
were amplified by PCR, and the products were purified 
by Ampure XP Beads. After dissolution in EB solution, 
the product was validated on the Agilent Technologies 
2100 bioanalyzer. PCR products were heated, denatured, 
and circularized by the splint oligo sequence to obtain 
the final library. The single-strand circle DNA was for-
matted as the final library, which was then amplified 
with phi29 to make DNA nanoballs (DNBs) > 300 cop-
ies per molecule. DNBs were loaded into the patterned 
nanoarray, and single end 50 base reads were generated 
on BGISEQ-500 platform (BGI-Shenzhen, China).

mRNA sequencing data processing
mRNA sequencing data were filtered with SOAPnuke 
(v1.5.2) by removing reads, which containing sequencing 
adapter, low-quality base ratio (base quality < 5) > 20%, 
and unknown base (’N’ base) ratio > 5% [20]. Using 
HISAT2 (v2.0.4), the clean reads in FASTQ format were 
mapped to the reference genome. Then, Bowtie2 (v2.2.5) 
was applied to align the clean reads to the reference cod-
ing gene set, and then the expression level of gene was 
calculated by RSEM (v1.2.12). Differential expression 
analysis was performed using the DESeq2 (v1.4.5) with Q 
value ≤ 0.05. GO and KEGG enrichment analyses of the 
annotated differentially expressed genes were performed 
by phyper based on Hypergeometric test. The significant 
levels of terms and pathways were corrected by Q value 
with a rigorous threshold (Q value ≤ 0.05) by Bonferroni 
method.

Validation by quantitative real‑time polymerase chain 
reaction (qRT‑PCR)
In order to verify the accuracy of transcriptome sequenc-
ing results, we randomly selected and confirmed the 
expressions of 5 mRNAs in ASTs exposed to two shapes 
(flake or rod) of γ-Al2O3-NPs by qRT-PCR. All primers 
are described in Additional file 1: Table S1. qRT-PCR was 
conducted with SYBR® Premix ExTaqTM II kit (TaKaRa 
Bio, Dalian, China) using a CFX96 TouchTM Detection 
System (Bio-Rad, CA, USA). Cycling conditions were 
95  °C for 30  s, 44 cycles of 95  °C for 5  s, and 60  °C for 
34 s. The expression of target genes was evaluated using 

http://www.geneontology.org/
https://www.kegg.jp/
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the  2−△△Ct relative quantification method, normalized 
to Actb [21].

Statistical analysis
Statistical analysis was completed by using R software 
(v3.3.1). Statistical analyses of the expression levels of 
miRNAs and mRNAs were evaluated by multiple com-
parisons of Kruskal–Wallis rank sum test using agrico-
lae package. After normalization, the expression levels 
of miRNAs and mRNAs were imported into R for prin-
cipal components analysis (PCA) by using packages of 
ropls and ggplot2. Venn diagram and volcano plots were 
conducted by using the packages of VennDiagram and 
ggplot2, respectively. For the illustration of KEGG enrich-
ment pathway analysis, bubble plots used ggplot2, ggre-
pel and RColorBrewer packages while heatmaps used 
pheatmap, ggplot2 and dplyr packages. The interaction 
network analysis between the miRNAs and differentially 
expressed genes used Cytoscape software (v3.7.2) [22]. Q 
values (FDR) < 0.05 were considered as statistically signif-
icance for all data analysis.

Results
Analysis of small RNA and transcriptome sequencing
According to our previous research [14], although 
γ-Al2O3-NPs of both shapes (flake or rod) caused a sig-
nificant increase in cytotoxicity in a dose-dependent 
manner in rat ASTs exposed to 31.3, 62.5 and 125  μg/
mL for 72  h, the cytotoxic and apoptotic effects caused 
by nanorods were found to be significantly stronger 
than those of nanoflakes at the same dose, which might 
be due to the greater ROS levels of nanorod. In order 
to better understand the potential mechanisms of tox-
icities, the highest sublethal concentration of 125 μg/mL 
of nanoflakes or nanorods were chosen in the present 
experiments.

