
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
Mesoporous silica coated CeO2 nanozymes with combined lipid-lowering and
antioxidant activity induce long-term improvement of the metabolic profile in obese
Zucker rats
Parra-Robert, Marina; Zeng, Muling; Shu, Ying; Fernández-Varo, Guillermo; Perramón,
Meritxell; Desai, Diti; Chen, Junhao; Guo, Dongdong; Zhang, Xu; Morales-Ruiz, Manuel;
Rosenholm, Jessica M.; Jiménez, Wladimiro; Puntes, Víctor; Casals, Eudald; Casals, Gregori
Published in:
Nanoscale

DOI:
10.1039/D1NR00790D

Published: 07/04/2021

Document Version
Accepted author manuscript

Document License
CC BY

Link to publication

Please cite the original version:
Parra-Robert, M., Zeng, M., Shu, Y., Fernández-Varo, G., Perramón, M., Desai, D., Chen, J., Guo, D., Zhang,
X., Morales-Ruiz, M., Rosenholm, J. M., Jiménez, W., Puntes, V., Casals, E., & Casals, G. (2021). Mesoporous
silica coated CeO2 nanozymes with combined lipid-lowering and antioxidant activity induce long-term
improvement of the metabolic profile in obese Zucker rats. Nanoscale, 13(18), 8452-8466.
https://doi.org/10.1039/D1NR00790D

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 23. May. 2023

https://doi.org/10.1039/D1NR00790D
https://research.abo.fi/en/publications/613d438b-f6e2-4ee1-a8a8-94777e0b36d9
https://doi.org/10.1039/D1NR00790D


ARTICLE

Please do not adjust margins

Please do not adjust margins

a.Service of Biochemistry and Molecular Genetics, Hospital Clinic Universitari, 
Centro de Investigación Biomédica en Red de Enfermedades Hepáticas y 
Digestivas (CIBERehd), Institut d'Investigacions Biomèdiques August Pi i Sunyer 
(IDIBAPS), Carrer de Villarroel, 170, 08036 Barcelona, Spain

b.School of Biotechnology and Health Sciences, Wuyi University, 99 Yingbing Middle 
Rd., Jiangmen, 529020, China

c. Department of Biomedicine, University of Barcelona, 08905 Barcelona, Spain
d.Pharmaceutical Sciences Laboratory, Faculty of Science and Engineering, Åbo 

Akademi University, Artillerigatan 6A, 20500, Turku, Finland
e. Working group for the biochemical assessment of hepatic disease-SEQCML, 08036 

Barcelona, Spain
f. Vall d’Hebron Research Institute (VHIR), 08035, Barcelona, Spain. Institut Català 

de Nanociència i Nanotecnologia (ICN2), CSIC, The Barcelona Institute of Science 
and Technology (BIST), Campus UAB s/n, Bellaterra, 08193, Barcelona, Spain. 
Institució Catalana de Recerca i Estudis Avançats (ICREA), Passeig de Lluís 
Companys, 23, 08010, Barcelona, Spain

‡ Both authors contributed equally to this study. 
* Corresponding authors e-mail:
   Jessica M. Rosenholm: jerosenh@abo.fi
   Victor Puntes: victor.puntes@icn.cat
   Eudald Casals: wyuchemecm@126.com
   Gregori Casals: casals@clinic.cat
Electronic Supplementary Information (ESI) available: Supporting Information 
accompanies this manuscript with extended characterization of the nanozymes, 
cell internalization, effect on fatty liver (Fig. S1-S4), data of serum biochemical 
parameters, lipid profiles, adipokines, fatty acids and gene expression analyses 
(Tables S1-S11), and additional materials and methods. See 
DOI: 10.1039/x0xx00000x

