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Lanthanum nitrate inhibits adipogenesis in 3T3-L1
preadipocytes with a disorder of mitotic clonal expansion
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Abstract

Lanthanum (La) as a rare earth element is widely used in agriculture, industry, and

metabolism in vivo. In this study, we used 3T3-L1 preadipocytes as in vitro cell model
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to elucidate the effects of La(NO3); on adipogenesis and the underlying mechanisms.
The results showed that La(NO3); could inhibit the adipogenic differentiation of
3T3-L1 preadipocytes, which showed a decrease in lipid accumulation and the down-
regulation of specific adipogenic transcription factors. La(NO3); exerted its inhibitory

effect mainly at the early differentiation stage. Furthermore, La(NOs)5 influenced the
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S-phase entry and cell cycle process during the mitotic clonal expansion and regu-
lated the phosphorylation of signal transducer and activator of transcription 3 (STAT3)
and expressions of the proteins in phosphatidylinositol 3-kinase (PI3K)/Akt pathway
at the early stage of differentiation. Besides, La(NO3); upregulated the expressions of
wnt10b mRNA and p-catenin protein and promoted the nucleus translocation of
B-catenin. Additionally, we found that La(NO3); could promote the growth of 3T3-L1
preadipocytes both with and without MDI (3-isobutyl-1-methylxanthine [IBMX],
dexamethasone [Dex], and insulin) stimulation. Collectively, these results indicated
that La(NOs3); could inhibit adipogenesis in 3T3-L1 preadipocytes and influence cell

proliferation.
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1 | INTRODUCTION

organs of the body, such as the liver and brain, so it is necessary to

figure out the health effects of their accumulation in the human body

Rare earth elements (REEs) include 15 lanthanides, plus the transition
metals scandium and yttrium, and play important roles in agriculture,
industry, military, and medicine due to their physical and chemical
properties. The widespread use of REEs also leads to pollution of the
environment, increases the potential for human exposure, and raises
concerns about their adverse effects (Grosjean et al., 2019). As a rep-
resentative of the light REEs, lanthanum (La) and its compounds are

widely used in various applications and tend to accumulate in the

(Han et al., 2021). Several studies have suggested that La and its com-
pounds might regulate lipid metabolism and adipogenesis. The results
of animal experiments showed that lanthanide exposure caused some
liver tissue lesions and functional impairment, including hepatic stea-
tosis and inflammatory cell infiltration (Chen et al., 2003; Cheng
et al,, 2014). Also, a recent in vivo experiment found that low-dose
lanthanum nitrate (La(NO3)3) exposure could modulate lipid metabo-

lism and ameliorate atherosclerosis induced by high-fat diet in
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ApoE~’~ mice (Li et al., 2021). In vitro experiments showed that lan-
thanide chlorides inhibited adipogenesis in 3T3-L1 preadipocytes and
La exposure inhibited the expression of adipogenic genes in mouse
mesenchymal stromal cells (MSCs) and primary mouse osteoblasts (He
et al., 2006; Hou et al., 2013; Liu et al., 2015; Zhang et al., 2012). It
highlighted the health hazard caused by La focusing on adipogenesis
and in vivo lipid metabolism and the importance of exploring the pos-
sible mechanisms of its effects.

Adipose tissue is a highly heterogeneous and metabolically active
organ containing various cell types including adipocytes, endothelial
cells, preadipocytes, and macrophages (Sarjeant & Stephens, 2012). In
addition to the classical functions of energy storage, body insulation,
and mechanical protection, adipose tissue also has some biological func-
tions as an important endocrine organ of the body. Adipose tissue can
synthesize and secrete various adipokines, which act through paracrine,
autocrine, and endocrine (Galic et al., 2010; McGown et al., 2014), and
regulate many physiological and pathophysiological processes such as
lipid and glucose metabolism, blood flow regulation, insulin sensitivity,
and immune system function (Poulos et al., 2010). Under the sustained
imbalance between energy intake and expenditure, adipose tissue will
expand through the increase in adipocyte progenitor differentiation or
the enlargement of adipocyte cell size, progressively resulting in the
development of obesity, adipose tissue dysfunction, and metabolic dis-
eases (Kawai et al., 2021). It was also proved that conditions of adipose
tissue deficiency or lipodystrophy were also associated with insulin
resistance, glucose intolerance, inflammation, and other metabolic syn-
dromes in humans and rodents (Capeau et al., 2005; Leow et al., 2003).
Also, the homeostatic balance of glucose and lipid metabolism is impor-
tant for the body to cope with changes in the internal and external envi-
ronment. In conclusion, as an endocrine organ, excess or deficiency of
adipose tissue might have adverse metabolic consequences for the
organisms and need to be taken into account.

