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ty and Ins
A B S T R A C T

Although [17_TD$DIFF]titanate [18_TD$DIFF]nanofibers (TiNFs) and titanate nanotubes (TiNTs) have been proposed as relatively
biocompatible nanomaterials (NMs), there is currently lacking of systemic studieswhich investigated the
toxicity of TiNFs and TiNTs to endothelium. In this study, we developed endothelial monolayer model by
using cell culture inserts, and systemically investigated the toxicity of TiNFs and TiNTs by RNA-seq, with a
focus on Kruppel-like factor (KLF)-mediated effects, since KLF are transcription factors (TF) involved in
the regulation of vascular biology. It was shown that NMs did not significantly induce cytotoxicity despite
substantial internalization. However, the expression of many KLF was altered, and Western blot further
confirmed that NMs down-regulated KLF2 proteins. Ingenuity pathway analysis (IPA) revealed that NMs
altered the expression of KLF2-targed genes, typically the genes involved in inflammatory responses.
KLF2-related Gene Ontology (GO) terms and Kyoto Encyclopedia of Gene and Genomes (KEGG) pathways
were also altered, and it should be noticed that NMs altered GO terms and KEGG pathways related with
endothelial NO synthase (eNOS). This study further verified that NMs decreased intracellular NO and
eNOS proteins. All the observed effects were more obvious for TiNFs compared with TiNTs. Combined,
this study showed that TiNFs or TiNTswere non-cytotoxic to endothelialmonolayermodel, but TiNFs and
more modestly TiNTs decreased KLF2 leading to decreased eNOS proteins and NO production. Our data
may provide novel understanding about the toxicity of TiNFs as well as other Ti-based NMs to
endothelium.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
The development of nanotechnologies leads to the wide use of
nanoparticles (NPs) inmodern society, and therefore direct contact
with engineering NPs is highly possible in daily life [1]. In
particular, NPs without acute toxic effects have been attracted
extensive research interests, especially in biomedical fields [2–4].
Among the engineering NPs, TiO2 NPs have been widely used in
many areas ranging from photocatalysis [5] to food industry [6] to
biomedicine [7]. Although TiO2 NPs were originally considered as
biologically inert nanomaterials (NMs), extensive studies still
revealed that exposure to TiO2 NPs could damage cell models in
vitro and animal models in vivo, which highlighted a need to
carefully evaluate the threat of TiO2 NP exposure to human beings
[8,9]. Likewise TiO2 NPs, titanate-based NMs, such as titanate
nanofibers (TiNFs) [10], titanate nanotubes (TiNTs) [11], titanate
nanoflaks [12] and titanate nanocomplexes [13] have been widely
used in similar disciplines. Meanwhile, TiNFs and TiNTs have been
titute of Materia Medica, Chinese
proposed as biocompatible materials for biomedical uses [14,15].
As such, it is expected that human beings will be increasingly
exposed to titanate-basedNMs. But at present, the toxicity of TiNFs
and TiNTs was less systemically investigated as compared with
TiO2 NPs.

Exposure to NMs will likely lead to the entering of NMs into
circulation, and therefore it is necessary to investigate the toxicity
of NMs to cells lining blood vessels, in particular endothelial cells
(ECs), the surface cells covering the lumen of blood vessels [16].
Indeed, the vascular toxicity of TiO2 NPs has been extensively
studied before, but themechanisms are not fully knownyet [17,18].
However, the vascular toxicity and the mechanisms of TiNFs and
TiNTs were less investigated yet. Kruppel-like factors (KLF) are a
family of transcription factors (TF) crucial in the regulation of
vascular biology, and therefore investigating the changes of KLF
can help the understanding of adverse vascular effects of
pathological and environmental stimuli [19,20]. Interestingly,
we recently reported that different types of NMs altered KLF in
both human ECs [21–23] and vascular smoothmuscle cells [24,25].
However, the downstream events were not clear. Since TF
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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including KLF could regulate many downstream events, it may be
necessary to use systems biology methods (for example omics-
techniques and bioinformatics) to investigate KLF-mediated
effects due to NM exposure [26].