The raw reads, clean reads, and other basic infor-
mation of miRNAs and mRNAs, through small RNA 
sequencing and transcriptome analysis, are summarized 
in Table 1. For small RNA sequencing, 27.11, 26.13, and 
26.49 million clean reads were acquired. miRDeep2 soft-
ware further detected 659, 671, and 647 unique miRNAs 
in control, nanoflake, and nanorod groups, respectively. 
Among these, 578, 586, and 583 were known miRNAs, 
and 81, 85, and 64 were novel miRNAs in control, nano-
flake, and nanorod groups, respectively (Table  1  and 
Additional file 1: Tables S2 and S3). For transcriptomes, 
after data filtering, a total of 21.74, 21.75, and 21.73 mil-
lion clean reads were obtained in control, nanoflake, and 
nanorod groups, respectively.

Similarities and differences of the miRNA and mRNA 
profiles among three different groups were further 
assessed with PCA (Fig.  1A and B). Although both 

nanoflake and nanorod exposures drove separation from 
controls, largely along the PC 2 axis, the degree of sepa-
ration of these two shapes was quite different, indicating 
that their toxicity mechanisms might be different.

Significantly changed miRNAs and mRNAs with nanoflake 
and nanorod exposures
Hierarchical cluster analyses of differentially expressed 
miRNAs and mRNAs in control, nanoflake, and nanorod 
groups are shown in Additional file 1: Figure S1. Among 
Venn diagrams of control vs nanoflakes, control vs 
nanorods, and nanoflakes vs nanorods, 15 miRNAs were 
significantly changed in both nanoflakes and nanorods, 
while 36 and 18 miRNAs were only found in nanoflake 
and nanorod exposures, respectively (Fig.  1C). Com-
pared with control, volcano plots showed that 83 and 
39 miRNAs were significantly up-regulated and down-
regulated, respectively, in nanoflakes, while 44 and 72 
miRNAs were significantly up-regulated and down-reg-
ulated, respectively, in nanorods (Fig. 2A and B). There-
fore, some differences in miRNAs profiling were indeed 
found between nanoflakes and nanorods. Compared with 
the nanoflakes, there were 17 (12.59%) and 83 (61.48%) 
miRNAs significantly up-regulated and down-regulated 
in nanorods, respectively (Fig.  2C). 26 miRNAs were 
simultaneously increased in both nanoflake (23.21%) 
and nanorod (22.41%) groups, such as miR-151, miR-16, 
miR-24, miR-180, and miR-121, while 29 miRNAs were 
simultaneously decreased in both nanoflake (23.77%) and 
nanorod (25%) groups, such as miR-155, miR-35, miR-54, 
miR-65, and miR-164. Compared with the nanoflakes, 
18 (15.52%) miRNAs (e.g., miR-46, miR-89, miR-178, 
miR-150, and miR-49) were specifically increased in the 

Table 1 Overview of small RNA (miRNA) with counts more than 
10 and transcriptome (mRNA) sequencing in rat ASTs exposed to 
two different shapes (flake or rod) of γ-Al2O3-NPs at 125 μg/mL 
for 72 h (n = 3 for each group)

Category Data type Control Flake Rod

miRNA Total raw reads (M) 29.32 28.59 28.95

Total clean reads (M) 27.11 26.13 26.49

Clean reads Q20 (%) 99.10 98.97 98.87

Clean reads ratio (%) 92.44 91.40 91.53

Total-miRNAs 659 671 647

Known-miRNAs 578 586 583

Novel-miRNAs 81 85 64

mRNA Total raw reads (M) 21.80 21.78 21.77

Total clean reads (M) 21.74 21.75 21.73

Total clean bases (Gb) 1.09 1.09 1.09

Clean reads Q30 (%) 90.61 91.15 91.23

Clean reads ratio (%) 99.73 99.87 99.78
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nanorod group, while totally 43 (37.07%) miRNAs (e.g., 
miR-55, miR-105, miR-109, miR-11, and miR-120) were 
specifically decreased. 57 (46.72%) miRNAs (e.g., miR-70, 
miR-127, miR-61, miR-62, and miR-98) were specifically 
increased in the nanoflake group, while totally 10 (8.20%) 
miRNAs (e.g., miR-60, miR-113, miR-169, and miR-40) 
were specifically decreased.

Transcriptome analysis results also showed that the 
distinct gene expression profiles of γ-Al2O3-NPs were 

induced by the two different shapes. Compared with 
control, 222 mRNAs were significantly changed in 
both exposure groups, while 204 and 397 mRNAs were 
uniquely found in nanoflakes and nanorods groups, 
respectively (Fig.  1D). Similarly, volcano plots showed 
that 194 and 75 mRNAs were significantly up-regulated 
and down-regulated, respectively, in nanoflakes, while 
130 and 50 mRNAs were significantly up-regulated and 
down-regulated, respectively, in nanorods (Fig. 2E and F). 