Adipogenesis is a complex process that involves the commitment
from MSCs to preadipocytes and the differentiation to the mature adi-
pocytes (Ali et al., 2013; Lefterova & Lazar, 2009). After the appropriate
hormonal stimulation, post-confluent preadipocytes firstly undergo
mitotic clonal expansion (MCE), during which the cells arrested in the
G1 phase re-enter the cell cycle and begin one or two rounds of repli-
cations. Many cell cycle-related proteins and pathways are involved in
the MCE process, including CDK2, cyclin D1, retinoblastoma (Rb), and
phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway. The cells
then exit the cell cycle for the subsequent early and terminal differenti-
ation and acquire the adipocyte phenotype. A variety of transcription
factors are involved in regulating the differentiation process, among
which the peroxide proliferative activation receptor (PPAR) and
CCAAT/enhancer-binding protein (C/EBP) family exert critical func-
tions in the differentiation. When the cells cross the G1/S checkpoint,
C/EBPB gets DNA-binding activity and subsequently induces the
expressions of C/EBPa and PPARY, which collaborate with each other
to transcriptionally activate downstream adipocyte-specific genes
expressions, including leptin (lep) and lipoprotein lipase (Ipl) (Chang &
Kim, 2019). Besides, PPARy has two protein isoforms, among which
PPARYy2 is abundantly expressed in adipocytes and PPARy1 can be

found in many tissues. There are also plenty of signaling pathways that
participate in adipogenic differentiation. Studies have shown that the
canonical wnt pathway could affect adipogenesis as an important nega-
tive regulator, and f-catenin served as an integral mediator in the path-
way. With the signal of wnt10b, stabilized $-catenin accumulates in the
cytoplasm and then translocates to the nucleus, where it binds to the
lymphoid enhancer factor/T-cell factor transcription factors to activate
wnt response genes, such as cyclin D1, and inhibit adipogenesis by
blocking the expressions of C/EBPa and PPARy (Christodoulides
et al., 2009; Longo et al., 2004).

The 3T3-L1 preadipocyte is one of the most frequently used
models for studying adipogenesis in vitro and can be differentiated
into mature adipocytes under the proper stimulations. Although it was
suggested that La(NOs)3; might have a potential effect on the glyco-
lipid metabolism in vivo and adipogenic differentiation in vitro, the
underlying mechanisms still remained unknown. Herein, in this study,
we studied the effect of La(NO3); on adipogenesis in vitro and
explored its mechanisms using 3T3-L1 preadipocytes.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

Lanthanum nitrate (La(NQO3)s-6H,0, CAS: 10277-43-7) was purchased
from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in distilled water.
Dulbecco's modified Eagle's medium (DMEM, high glucose), heat-
inactivated bovine serum (HIBS), and penicillin-streptomycin were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA). Fetal bovine
serum was purchased from Gemini Bio-Products (West Sacramento,
CA, USA). Human insulin, dexamethasone (Dex), 3-isobutyl-
1-methylxanthine (IBMX), 0.5% Qil Red O solution, and paraformalde-
hyde were purchased from MilliporeSigma (St. Louis, MO, USA).

2.2 | Cell culture, differentiation, and treatment
Mouse 3T3-L1 preadipocytes (CL-173) were purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA) and
maintained at subconfluence in growth medium (basic DMEM con-
taining 10% HIBS, 1.5 g/L NaHCOg3, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine) at 37°C and 5% CO, under
humidified atmosphere. For differentiation, when reaching 70-80%
confluence, the cells were seeded at 5 x 10*/ml in six-well plates.
Two days after confluence (designated as Day 0), the cells were
subjected to adipocyte differentiation for 8 days (Days 0-8). On Days
0-2, the medium was replaced with the differentiation medium |
(basic DMEM containing 10% fetal bovine serum [FBS], 1 pug/ml insu-
lin, 250 nM Dex, and 500 uM IBMX). On Days 2-4, the medium was
replaced with medium Il (basic DMEM containing 10% FBS and
1 pg/ml insulin). Subsequently, the cells were maintained in medium
Il (basic DMEM containing 10% FBS) up to Day 8, and the medium
was changed every 2 days.
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The cells were treated with La(NO3); when the cells were not
confluent or during different differentiation stages for specific aims.
La(NOs); was added to the medium to reach the final concentrations
of 1, 5, 10, and 20 pM.

2.3 | Measurement of cytotoxicity with CCK8

3T3-L1 preadipocytes were seeded at 5 x 10*/ml in 100 pl of the
medium into 96-well plates. After 24 h, the cells were treated with
different concentrations of La(NO3); for 48 h. Then, 10 pl of the Cell
Counting Kit-8 (CCK8) solution was added to each well, and the cells
were incubated at 37°C for 1 h. The absorbance was measured at
450 nm. The cell viability was calculated as a percentage relative to

the corresponding control.

24 | Living cell count with trypan blue staining
3T3-L1 preadipocytes were seeded at 5 x 10%/ml in six-well plates and
treated with La(NO3)s in the growth medium. After 12, 24, and 48 h,
the cells were washed with phosphate-buffered saline (PBS), treated
with 0.25% trypsin-0.53 mM EDTA, and centrifuged at 800 rpm for
5 min. The cells were suspended in PBS, stained with 0.4% trypan blue
dye, and counted immediately using a hemocytometer.

2.5 | Oil Red O staining

3T3-L1 preadipocytes seeded at 5 x 10*/ml in six-well plates were
differentiated as described in Section 2.2 and treated with different
concentrations of La(NQOs3)s. After 8 days, the cells were washed twice
with PBS, fixed with 4% paraformaldehyde for 30 min at room tem-
perature, and then washed twice with PBS. The lipid droplets were
stained with filtered Oil Red O solution for 1 h at room temperature.
The stained cells were then washed with distilled water four times
and visualized by microscopy.