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Mesoporous silica coated CeO2 nanozymes with combined lipid-
lowering and antioxidant activity induce long-term improvement 
of the metabolic profile in obese Zucker rats 
Marina Parra-Robert,‡a Muling Zeng,‡b Ying Shu,b Guillermo Fernandez-Varo,a,c Meritxell 
Perramon,a Diti Desai,d Junhao Chen,b Dongdong Guo,b Xu Zhang,b Manuel Morales-Ruiz,a,c,e 
Jessica M. Rosenholm,*d Wladimiro Jiménez,a,c Victor Puntes,*f Eudald Casals,*b Gregori Casals*a,e

Obesity is one of the most important public health problems that is associated to an array of metabolic disorders linked to 
cardiovascular disease, stroke, type 2 diabetes, and cancer. A sustained therapeutic approach to stop the escalating 
prevalence of obesity and its associated metabolic comorbidities remains elusive. Herein, we developed a novel 
nanocomposite based on mesoporous silica coated cerium oxide (CeO2) nanozymes that reduce the circulating levels of 
fatty acids and remarkably improve the metabolic phenotype in a model of obese Zucker rats five weeks after its 
administration. Lipidomic and gene expression analyses showed an amelioration of the hyperlipidemia and of the hepatic 
and adipose metabolic dysregulations, which was associated with a down-regulation of the hepatic PI3K/mTOR/AKT 
pathway and a reduction of the M1 proinflammatory cytokine  In addition, the coating of the CeO2 maximized its 
cell antioxidant protective effects and minimized non-hepatic biodistribution. The one-pot synthesis method for the 
nanocomposite fabrication is implemented entirely in aqueous solution, room temperature and open atmosphere 
conditions, favoring scalability and offering a safe and translatable lipid-lowering and antioxidant nanomedicine to treat 
metabolic comorbidities associated with obesity. This approach may be further applied to address other metabolic 
disorders related to hyperlipidemia, low-grade inflammation and oxidative stress.

Introduction
The worldwide epidemic condition of obesity has been 
increasing tremendously over the past decades, and it is 

nowadays recognized as one of the most serious public health 
problems because of its prevalence, costs, and associated 
metabolic comorbidities, such as cardiovascular diseases, type 
2 diabetes mellitus, metabolic associated fatty liver disease 
(MAFLD), and certain forms of cancer.1-7 Currently, lifestyle 
therapies, pharmacotherapy, and bariatric surgery are 
available approaches to treat obesity. However, most of the 
therapies show low effectiveness and/or undesired systemic 
side effects and surgery is associated with high risks.8-9 
Therefore, establishing a sustained, effective, and safe 
treatment to stop the escalating prevalence of obesity and its 
associated metabolic conditions is an urgent requirement still 
largely unmet. 

It has been demonstrated that oxidative stress and systemic 
low-grade inflammation are the underlying mechanisms linking 
obesity with its metabolic comorbidities.10 In this context, the 
use of antioxidant substances to disrupt the activation of the 
feedback loop between oxidative stress and the inflammatory 
processes has been considered a promising therapeutic 
approach over the last decades.1-3,5-7 A wide range of 
protective effects against obesity comorbidities has been 
described for many antioxidant treatments such as flavonoids, 
arginine, vitamin C, vitamin E, carotenoids, resveratrol, and 
selenium.11-12 Also, diets rich in antioxidants such as 
monounsaturated fatty acids (MUFAs), w-3 polyunsaturated 
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fatty acids (PUFAs), vitamin C or vitamin E, have been 
associated with a lower risk of developing metabolic 
abnormalities.13 However, despite the preclinical success, 
clinical studies with antioxidant rich-diets or purified 
antioxidant substances show controversial results in the 
prevention and treatment of cardiometabolic diseases.11-12,14-16 
This has been attributed to their poor stability, short half-life, 
easy degradation by proteolytic or gastrointestinal enzymes, 
and low bioavailability at the site of action, which limits their 
efficacy in vivo.17-18