In this study, we exposed an endothelial monolayer model to
TiNFs and TiNTs, and performed transcriptomic analysis to
investigate the influence of NMs on KLF and KLF-regulated
downstream events and signaling pathways. The TiNFs (product
code XFJ47) and TiNTs (code XFJ46) used in this study were
purchased from Nanjing XFNANO Materials Tech Co., Ltd.
According to the data provided by the supplier, the diameter,
length and surface area of TiNFs are 40�500 nm, 5�20mmand 20-
30 m2/g, respectively. For TiNTs, the diameter, length and surface
area are 4�10 nm, 100�500 nm and 200-300 m2/g, respectively.
The scanning electron microscope (SEM) images shown in Figs. 1A
and B suggest that TiNFs are relatively long and wide fibers,
whereas transmission electronmicroscope (TEM) images shown in
Figs. 1C and D suggest that TiNTs are short and small tubes.

In this study, we developed endothelial monolayer model by
using cell culture inserts to better mimic the endothelium in vivo
[27]. To this end, human umbilical vein endothelial cells (HUVECs)
were cultivated onto cell culture inserts for long term (totally 5
days) to develop polarized endothelial monolayer and then
exposed to TiNFs and TiNTs for another 24 h (Fig. S1 in Supporting
information). The results from cell counting kit-8 (CCK-8) assay
indicated that incubation with various concentrations of TiNFs or
TiNTs did not significantly decrease the cellular viability of
endothelial monolayer (Fig. S2 in Supporting information). Both
TiNFs (Fig. S3A in Supporting information) and TiNTs (Fig. S3B in
Supporting information) dose-dependently increased cellular Ti
elemental concentrations, but TiNFs led tomuch higher levels of Ti
elemental concentrations in endothelial monolayer compared
with TiNTs. Previously we found that TiNTs did not significantly
induce cytotoxicity to 2D HUVEC monoculture [28]. Meanwhile,
we also reported that TiO2 NPs did not induce cytotoxic effects in
HUVECs [29] or vascular smooth muscle cells [25]. The results
obtained in this study are consistent with our previous studies and
could indicate the relatively high biocompatibility of Ti-based NMs
to vascular cells. Another reason for lack of cytotoxicity could be
due to that we used endothelial monolayer model developed on
cell culture inserts, and this model better resembles tissues and is
generally more resistant to NM exposure [27,30].