2.6 | Measurement of triglyceride (TG) content

3T3-L1 preadipocytes seeded at 5 x 10*/ml in six-well plates were
differentiated and treated with different concentrations of La(NOg)s.
After 8 days, the cells were harvested and cellular TG contents were

quantified using a TG assay kit (Elabscience Biotechnology Co., Ltd,

AppliedToxicology—W1 LEY-—

Wuhan, China) according to the manufacturer's instructions. TG con-

tents were normalized with the respective protein concentration.

2.7 | RNA extraction and real-time fluorescent
quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted using the TransZol Up Plus Kit (TransGen
Biotech, Beijing, China). RNA was then subjected to reverse transcrip-
tion using the TransScript One-Step gDNA Removal and cDNA
Synthesis SuperMix Kit (TransGen Biotech). Gene expression was
detected using the TransStart Top Green gPCR SuperMix Kit
(TransGen Biotech) and analyzed by iQ5 (Bio-Rad Laboratories,
California, USA). The sequences of all primers used are shown in
Table 1 (AuGCT, Beijing, China). Of these, B-actin was used as a
reference gene for normalization, and the relative expression of
mRNA was measured by the 2-22¢T method.

2.8 | Western blot analysis

The cells were harvested after differentiation, washed twice with PBS,
and lysed using radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime Biotechnology, Shanghai, China) containing protease and
phosphatase inhibitor. The cytoplasmic protein and nucleoprotein were
extracted using Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime) according to the manufacturer's instructions. Protein
amounts were measured using a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific); 30 pug protein was loaded on 10% sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis (PAGE) gels after being
denatured in SDS sample buffer. The proteins were then transferred to
nitrocellulose (NC) membranes (0.45 pm, Millipore, Ireland). The mem-
branes were blocked in 5% (w/v) skim milk for 2 h at room temperature,
incubated with primary antibodies (Table 2) overnight at 4°C, and then
incubated with the secondary antibody for 2 h at room temperature.
The protein bands were visualized by ECL fluid (Beijing Biodragon
Immunotechnologies, Beijing, China) and analyzed using a chemilumi-
nescence analyzer (Mini HD9, UVITEC, Cambridge, UK).

29 |
analysis

Fluorescence-activated cell sorting (FACS)

Cell cycle progression was assessed by FACS. Cells were harvested

after differentiation at indicated time points, washed with PBS,

TABLE 1 gPCR primer sequences Gene Forward (5'-3') Reverse (5'-3')
Lep CATTTCACACACGCAGTCGGTATCC GGGAAGGCAGGCTGGTGAGGAC
Lpl TCTCCTGATGACGCTGATTTTG TCTCTTGGCTCTGACCTTGTTG
Wnt10b GACGCCAGGTGGTAACGGAAAAC TGCTCAGCCGCTCCCTCAGTG
p-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
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trypsinized, and centrifuged at 800 rpm for 5 min. The pellets were
washed with PBS twice and then fixed in 70% ethanol overnight
at 4°C. Then, cells were rinsed twice with PBS and incubated with PI
solution (Beijing Dingguo Changsheng Biotechnology, Beijing, China)
containing 10 ug/ml RNase A for 30 min. FACS analysis
was performed using a CytoFLEX flow cytometer (Beckman
Coulter, Brea, USA), and DNA content was equivalent to the
fluorescent of incorporated Pl. The percentages of cells in GO/G1, S,
and G2/M phases were analyzed by CytExpert software (Beckman
Coulter).

210 | Immunofluorescence

The 3T3-L1 preadipocytes seeded on the coverslips inside six-well
plates were differentiated and treated with 20 uM La(NO3)s. The cells
were fixed with 4% paraformaldehyde at room temperature, washed
with PBS three times, and permeabilized with 0.3% Triton X-100 for

Name Animal Dilution Brand
PPARy (81B8) Rabbit 1:1000 CST
C/EBPa (D56F10) Rabbit 1:1000 CST
pSTAT3 (Tyr705) (D3A7) Rabbit 1:1000 CST
STAT3 (124H6) Rabbit 1:1000 CST
C/EBPB (E299) Rabbit 1:1000 Abcam
p-Catenin Rabbit 1:1000 Absin
CDK2 (78B2) Rabbit 1:1000 CST
Akt Rabbit 1:1000 Abmart
pAkt (Thr308) Rabbit 1:1000 Abmart
pPI3K (Tyr467/199) Rabbit 1:1000 Abmart
PI3K Rabbit 1:1000 Abmart
Cyclin D1 Rabbit 1:500 Beyotime
Histone H3 (D1H2) Rabbit 1:1000 CST
B-Actin (D6A8) Rabbit 1:1000 CST
(A) B)
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> >
3 3
o 507 o
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0 103102107 1 10 100
La(NOs3)3 concentration (uM)

La(NO3)3 concentration (uM)

30 min. Afterward, the cells were blocked with Immunol Staining
Blocking Buffer (Beyotime Biotechnology) for 1 h and incubated over-
night with primary antibodies at 4°C. The cells were then rinsed with
PBS and treated with Alexa Fluor 488 anti-rabbit secondary anti-
bodies (1:500) (Beyotime Biotechnology) for 1 h and washed. DAPI
(Beyotime Biotechnology) was added to stain nuclear for 5 min.
Stained cells were viewed with a Nikon A1 confocal microscope using

NIS-Elements (Tokyo, Japan).