Recently, advances in nanomaterials synthesis and 
bioengineering are offering different nanoscale agents such as 
antioxidant nanoparticles (NPs),19 also described as nanozymes 

20 or Reactive Oxygen Species (ROS) based nanomedicines,21 
that overcome the limitations of classical antioxidants. These 
materials allow functionalization for targeted delivery, show 
longer residence time in tissues, and a self-regenerating 
activity that provides a long-time protective action at low 
doses.18 Amongst them, cerium oxide nanoparticles (CeO2NPs) 
are broadly used for their ability to participate in the diversity 
of cross-reactions between ROS and inflammation by 
mimicking the activity of many endogenous antioxidant 
enzymes (e.g., superoxide dismutase, catalase, and 
peroxidase) and to modulate cellular microenvironments.17 
Furthermore, and in contrast with other nanozymes, CeO2NPs 
have been shown to directly interfere with the cell metabolism 
of fatty acids in vitro.22 This makes CeO2NPs especially 
attractive to be evaluated as therapeutic agents in obesity. 
However, their in vivo effects on metabolic profiles associated 
with low-grade chronic inflammation are unknown. In 
addition, likewise other promising nanomedicines, its anti-
inflammatory activity has been only proved in models of 
systemic or local severe inflammation.17 Moreover, due to 
their small size, these NPs generally show a high tendency to 
agglomerate in physiological media, losing its nanoscale 
properties and inducing undesirable proinflammatory immune 
responses, as we recently reviewed.17,23 Even more, the lack of 
reproducible and scalable protocols to obtain well-dispersed 
NPs are also pointed out in recent discussions about the 
limited number of nanomaterials that have reached clinical 
practice.24 All these, inevitably raises concerns and doubts 
among scientists, clinicians, and funding agencies about the 
potential of nanomedicine.25-26

To address these challenges, we set out to design a novel 
nanozyme composite based on 5 nm CeO2 nanozymes 
embedded inside a mesoporous silica (mSiO2) shell. In terms of 
biocompatibility and safety, silica is an excellent substance and 
it has been classified as “Generally Recognized as Safe” (GRAS) 
by the FDA. The mSiO2 coating maximized the stability in 
physiological media and the ROS-scavenging activity of the 
CeO2 nanozymes, and minimized their non-hepatic 
biodistribution, thus improving their safety profile. Moreover, 
the synthesis method is entirely implemented in aqueous 
solution and at room temperature, which favors 
biocompatibility and scalability, thus potentially enabling rapid 

clinical translation. Further, the nanocomposites were 
administered to the experimental genetic model of obese 
Zucker rats, a model of mild inflammation that spontaneously 
develops a range of metabolic disorders which mimics in many 
ways the metabolic comorbidities associated to obesity in 
humans. Overall, results show that the nanocomposites 
improved the metabolic phenotype associated with obesity, 
reduced hyperlipidemia by decreasing the circulating levels of 
triglycerides, LDL-cholesterol and palmitic acid, among others, 
and ameliorated obesity-induced gene expression 
dysregulations in the liver and adipose tissue five weeks after 
administration. These findings expand the several proposed 
therapeutic applications of CeO2 nanozymes, in which models 
of severe inflammation are commonly employed, by 
demonstrating a long-term improvement of the metabolic 
alterations associated with mild inflammation in obesity using 
a safe and translatable CeO2 based nanocomposite with 
combined lipid-lowering and antioxidant activities. 
Furthermore, this approach can be applied to other conditions 
related to low-grade inflammation and oxidative stress, key 
mechanisms in the progression of different prevalent 
diseases.27

Results and discussion
Mesoporous silica coating improves CeO2 stability, antioxidant 
activity, and cell protection.