We then did transcriptomics to investigate the systemic effects
of TiNFs and TiNTs. The results from transcriptomics indicated that
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Fig. 1. SEM images of TiNFs (A, B) and TEM images of TiNTs (C, D).
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TiNFs significantly up-regulated 235 genes and down-regulated
177 genes, with 58,413 genes not significantly altered (Fig. S4A in
Supporting information). TiNTs significantly up-regulated 174
genes and down-regulated 444 genes, with 58,207 genes not
significantly altered (Fig. S4B in Supporting information). We then
focused on the changes of KLF, because KLF are important in
regulation vascular biology [19,20]. Meanwhile, we showed before
even NMs with no obvious cytotoxicity could influence KLF in
vascular cells. For example, PEG-functionalized Au nanorods were
not cytotoxic but decreased KLF2 leading to increased soluble
monocyte chemotactic protein 1 (sMCP-1) release in HUVECs [21].
Similarly, TiNTs and TiO2 NPswere not cytotoxic but reduced KLF2-
KLF4-eNOS pathways in HUVECs [28]. In another study, we showed
that halloysite nanotubes only induced modest cytotoxic effects
but reduced KLF2 proteins leading to endothelial activation both in
HUVECs and aortas of mice [23]. However, in the previous studies
we used traditional toxicological methods, but those methodsmay
not systemically investigate the influence of NMs on KLF and the
downstream events. Here by analyzing transcriptomic data, we
found that totally 12 KLF genes were expressed in at least one
group (genes with FPKM value larger than 1 were considered as
expressed; Fig. 2A). Among them, KLF4 and KLF5 were not
expressed in control group but up-regulated following TiNTor TiNF
exposure. The other 10 KLF genes were expressed in all groups.
Most of the KLF genes, such as KLF3, KLF6 and KLF7, were up-
regulated by TiNFs but not TiNTs. KLF11 was significantly up-
regulated by both TiNFs (P = 1.5�10�5) and TiNTs (P = 3.6�10�5).
KLF16 was only significantly up-regulated by TiNTs (P = 3.9�10-4)
but not TiNFs (P> 0.05). KLF2 was significantly down-regulated by
TiNFs (P = 9.36�10-4) but not TiNTs (P = 0.74). To confirm the
changes of KLF2, Western blot was used to measure KLF2 proteins.
As shown in Fig. 2B, KLF2 proteins were significantly down-
regulated by both TiNFs and TiNTs (P< 0.01), but TiNFs led to
significantly lower levels of KLF2 proteins compared with TiNTs
(P< 0.01). In this studywe focused on the changes of KLF2 because
KLF2 is a well-documented TF that could elicit protective effects to
ECs and blood vessels [19,20]. Hence, a significant decrease of KLF2
by TiNFs is expected tomediate adverse vascular effects. Compared
with our previous report [28], it appeared that the influence of
TiNTs on KLF2 was less effective. This may be due to that we used
monolayer model rather than 2D monoculture, and the monolayer
model is more resistant to NM exposure [27].

Then, we did bioinformatics to investigate the possible
downstream events due to decreased KLF2 levels. Ingenuity
pathway analysis (IPA) database suggested that 196 genes were
downstream genes of KLF2. Among them, totally 110 genes were
expressed in all groups (FPKM> 1), and 3 genes (F3, vascular cell
[(Fig._2)TD$FIG]

Fig. 2. The changes of KLF family. Endothelial monolayer was incubated with cell
culture medium (control), 64mg/mL TiNFs or TiNTs for 24 h. (A) The heat-map was
made based on average FPKM values of KLF genes. These KLF genes were expressed
in at least one group (FPKM values larger than 1 were considered as expressed). (B)
Western blot was used to measure the protein levels of KLF2. * P< 0.01, compared
with control.
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Fig. 3. The P values of GO terms (-Log10 transformed). These GO terms are related with KLF2 and were significantly altered by at least one type of NMs.
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adhesion molecule 1 (VCAM1) and parathyroid hormone like
hormone (PTHLH)) were only expressed in TiNF-exposed but not
control or TiNT-exposed groups. Among the KLF2-regulated genes,
10 genes were significantly altered by at least one type of NMs
(shown in Fig. S5 in Supporting information). Typically, most of
these genes, such as CCL2 (C��C motif chemokine ligand 2), CXCL2
(C- [20_TD$DIFF]X-C motif chemokine ligand 2) and CXCL8, are related with
inflammatory responses and were only significantly up-regulated
by TiNFs but not TiNTs. CLDN5 (claudin 5) was significantly up-
regulated by both TiNFs (P = 0.028) and TiNTs (P = 9.8�10�13),
whereas TFRC (transferrin receptor) was significantly down-
regulated by both TiNFs (P = 6.2�10-5) and TiNTs (P = 5.9�10-6).