211 | Statistical analysis

All experiments were repeated three times. The results were
presented as the mean = SD. Data were analyzed using IBM SPSS
Version 26.0 (SPSS Inc., Chicago, IL, USA). The significance of the
differences between the control and treatment groups was evaluated
by one-way analysis of variance (ANOVA) followed by Dunnett's
multiple comparison test. p < 0.05 was statistically significant.

TABLE 2 Primary antibodies for
Western blot analysis

Product number
2443
8178
9145
9139
ab32358
abs121277
2546
T55561
T40068
T40116
T40115
AF1183
4499
8457

FIGURE 1 La(NO3); promoted the
growth of 3T3-L1 preadipocytes. The cells
were treated with La(NO3)3 in the presence
or absence of the differentiation medium.
The effects of La(NO3); on cell viability of
(A) preadipocytes and (B) differentiated
preadipocytes were evaluated with CCK8
assay. The cell viability was calculated by
normalizing the absorbance to the control
group. The data are presented as the mean

6 16.310-210-1 1 10 100 +SD.n=3."p<0.05 "p<0.001,and

p < 0.0001 compared to the control
group.
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FIGURE 2

La(NOs)5 inhibited adipogenic differentiation of 3T3-L1 preadipocytes. The cells were induced by MDI medium and treated with

La(NOs)5 in different concentrations. On Day 8, the cells were stained with Oil Red O and photographed, the intracellular TG contents were
quantified using assay kits, and the protein expression levels of PPARy1/2 and C/EBPa were measured. (A) The images of Oil Red O staining of
the cells treated on Days 0-8. The first row shows images of a single well of a six-well plate. The second row displays photographs taken under
an inverted microscope (40x). The third row displays photographs taken under an inverted microscope (100x). (B) The intracellular TG contents
in the cells treated on Days 0-8. The results were standardized using protein concentrations. (C) The protein expression levels of PPARy1/2 and
C/EBPa in the cells treated on Days 0-8. f-Actin was used as the loading protein. The protein bands were quantified using ImageJ software.

(D) Relative protein expression levels of PPARy1/2 and C/EBPa. (E) The mRNA expression levels of lep. (F) The mRNA expression levels of Ipl.
The relative mRNA expression levels were calculated using 2~22* method. The data are presented as the mean + SD. n = 3. 'p < 0.05, 'p <001,

"p <0.001, and ""p < 0.0001 compared to the control group.

3 | RESULTS

3.1 | La(NO3); promoted the growth of 3T3-L1
preadipocytes

The cytotoxic effects were evaluated by the CCK8 assay. The results
showed that the treatment of La(NQO3); for 48 h had no obvious toxic-
ity up to 100 pM and had a certain role in promoting cell growth on
the preadipocytes at more than 1 uM (Figure 1A). The cell viability
was also measured in the cells after MDI induction for 8 days, and no
cytotoxicity was observed under the treatment (Figure 1B). Therefore,
1, 5, 10, and 20 pM of La(NO3); were applied in the following
experiments.

3.2 | La(NO3); inhibited adipogenic differentiation
of 3T3-L1 preadipocytes

To evaluate the effects of La(NO3); on adipogenesis in 3T3-L1 preadi-
pocytes, the lipid accumulation and adipogenesis-associated bio-
markers were detected on Day 8 when the cells were fully
differentiated. As shown in Figure 2A, lipid droplets with Oil Red O
staining were potently induced in the control group, which indicated
effective adipocyte differentiation. And La(NO3)s significantly sup-
pressed lipid accumulation in a dose-dependent manner. Consistently,
compared to the control group, the intracellular TG contents were
dose-dependently decreased in the cells treated with La(NO3)s
(Figure 2B).

Adipogenesis is modulated by various transcription factors,
among which C/EBPs and PPARYy play key roles in the complex tran-
scriptional cascade during differentiation. Therefore, we examined the
expression of PPARy and C/EBPa to verify the inhibitory effect of
La(NOs)3 on the differentiation. As shown in Figure 2C,D, compared
to the control, the expressions of both transcription factors PPARy
and C/EBPa were significantly reduced in the cells treated with
10 and 20 pM La(NOg3)s. The mRNA expression levels of adipocyte-
specific genes lep and Ipl were detected. The results showed the
expression of Ipl was downregulated in the cells treated above 5 M
La(NOs)s, and although there was no statistical difference, a slight
decrease in the expression of lep was also observed (Figure 2E,F).
These results demonstrated that La(NO3); inhibited the adipogenesis
process of 3T3-L1 preadipocytes.

3.3 | La(NO3); blocked the adipogenesis at the
early stage of differentiation

It is well known that the process of adipocyte differentiation from pre-
adipocytes occurs in four main stages, including growth arrest after
confluence (Days —2 to 0), MCE (Days 0-2), early differentiation (Days
2-4), and terminal differentiation (Days 4-8). In order to find the criti-
cal stage of the inhibitory effect, 3T3-L1 preadipocytes were treated
with 20 pM La(NO3); at different times during the differentiation pro-
cess (Figure 3A). The results of Oil Red O staining showed that the
inhibitory effect of La(NO3); on the lipid accumulation was strongest in
the cells treated on Days 0-2, which was comparable to that in the
cells exposed to La(NOgz); on Days 0-8 (Figure 3B). Treatment with
La(NOs3); on Days 4-8 reduced the intracellular TG content moderately
compared to the control cells, and the TG content in the cells treated
on Days 2-4 was similar to the control (Figure 3B). The expression
levels of PPARy2 and C/EBPa reduced in the cells exposed to
La(NO3); on Days 0-2 and 0-8, and the expression levels in the cells
treated on Days 2-4 and 4-8 were similar to the control (Figure 3C,D).
These results indicated that La(NOs); might exert the inhibitory effect

mainly during the early stage of differentiation.