Fig. 1 Scoring plots for principal components analysis (PCA) and Venn diagram of small RNA (miRNAs) and transcriptome (mRNAs) sequencing 
of all the original data in rat ASTs exposed to two different shapes (flake or rod) of γ-Al2O3-NPs at 125 μg/mL for 72 h (n = 3). PCA plots of the 
expression profiles of miRNAs (A) and mRNAs (B). Each sample is represented with a single point, with different colors and shapes for each group 
(Control, Flake, and Rod). Venn diagrams show the numbers of the significantly changed expression profiles of miRNAs (C) and mRNAs (D) among 
Control, Flake, and Rod groups

Fig. 2 Volcano plots of miRNAs (A–C) and mRNAs (E–G) in rat ASTs exposed to two different shapes (flake or rod) of γ-Al2O3-NPs at 125 μg/mL for 
72 h (n = 3). Each point represents a miRNA or mRNA, the expression level and negative logarithm of Q value (FDR) as the abscissa and ordinate, 
respectively. Pink and green dots represent the significantly up-regulated and down-regulated genes, respectively. Blue or gray dots represent 
miRNAs or mRNAs that were not differentially expressed. The total number of significantly differentially expressed genes is shown for miRNAs (D) 
and mRNAs (H). Group comparisons: Control vs Flake (A and E); Control vs Rod (B and F); Flake vs Rod (C and G)

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Compared with the nanoflakes, there were 77 (42.78%) 
and 53 (29.44%) mRNAs significantly up-regulated and 
down-regulated in nanorods, respectively (Fig.  2G and 
Additional file 1: Figure S2). 89 mRNAs were simultane-
ously increased in both nanoflakes (33.09%) and nanorods 
(49.44%), such as Kdm4d, Wdr62, and Rps6, while 16 
mRNAs were simultaneously decreased in nanoflakes 
(5.95%) and nanorods (8.89%), such as LOC103692976, 
LOC103690175, and LOC100912475. Compared with 
nanoflakes, 41 (22.78%) mRNAs (e.g., Dmrtc1a, Pou4f1, 
and Crkl) were specifically increased in nanorods, while 
34 (18.89%) mRNAs (e.g., Fam98b, Pkhd1, and Rpl37) 
were specifically decreased in total. 105 (39.03%) mRNAs 
(e.g., Adora3, Sema3g, and Mmp28) were specifically 
increased in nanoflakes, while 59 (21.93%) mRNAs (e.g., 
Cftr, Akr1b8, and Cc2d2b) were specifically decreased. 
In general, both shapes of γ-Al2O3-NPs significantly 
changed the profiling of miRNAs and mRNAs in rat 
ASTs, and the two shapes have different toxicity-related 
gene expression profiles.

Pathway enrichment analysis of nanoflakes 
and nanorods‑modulated miRNAs and mRNAs
In order to explore the possible mechanisms of shape-
dependent nanotoxicity, we performed the KEGG path-
way enrichment analysis of the differentially expressed 
miRNAs and mRNAs in rat ASTs after nanoflake and 
nanorod exposures. KEGG pathway analysis revealed 
the linkages between our enriched data and cell signal-
ing pathways [23]. Nanorods had a broader impact on 
the miRNA-induced pathways than that of nanoflakes. 
Compared with control, significantly changed miRNAs 
affected 97 signaling pathways after nanoflake exposure, 
while 141 signaling pathways were changed after nanorod 
exposure. There are 79 identical pathways both in nano-
flakes (81.44%) and nanorods (56.03%) (e.g., NF-kappa B 
(NF-κB), mitogen-activated protein kinase (MAPK), and 
Rap1), and 18 (18.56%) and 62 (43.97%) specific path-
ways were observed in nanoflakes (e.g., Toll, pyruvate 
metabolism, and butanoate metabolism) and nanorods 
(e.g., phosphatidylinositol 3-kinase (PI3K)/Akt, adeno-
sine monophosphate activated protein kinase (AMPK), 
TNF), respectively (Fig. 3A–C and Additional file 1: Fig-
ure S3 and Table S5).