Among KLF2-related GO terms, totally 15 GO terms were
significantly affected by at least one type of NMs (Fig. 3). Most of
the GO terms, such as positive regulation of nitric oxide
biosynthetic process (GO:0045429), cellular response to tumor
necrosis factor (GO:0071356) and cellular response to interleukin-
1 (GO:0071347), were only significantly altered by TiNTs (P< 0.05)
but not TiNTs (P> 0.05). Some GO terms, such as DNA binding
(GO:0003677), cellular response to laminar fluid shear stress
(GO:0071499) and nucleus (GO:0005634), were significantly
altered by both TiNFs and TiNTs (P< 0.05). The GO terms DNA-
binding transcription factor activity, RNA polymerase II-specific
[(Fig._4)TD$FIG]

Fig. 4. The changes of NO-eNOS. Endothelial monolayer was incubated with cell culture
were stainedwith green fluorescence by DAF-FM and blue fluorescence by Hoechst 3334
and TiNT-exposed (C) exposed cells. (D) The changes of DAF-FM intensity. (E) The protein
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(GO:0000981), regulation of transcription by RNA polymerase II
(GO:0006357) and nucleic acid binding (GO:0003676) were only
significantly altered by TiNTs (P< 0.05) but not TiNFs (P> 0.05).

KLF2 is involved in three KEGG pathways, namely FoxO
signaling pathway (ko04068), apelin signaling pathway
(ko04371) and fluid shear stress and atherosclerosis (ko05418).
Among these KEGG pathways, only fluid shear stress and
atherosclerosis (ko05418) pathway was significantly altered by
TiNFs (P = 0.03) but not TiNTs (P = 0.25). The other two KEGG
pathways were not significantly altered by TiNFs or TiNTs (P>
0.05). The KEGG pathway map of fluid shear stress and
atherosclerosis (ko05418) indicates that KLF2 can positively
regulate eNOS to mediate beneficial effects to ECs, such as anti-
inflammatory, anti-thrombotic, anti-oxidant and vasodilatory
effects (Fig. S6 in Supporting information). The above results led
us to speculate that TiNFs can decrease KLF2-eNOS leading to
insufficient NO production and increased inflammatory gene
expression. To confirm this, the levels of NO and eNOS were
measured. As shown in Figs. 4A-C, at least some cells from all
groups could be stained by NO probe DAF-FM with green
fluorescence. Quantitative analysis showed that NOwas decreased
slightly by TiNTs andmoremarkedly by TiNFs (Fig. 4D). The protein
levels of eNOSwere significantly decreased by TiNFs (P< 0.05) but
medium (control), 64mg/mL TiNFs or TiNTs for 24 h. The intracellular NO and nuclei
2, respectively. (A-C) The representative fluorescence images of control (A), TiNF- (B)
levels of eNOS were measured byWestern blot. * P< 0.05, compared with control.
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not TiNTs (P> 0.05), and TiNFs led to significantly lower levels of
eNOS compared with TiNTs (P< 0.05; Fig. 4E). Previous studies by
using animal models showed that exposure to TiO2 NPs induced
atherosclerotic changes due to insufficient NO production leading
to endothelial dysfunction [31–33]. However, the data obtained by
using in vitro models appeared to be inconsistent, as decreased
[34], increased [35] or even unaltered [36] eNOS levels and NO
production had been observed in TiO2 NP-exposed ECs. Hereby, by
using endothelial monolayer model which better mimics in vivo
endothelium [27], we showed that TiNFs decreased NO production
due to the down-regulation of KLF2. TiNFs showed larger impact on
KLF2-eNOS pathway compared with TiNTs, which may be due to
that TiNFs more effectively led to Ti element accumulation
compared with TiNTs (Figs. S3A and B).

In summary, this study showed that exposure to TiNFs or TiNTs
did not cytotoxicity to endothelial monolayer model despite
substantial NM internalization. However, combining transcrip-
tomics and traditional toxicological analysis, we revealed that
TiNFs and more modestly TiNTs decreased KLF2 leading to
decreased eNOS proteins and NO production. At present, many
NPs without acute toxicity, including TiNFs and TiNTs, are being
investigated for various biomedical applications [15,37–39]. Our
data may provide novel understanding about the adverse health
effects of non-cytotoxic NMs to ECs.
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