3.4 | The effects of La(NO3)5 on cell proliferation
and cell cycle progression during MCE

In the early phase of adipogenic differentiation, growth-arrested 3T3-L1
preadipocytes re-enter the cell cycle and undergo the MCE process,
which is a prerequisite for the differentiation of 3T3-L1 preadipocytes,
to continue the following differentiation stages. Therefore, we investi-
gated the effect of La(NOs); on MCE, focusing on the MDI-stimulated
cell proliferation and cell cycle. The results from the trypan blue assay
revealed that La(NOs); treatment for 48 h caused an increase in cell
proliferation when the cells were in the MCE phase (Figure 4A).

The distributions of the cell cycle at different time points after
the La(NOg3); treatment were shown in Figure 4B,C, respectively.
Before the differentiation, the post-confluent cells mainly remained
at the GO/G1 phase, and then the cells re-entered the cell cycle after
the MDI induction. The differentiating cells entered the S phase with
a peak at about 16 h. The proportion of the S phase was increased
obviously in the cells treated with La(NOs); (Table 3), which indicated
that La(NOs)s might promote a cell cycle transition from the GO/G1
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FIGURE 3 La(NOs3); blocked the adipogenesis at the early stage of differentiation. The cells were differentiated by MDI medium and treated

with 20 pM La(NO3); at different times. (A) The images of Oil Red O staining of the cells exposed to 20 pM La(NO3); at different days (Days 0-2,
0-4, 0-8, 2-4, and 4-8). (B) The intracellular TG contents in the cells treated with 20 pM La(NO3); at different days. (C) The protein expression
levels of PPARy1/2 and C/EBP« in the cells treated at different days. -Actin was used as the loading protein. The protein bands were quantified
using Image) software. (D) Relative protein expression levels of PPARy1/2 and C/EBPa. The data are presented as the mean + SD. n = 3.

p <0.05, "p < 0.01,and "'p < 0.0001 compared to the control group.

phase to the S phase. Additionally, there were a significant reduction
in the fraction of cells remaining at the GO/G1 phase and a concomi-
tant increase in the G2/M phase (Table 3). Consistently, as shown in
Figure 4D,E, the expression of CDK2, which played an important role
in G1 to S checkpoint activation, was dose-dependently increased in
the cells exposed to La(NO3)s. Also, by immunofluorescence staining,
it was found that more cyclin D1 translocated to the cytosol in the
La(NO3)s-treated cells at 20 h (Figure 4F).

3.5 | La(NO3); regulated transcription factors at
the early phase of adipogenesis

At the early stage of adipogenesis, C/EBPp acquires the ability of
DNA binding and subsequently transactivates C/EBPa and
PPARy to promote adipogenesis. So we also examined the
expression of related transcription factors. The results showed that
after MDI induction for 48 h, the expression levels of C/EBPB,
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FIGURE 4 The effects of La(NO3); on cell proliferation and cell cycle progression during MCE. Post-confluent 3T3-L1 preadipocytes were
induced to differentiate by MDI in the presence or absence of La(NO3)s. FACS analysis was performed during different times of the
differentiation process. (A) The cellular viability of the differentiating preadipocytes treated with 20 uM La(NOs); for 12, 24, and 48 h was
determined by the trypan blue assay. (B, C) Representative histograms and the distribution of the cell cycle in the cells treated without or with
La(NO3)s, respectively. (D) The protein expression levels of CDK2 in the cells on Day 2. -Actin was used as the loading protein. The protein
bands were quantified using ImageJ software. (E) Relative protein expression levels of CDK2. (F) The immunofluorescence images of localization
of cyclin D1 in the cells with or without La(NO3); treatment. The data are presented as the mean + SD. n = 3. p < 0.05 compared to the control

group.
TABLE 3 Effect of La(NOs)s on cell cycle distribution at different time points during cell differentiation
La(NO3);
(uM) Oh 12 h 16 h 20 h 24 h 36 h 48 h
%G0/G1 O 8642 +0.33 7269 +1.11 4347 £1.77 32.95+1.24 59.28 + 0.67 78.27 £ 0.40 74.03 £ 0.94
20 78.14 £ 1.47* 3843 +256 16.90 £ 0.19****  41.35+ 1.67*** 67.07 +0.94* 71.56+0.88
%S 0 5.71+0.27 13.69 £1.75 34.20 £ 1.27 19.68 + 0.04 7.95+0.18 4.80 +0.43 7.01 £0.52
20 9.26 £0.46 4644 + 1.51** 3244 +1.83** 12.79 + 0.60** 12.79 + 0.60* 8.73 + 0.30*
%G2/M 0 7.88+0.06 13.62+0.78 22.33 £0.50 47.38 £ 1.28 32.77 £ 0.85 17.48 +0.10 18.96 + 0.42
20 12.60 + 1.44 15.13 £ 1.11**  50.66 + 1.81 45.86 + 1.49** 2144 +1.03* 19.71+1.15

Note: The results are presented as the mean + SD.
*p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001 versus O uM compared to the control group.
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C/EBPa, and PPARy were significantly repressed by La(NOs)s
(Figure 5AE).