Similar to miRNA pathway enrichment findings, 
nanorods had a greater impact on the mRNA-induced 

pathways than that of nanoflakes. 13 and 23 signaling 
pathways were significantly changed by nanoflake and 
nanorod exposures, respectively. There are 6 identi-
cal pathways both in nanoflakes (46.16%) and nanorods 
(26.09%; e.g., Notch, sphingolipid metabolism, and ether 
lipid metabolism), 7 specific pathways in nanoflakes 
(53.84%; e.g., Toll, ABC transporters, and folate biosyn-
thesis), and 17 specific pathways in nanorods (74.91%; 
e.g., ErbB, AMPK, cancer-related pathways)  (Additional 
file  1: Table  S4). Further, we found that both nanoflake 
and nanorod exposures could cause changes in environ-
mental information processing-related signaling path-
ways (e.g., mTOR, Wnt, NF-κB, Hippo, and calcium 
signaling pathways) (Fig.  3D, E, and Additional file  1: 
Figure S4). Compared with nanoflakes, the levels of 
lipolysis, apoptosis, and HIF-1 signaling pathways were 
significantly higher in nanorods (Fig.  3F). Furthermore, 
nanorod exposure was associated with the occurrence 
and development of multiple cancers, such as endo-
metrial cancer, renal cell carcinoma, and non-small cell 
lung cancer (Fig.  3B and D). Altogether, KEGG results 
revealed that both shapes could activate inflammation 
and oncogenic signaling pathways, as well as change lipid 
metabolism in rat ASTs. Furthermore, nanorods have a 
more significant impact on these pathways compared to 
nanoflakes.

Interaction network of miRNAs and mRNAs
MiRNAs function post-transcriptionally by gener-
ally base-pairing with the 3’-untranslated regions of 
mRNAs to repress protein synthesis in animals, plants, 
and protozoa [24]. Therefore, we combined small RNA 
and transcriptome sequencing results to determine the 
transcriptional changes related to miRNA perturba-
tions. Based on the interaction network of the signifi-
cantly altered miRNAs and genes (mRNAs) constructed 
by Cytoscape, a unique interaction relationship between 
differentially expressed genes and miRNAs was observed 
between two different shapes (Fig. 4 and Additional file 1: 
Tables S6 and S7).

Compared with control, the expression of miRNAs 
(e.g., miR-760-5p, miR-383-3p, and miR-326-3p) were 
significantly up-regulated in nanoflakes. These miRNAs 
positively regulated the expressions of Pde2a, Dpysl4, 
Elfn2, Tspan2 and Col23a1 and negatively regulated the 
expressions of Itga10 and Gbp1 (Fig.  4A). Meanwhile, 

(See figure on next page.)
Fig. 3 Bubble plots reveal the KEGG pathway enrichment analysis of significantly differentially expressed miRNAs (A–C) and mRNAs (D–F) in rat 
ASTs exposed to two different shapes (flake or rod) of γ-Al2O3-NPs at 125 μg/mL for 72 h (n = 3). The vertical axis indicates the negative log(10) of 
Q value (FDR) of pathway enrichment analysis, and horizontal axis represents the number of genes annotated to the pathway, accounting for the 
proportion of the total number of genes. The size of the circle indicated the number of enriched miRNAs or genes. Group comparisons: Control vs 
Flake (A and D); Control vs Rod (B and E); Flake vs Rod (C and F)
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Fig. 3 (See legend on previous page.)
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the expressions of known miRNAs (e.g., miR-504, miR-
483-3p, and miR-383-3p) were significantly up-regulated 
in nanorods. A part of these miRNAs positively regulated 
the expressions of Elfn2, Gpr62 and Faim2, and some 

miRNAs negatively regulated the expression of Grm3 
(Fig.  4B). Compared with nanorods, the expressions of 
miRNAs and genes, such as miR-55, miR-210-5p, Nol8, 
and Prrg3, were significantly down-regulated in nano-
flakes (Fig. 4C). In addition, the significantly up-regulated 
or down-regulated miRNAs (e.g., miR-20, miR-74, and 
miR-127) were regarded as potential nanotoxicity-related 
genes.