As displayed in Figure 5B,C,F,G, La(NO3); induced a higher ratio
of phosphorylated PI3K (pPI3K) and PI3K compared to the control,
and the expression of Akt and the phosphorylation of PI3K were also
slightly increased. Additionally, the ratio of phosphorylated STAT3
(pSTAT3) and STAT3 was significantly promoted at 48 h of MDI
induction in the La(NOs)s-treated cells (Figure 5D,H). These
results indicated that STAT3 and PI3K might be involved in the
La(NOg3)z-induced disorders of the MCE process of 3T3-L1
preadipocytes.
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3.6 | La(NO3); enhanced the canonical wnt
signaling pathway and increased nuclear translocation
of B-catenin

To further investigate the underlying mechanism of the adipogenesis
inhibition of La(NO3)s, the canonical wnt signaling pathway was
investigated. The results showed that the protein expression levels of
B-catenin significantly increased in La(NOj)s-treated cells on Day
8 (Figure 6A,B). As Figure 6A showed, the treatment of La(NO3); also
induced a higher level of cyclin D1 in the differentiating cells on
Day 8. However, La(NO3); did not enhance the expression of
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La(NOg)3 regulated transcription factors at the early phase of adipogenesis. 3T3-L1 preadipocytes were induced to differentiate

by MDI in the presence or absence of La(NOg); for 2 days. (A) The protein expression levels of C/EBPS, C/EBP«, and PPARY in the cells treated
with different concentrations of La(NO3)s. (B) The protein expression levels of PI3K and pPI3K. (C) The protein expression levels of Akt and pAkt.
(D) The protein expression levels of STAT3 and pSTATS3. (E) Relative protein expression levels of C/EBPp, C/EBPa, and PPARy. (F) Relative
protein expression levels of PI3K and pPI3K. (G) Relative protein expression level of Akt. (H) The ratio of the relative protein expression levels of
STAT3 and pSTAT3. B-Actin was used as the loading protein. The protein bands were quantified using ImageJ software. The data are presented
as the mean + SD.n = 3. 'p < 0.05, "p < 0.01,and " 'p < 0.001 compared to the control group.
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FIGURE 6 La(NOs); enhanced the canonical wnt signaling pathway and increased nuclear translocation of p-catenin. (A) The protein

expression level of B-catenin and cyclin D1 in the cells treated with different concentrations of La(NO3); on Day 8. (B) Relative protein expression
levels of p-catenin. (C) The protein expression level of nuclear p-catenin. Histone H3 was used as the loading protein. (D) The protein expression
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wnt10b. The relative mRNA expression levels were calculated using

27AACt

method. (H) The immunofluorescence images of localization of

B-catenin relative to nucleus (DAPI stained) with or without La(NO3); treatment. The magnification is 100x. The data are presented as the mean

+SD.n=23.p<0.05and “p < 0.01 compared to the control group.

B-catenin in the differentiating cells on Day 2 (data not shown), which
suggested that the canonical wnt pathway was triggered after MCE.
Furthermore, the treatment of La(NO3)3 did promote the expression
of B-catenin in the nuclear, and B-catenin expression in the cytoplasm
also increased (Figure 6C-F). Immunofluorescence and DAPI nuclear
staining also proved that La(NO3); induced the nuclear translocation
of B-catenin (Figure 6H). Additionally, as shown in Figure 6G, the
mRNA expression level of wnt10b, which is one of the anti-adipogenic

wnt signals, was elevated in the cells exposed to La(NO3)s.

4 | DISCUSSION

As one of the largest endocrine organs in the body, adipose tissue
plays a pivotal role in energy and glycolipid metabolism through
secreting various adipokines and is involved in many signaling path-
ways (Poulos et al., 2010). The appropriate changes in adipose tissue
could modulate the body to adapt to the various internal and external
challenges, but both the excess and deficiency of adipose tissue

would result in metabolic disorders and other adverse health effects.
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Several studies have reported that lanthanides might influence glyco-
lipid metabolism in vivo and inhibit adipogenesis in some in vitro cell
models. In this study, we observed the inhibitory effect of La(NO3)s
on the adipogenic differentiation of 3T3-L1 preadipocytes and
explored its underlying mechanisms. The results demonstrated that
La(NO3)3 mainly performed a suppression on adipogenesis during the
early stage of the differentiation process, and the canonical wnt sig-
naling pathway might be involved in it. Furthermore, it was found that
La(NOs)5 could promote the cell proliferation of 3T3-L1 preadipocytes
before MDI induction and disorder the cell cycle progression during
MCE after stimulation.

The mouse embryonic fibroblast cell line 3T3-L1 is one of the
most used in vitro models of adipocyte differentiation. Contact inhibi-
tion prior to the differentiation is required for 3T3-L1 preadipocytes
to continue the following differentiation into adipocytes (Chang &
Polakis, 1978). In the present study, it was shown that La(NOs3)5 could
promote cell growth after treatment for 48 h (Figure 1A). Similarly,
several studies have shown that exposure to the lanthanides (LaCls,
CeCls, and GdCls) resulted in a significant increase in cell growth of
3T3-L1 preadipocytes, and GdCl; could also exert the proliferation-
promoting effect on NIH 3T3 cells (He et al., 2006; Hou et al., 2013;
Smith & Smith, 1984). Some researchers speculated that the promo-
tion of cell proliferation might be due to the transmembrane fluxes of
Ca®* whose binding sites could be taken up by La®" or Ce®* (He
et al., 2006; Segal, 1986).

After the addition of MDI, 3T3-L1 preadipocytes begin to
differentiate towards adipocytes and eventually acquire adipocyte
characteristics. The formation of intracellular lipid droplets is one of
the characteristics of adipogenic differentiation. In this study, the
results of Oil Red O staining and intracellular TG content suggested
that La(NOs)s could significantly inhibit the adipogenesis process
(Figure 2A,B). C/EBPa and PPARy are key transcriptional factors of
adipogenesis that induce the synthesis of TG and activate the
expression of target genes, including LPL and Leptin (Moseti
et al., 2016). The downregulated expression levels of Ipl mRNA,
PPARy, and C/EBPa, especially PPARy2, which is predominantly
highly expressed in adipocytes, also confirmed that La(NOs)s
inhibited adipogenic differentiation in 3T3-L1 preadipocytes
(Figure 2C-F). Studies have shown that 3T3-L1 preadipocytes have
several specific differentiation stages. In this study, we further ana-
lyzed the main effect stage of La(NOs)s. Qil Red O staining, TG con-
tent, and the reduced expressions of C/EBPa and PPARy in the
cells treated with La(NOs3); at different times during the differentia-
tion process all showed that La(NOs); inhibited the adipogenesis
mainly on Days 0-2 (Figure 3). Considering that 3T3-L1 preadipo-
cytes re-enter the cell cycle and undergo the MCE process during
the first 2 days, the results suggested that La(NOs); might disorder
the MCE process of 3T3-L1 preadipocytes to inhibit terminal adipo-
genic differentiation.

After growth arrest at confluence, preadipocytes receive appro-
priate signals to enter MCE for about two rounds of division (Gregoire
et al, 1998). Our current data exhibited a disorder of MCE in
La(NOg)s-treated cells, which was evidenced by a higher growth rate

AppliedToxicology—W1 LEYy-—2

than the control cells after MDI stimulation, an increase in S and
G2/M  populations, and a decrease in GO/G1 populations
(Figure 4A-C and Table 3). The cell cycle process is regulated by a
variety of cyclin-dependent kinases (CDKs) and other related proteins,
such as CDK2, CDK4, CDK®, cyclin D1, and Rb. Upon confluence,
preadipocytes are arrested in the GO/G1 phase with low expression
of cyclin D1, and MDI stimulation induces the synthesis of cyclin D1,
which leads to the formation of cyclin D-CDK4/6 complex and subse-
quently the activation of CDK2/cyclin E (Chang & Kim, 2019; tukasik
et al., 2021; Suzuki et al., 2000). Activated CDK2 and CDK4/6, which
are important cell cycle components involved in the transition from
the G1 to the S phase, could phosphorylate Rb resulting in the release
of the transcription factor E2F. The facilitated expressions of E2F tar-
get genes are also required for DNA synthesis and the S-phase entry
(Farmer, 2006; Sherr & McCormick, 2002). Additionally, cyclin D1
accumulates from the G1 phase and translocates from the nucleus to
the cytoplasm at the S phase (Alao, 2007; Baldin et al., 1993). The ele-
vated protein expression of CDK2 and distribution of cyclin D1 in the
cytoplasm indicated that La(NOs); promoted the S-phase entry
(Figure 4D-F). It was reported that the PI3K/Akt pathway regulated
the expressions of cyclin D and p27 to modulate the cell cycle pro-
gression and the phosphorylation of STAT3 during the proliferation
phase of adipogenesis stimulated the cell growth (Cernkovich
et al., 2007; Xu & Liao, 2004). The increased expression of Akt and
the higher phosphorylation level of PI3K and STAT3 in La(NOj3)s-
treated cells suggested that La(NOg); might also activate the PI3K/
Akt and STAT3 to promote cell proliferation during MCE
(Figure 5B-H).

3T3-L1 preadipocytes exit the cell cycle for terminal differentia-
tion after several rounds of DNA synthesis (Tang et al., 2003). Several
studies have shown that the inhibition of adipogenesis in 3T3-L1 pre-
adipocytes could result from the delayed entry of GO/G1 cells to the
S phase, instead of the promotion of the S-phase entry (Jang
et al., 2017; Lee et al., 2020). It was reported that GdCls, which is also
one kind of lanthanides, was able to promote cell cycle entry into the
S phase but inhibit adipogenesis of 3T3-L1 preadipocytes due to the
sustained extracellular signal-regulated kinase (ERK) activation and
pro-proliferation ability throughout the whole differentiation (Hou
et al., 2013). The expression of ERK was also detected in this study,
but there was no statistical change in La(NOg)s-treated cells (data not
shown). In this study, it was shown that there were fewer cells
remaining in the GO/G1 phase at 36 and 48 h, but more cells existed
in the S phase under La(NOs); treatment (Table 3). Therefore, we
hypothesized that La(NO3); might block the cell cycle exit leading to
more cells remaining in the mitosis process. C/EBPa and PPARy are
concerned to be antimitotic and could control the withdrawal of
preadipocytes from the cell cycle during terminal differentiation, and
C/EBPa is activated when MCE ceases (Shao & Lazar, 1997; Tang &
Lane, 1999). Our data showed that the expressions of C/EBPa and
PPARy were significantly downregulated at 48 h of differentiation in
the La(NOg);-treated cells, which indicated the impaired cell cycle exit
and continued MCE process (Figure 5A,E). Besides, C/EBPg, the early
transcription factor that induces PPARy and C/EBPa, was also
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downregulated in La(NO3)s-treated cells (Figure 5AE), which might
also partly explain the inhibitory effect of La(NO3); on adipogenesis at
the early stage of differentiation. Furthermore, studies have shown
that CDK2 could phosphorylate and activate C/EBPg (Li et al., 2007),
but in our study, the expression of C/EBPp was downregulated in the
La(NOg)s-treated cells, which suggested that La(NOgz); might
downregulate C/EBPp directly or through other cell cycle-related reg-
ulators. In combination, La(NO3)3 could result in the cells arrested in
the mitosis process, cell retention then, and failure for terminal
differentiation.