Discussion
The adverse impact of  Al2O3-NPs on environment and 
human health has increased recently due to its wide 
application globally. They have been proven to exhibit 
neurotoxicity, genotoxicity, cytotoxicity, and develop-
mental toxicity in animal and human cellular models [10, 
25–27], mainly through the alternations in biomolecular 
pathways relevant to the accumulation of ROS, mito-
chondrial damages, immune disorders, and tissue inju-
ries [4, 10–12]. As different shapes of NPs could interact 
and immobilize differently with plasma proteins, their 
corresponding toxicity profiles might be different in a 
shape-dependent manner. Although previous studies 
have demonstrated a size-dependent toxicity of γ-Al2O3-
NPs [28], comparative toxicological studies on differently 
shaped NPs (e.g., spheroidal and rod-like particles) have 
shown inconsistent results. In our previous study, a sig-
nificant shape-dependent nanotoxicity was found [14]. 
Exposure to two different shapes of γ-Al2O3-NPs (flake 
versus rod) could induce a significant cytotoxicity in rat 
ASTs in a dose-dependent manner, including significantly 
increased concentrations of inflammatory factors (IL-1 
β, IL-2, and IL-6) and alternations in the metabolism of 
amino acids, lipids and purines, and pyrimidines. In the 
present study, to further clarify the role of morphology in 
distinct nanotoxicities, the significantly changed miRNAs 
and mRNAs were determined, and the toxic pathways 
induced by these two different shapes of γ-Al2O3-NPs in 
rat ASTs were further elucidated and compared through 
small RNA and transcriptomics sequencings.

Here we found that both shapes of γ-Al2O3-NPs 
induced a few consistent changes in miRNAs (e.g., miR-
760-5p, miR-326-3p, and miR-35), mRNAs (e.g., Elfn2, 
Gpr62, and Kif26a), and signaling pathways (e.g., MAPK, 
Rap1 and  Ca2+ signaling). More specifically, both shapes 
simultaneously induced the up-regulation of miR-760-5p 
and miR-326-3p as well as the down-regulation of miR-
35, suggesting their cytotoxic, neurotoxic, and carci-
nogenic potential. For example, the up-regulation of 
miR-760-5p has been linked to some neurotoxic symp-
toms (e.g., ataxic gait and head bobbing) in rats after 
3,3′-iminodipropionitrile exposure [29]. Knockdown 
of miR-35 could result in an enhancement of MAPK 
signal transduction and a significant increase in C. 

Fig. 4 MiRNA and gene interaction network analysis for the 
significantly differentially expressed genes in rat ASTs exposed 
to two different shapes (flake or rod) of γ-Al2O3-NPs at 125 μg/
mL for 72 h (n = 3). A Control vs Flake; B Control vs Rod; C Flake 
vs Rod. The triangle and circle (nodes) represent the significantly 
differentially expressed miRNAs and genes, respectively. The thickness 
of the connecting line (edges) between miRNA and gene reflects 
the strength of their interactions. The node size represents the 
abundance of the expressions of miRNAs and genes. Red and green 
colors represent the positive and negative correlations, respectively
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elegans germline death [30]. Interaction network analysis 
between the significantly altered miRNAs and mRNAs 
showed that both shapes up-regulated miR-326-3p and 
its downstream target gene Elfn2, which was essential 
for mGluRs signaling properties and brain function. 
Elfn2 knockout mice showed a series of neuropsychiat-
ric symptoms, including seizure susceptibility, hyper-
activity disorder, and anxiety/compulsivity, suggesting 
that γ-Al2O3-NPs exposure might induce neurotoxic-
ity through Elfn2 [31]. Further, KEGG pathway analy-
sis showed that the significantly changed miRNAs and 
mRNAs by both shapes were mainly enriched in MAPK, 
Rap1, and calcium signaling pathways. Intracellular  Ca2+ 
signaling is fundamental to neuronal physiology and via-
bility, and the disruption in  Ca2+ could lead to a variety of 
disease processes, especially neurodegenerative diseases 
[32]. MAPK signaling pathway plays an important role in 
cell growth, development, differentiation, and apoptosis 
and contributes to the occurrence of neurodegenerative 
disorders [33]. In addition, Rap1 is mainly involved in 
the regulation of cell adhesion, which is over-activated 
in various tumors (e.g., breast cancers, prostate cancers, 
and melanoma), and plays a critical role in the migration, 
invasion, and metastasis of tumor cells [34, 35]. Lin et al. 
found that graphene oxide NPs exposure could trigger 
neuronal differentiation through Rap1–TRPC2–ERK1/2 
pathway [36]. Both shapes of γ-Al2O3-NPs could induce 
changes in cell lipid metabolism, such as glycerol lipid 
metabolism, sphingolipid metabolism, and ether lipid 
metabolism. Sphingolipids are structural components of 
cell membrane, and the products of sphingolipids (e.g., 
ceramide, sphingosine‐1‐phosphate, and glucosylcera-
mide) play an important role in apoptosis, proliferation, 
and drug resistance signaling [37]. It was thus suggested 
that γ-Al2O3-NPs might exert toxic effect by changing 
lipid metabolism. Altogether, these results show that 
there were certain consistent perturbations in miRNAs 
and mRNAs after two shapes of γ-Al2O3-NPs exposure, 
indicating that these changes were mediated through 
γ-Al2O3-NPs, irrespective of its morphology.