It has been shown that the inhibition of adipogenesis is often
accompanied by cell cycle arrest. Wang et al. (2020) found that
3T3-L1 preadipocytes treated with lactucin failed to undergo MCE
due to reduced phosphorylation of Janus kinase 2 (JAK2) and STAT3
and were also inhibited for adipogenesis. On the other hand, there are
still some studies with different results. Hashimoto et al. (2019) found
that phorbol 12-myristate 13-acetate suppressed adipocyte differenti-
ation but enhance the proliferation of bone marrow stromal cells
(BMSCs). A study about DNA (cytosine-5)-methyltransferase 3A also
indicated that methylation of PPARy promoter could decrease lipid
accumulation, and methylation of p21 promoter promoted cell prolif-
eration in porcine intramuscular preadipocytes (Qimuge et al., 2019).
Cell proliferation and differentiation are closely related during adipo-
genesis, and many regulating factors interact in both processes
(Fajas, 2003). The specific relationship between cell proliferation and
differentiation and the mechanisms about it are not yet clear; thus,
more research is needed to explore the relationship, which could help
to more fully understand how La(NOs); and other lanthanides affect
cell proliferation and adipogenesis.

Adipogenesis is regulated by several highly conserved signaling
pathways, among which the canonical wnt/p-catenin pathway exerts
an anti-adipogenic effect (Rosen & MacDougald, 2006). Wnt10b is an
anti-adipogenic wnt signal participating in the canonical wnt pathway.
Wnt10b binds to frizzled receptors and LRP5/6 co-receptors and
inactivates the degradation complex acting on p-catenin. Hypopho-
sphorylated p-catenin then translocates to the nucleus leading to the
activation of target genes and the suppression of C/EBPa and PPARy
(Christodoulides et al., 2009). The treatment of La(NO3); on Days 4-8
also showed a modest suppression of the adipogenic differentiation,
which indicated that La(NO3)3; might exert its inhibitory effect on adi-
pogenesis through other mechanisms. Therefore, we investigated the
canonical wnt pathway to further elucidate the mechanisms involved.
Our data revealed that La(NO3)3 increased the expressions of wnt10b
and p-catenin significantly in 3T3-L1 preadipocytes and the nucleus
distribution of B-catenin also increased in La(NO3)s-treated cells on
Day 8 (Figure 6). Also, the expression levels of C/EBPa and PPARy
were reduced significantly in La(NOs)s-treated cells on Day 8. These
results suggested that La(NOs)3 could inhibit key transcription factors
C/EBPa and PPARy during the terminal differentiation stage of
3T3-L1 preadipocytes by promoting the canonical wnt pathway and
the nuclear translocation of $-catenin, thereby suppressing adipogen-
esis. We also found that the expressions of LRP5/6 were not changed

(data not shown), suggesting that La(NOs); might enhance the

wnt10b signal without increasing the LRP5/6 receptors on 3T3-L1
preadipocytes. In addition, p-catenin can interact with transcription
factors after translocating to the nuclear and upregulate cyclin D1
then. Cyclin D1 is related to the regulation of the cell cycle and cellu-
lar proliferation and can repress PPARy function to inhibit adipogen-
esis (Fu et al., 2005). Consistently, our results showed an increase in
the expression of cyclin D1 and a reduction of the expression of
PPARy in La(NOg)s-treated cells in the terminal differentiation stage
(Figure 6A,B), from which we could associate the effect of La(NO3)s
on the wnt signaling pathway with the upregulation of cyclin D1 and
suppression of PPARy partly.

5 | CONCLUSION

Our results demonstrated that La(NOs3); inhibited adipogenesis in
3T3-L1 preadipocytes. The anti-adipogenic effect of La(NOs3); was
mainly exerted during the early stage of the differentiation process,
and the wnt/B-catenin signaling pathway might be involved in
it. Furthermore, La(NOs)5 influenced the S-phase entry and the with-
drawal from the cell cycle during the MCE process. Additionally,
La(NOs); also enhanced cell proliferation of 3T3-L1 preadipocytes
without MDI stimulation. Further in vivo studies are needed to verify
the anti-adipogenic effect of La(NOs)s, which can provide more
evidence for the effect of La(NO3); on glucose and lipid metabolism
and human health.
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