Moreover, morphology played an important role in 
the process of nanotoxicity. We previously observed that 
nanorods could induce a significantly higher apoptosis 
than that of nanoflakes, indicating its stronger toxic-
ity [14]. In agreement with previous study, some differ-
ences in miRNA and mRNA perturbations between the 
two shapes were observed in this study. Compared to 
nanoflakes, nanorods could significantly up-regulate 
miR-55 and miR-150, suggesting that nanorods could 
have a greater cytotoxicity and carcinogenicity poten-
tial. For instance, Alizadeh et  al. found that inhibition 
of miR-55 could increase the activity of Caspase-3 and 
induce apoptosis in Jurkat cells [1]. The level of miR-150 

in patients with nasopharyngeal carcinoma was sig-
nificantly increased and correlated with tumor distant 
metastasis and recurrence, and shortened the overall sur-
vival of patients [38]. Further, integration analysis showed 
that nanorods did not only cause the up-regulation of 
Elfn, but also up-regulate the expression of Tspan2 and 
Col23a1, which were both the downstream target genes 
of miR-326-3p. Tspan2 was positively correlated with 
the neuroinflammation and carcinogenesis, and Tspan2 
knockdown suppressed the metastasis to lung and liver, 
enabling prolonged survival [39]. Furthermore, com-
pared with nanoflakes, the changes in signaling pathways 
were significantly induced by nanorods. Nanorods could 
especially activate PI3K/Akt, AMPK, and TNF signaling 
pathways. For example, the levels of neuroinflammatory 
cytokines (TNF-alpha, IL-6, and IL-1β) were increased 
and memory and learning abilities were impaired in 
 AlCl3-induced AD rat models, which was consistent with 
the previous results that γ-Al2O3-NPs could induce an 
inflammatory response [40]. PI3K/Akt was closely related 
to cell apoptosis, the occurrence and development of 
tumors, and energy metabolism [41, 42]. Yang et al. found 
that  PM2.5 exposure could cause the myocardial ADRB2 
hypermethylation and activate the PI3K/Akt pathway in 
AC16 cells, resulting in cardiomyocyte apoptosis as well 
as cardiac dysfunction [43]. In addition, compared with 
nanorods, nanoflakes could greatly activate the Toll and 
lmd signaling pathways, suggesting that nanoflakes could 
activate innate immune pathways. These studies demon-
strate that nanorods might have stronger neurotoxicity, 
carcinogenicity, metabolic toxicity, and apoptotic ability, 
which might be mediated via morphology.

Conclusion
This is the first ex  vivo study providing comprehen-
sive evidence of distinct expression patterns regarding 
the changes of miRNAs and mRNAs in rat ASTs after 
two different types of γ-Al2O3-NP exposures (Fig.  5). 
Both shapes induced identical changes in miRNAs and 
mRNAs related to apoptosis, inflammatory pathways 
(e.g., NF-κB), carcinogenic pathways (e.g., MAPK, p53, 
Notch, Rap1, and Ras), and cellular lipid metabolism 
(e.g., glycerolipid metabolism, sphingolipid, and ether 
lipid metabolism). However, the two different shapes 
also produced some distinct responses. It is evidenced 
that nanorods could specifically lead to the changes of 
PI3K/Akt, AMPK and TNF pathways, cell cycle, and 
cellular senescence, while nanoflakes specifically cause 
the changes of Toll and lmd signaling pathways, indi-
cating that the previously observed higher toxicity with 
nanorods than nanoflakes, might be mediated through 
these differentially activated inflammatory and carcino-
genic pathways and apoptosis. Further in  vivo studies 
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Fig. 5 The graph abstract of this study was to elucidate the toxicity of two different shapes of γ-Al2O3-NPs (flake or rod) to primary rat ASTs at a 
dose of 125 μg/mL for 72 h by small RNA sequencing and transcriptome analysis

are highly needed to verify these findings. The present 
study sheds light on the potential toxic mechanisms 
caused by the morphology of NPs, and demonstrates 
that multi-omics is a powerful approach to identify 
morphology-related toxicological signaling pathways, 
which could offer new intervention targets for the 
future treatment of NP-exposure related diseases.
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