For the synthesis of the CeO2@mSiO2 nanocomposites we 
developed a one-pot synthesis method in aqueous media and 
at room temperature based on the adjustment of the different 
parameters of the sol-gel process for the silica shell formation 
(Fig. 1a). Our method allows to obtain nanocomposites of ~50 
nm. This size was chosen since it is in the range of sizes that 
displays the highest cellular uptake,28-30 permeability through 
the liver leaky vasculature associated with inflammatory 
diseases31-32 and liver accumulation.33 To this, CeO2NPs cores 
(5 nm) were synthesized by the chemical precipitation at basic 
pH of cerium nitrate (10 mM) with ammonium hydroxide 
(NH4OH; 27 mM). Afterward, the pH was adjusted with 
additional amounts of NH4OH to the required basic conditions 
for core stability and mSiO2 coating (pH=10). For the 
encapsulation of the CeO2 cores, the sequential addition of a 
solution of absolute EtOH (at 1:4 v/v EtOH:H2O ratio) and CTAB 

 (w/w) cores:CTAB ratio) as structure-directing agent, 
formed the CTAB-overcoated CeO2NPs. Subsequently, with the 
addition of TEOS (1:3 CTAB:TEOS) and stirring overnight, the 
silica condensation reaction took place, yielding monodisperse 
CeO2@mSiO2 nanocomposites. Finally, the purification and 
CTAB removal of the nanocomposites was performed by 
washing three times with a solution of ammonium nitrate (2 
g/L), a highly efficient ion-exchange method that ensures 
complete CTAB elimination.34

Fig. 1b-d shows the characterization of the CeO2@mSiO2 
nanocomposites. TEM images of the CeO2NPs before and after 
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encapsulation with the mesoporous shell are in Fig. 1b. The 
final composite size was 53.8±8.7 nm and the CeO2NPs cores 
size was 5.3±0.8 nm, calculated by image analysis based on 
transmission electron microscopy (TEM) images (Fig. S1). The 
HR-TEM image analysis (Fig. 1d) and the comparison of the X-
Ray Diffraction patterns (Fig. S2) confirms the crystalline 
structure of the CeO2 cores inside the shell. TEM images 
revealed that none of the CeO2NPs were outside the shell. In 
addition, the similar UV-VIS spectra of the CeO2NPs cores 
before and after mSiO2 coating confirmed the successful 
coating of all the initial CeO2NPs without inducing NPs 
aggregation or degradation (Fig. S2). Importantly, contrary to 
the non-coated CeO2NPs, the mSiO2 encapsulation allowed 
maintenance of the colloidal stability in physiological media. 
We monitored the hydrodynamic diameter (DH) and the 
potential of the CeO2NPs and the composites in cell culture 
media (DMEM + 10%FBS) over time. Both CeO2NPs and 
CeO2@mSiO2 showed a DH increase during the first day of 
incubation (Fig. 1f) and a decrease of their negative  
reaching similar values as the proteins in the cell culture 
medium (Fig. S2), which is consistent with the formation of a 
protein-corona.35 In the case of CeO2@mSiO2, both average 
size and monodispersity were maintained for the following 7 
days. Conversely, free CeO2NPs showed a continuous increase 
of the DH and polydispersity index (Fig. 1f). 

Next, we evaluated whether the mesoporous coating affected 
the antioxidant capacity of the CeO2NPs. The protective effects 
of free CeO2NPs and CeO2@mSiO2 nanocomposites against 
hydrogen peroxide (H2O2)-induced cytotoxicity were assessed 
in the human hepatic cell line HepG2. Fig. 1g shows the ROS 
levels and cell viability when CeO2NPs and CeO2@mSiO2 were 
used at 1 µg/mL of CeO2, a dose that previously has been 
confirmed to display higher antioxidant activity and cell 
protective effects.22-36 ROS levels were decreased by 60% 
when using free CeO2NPs and, remarkably, the antioxidant 
activity of CeO2@mSiO2 nanocomposites was two-fold higher 
and led to a complete recovery of the basal values of ROS (Fig. 
1g). In agreement with these results, cell viability was 
increased from 86±1.1 % (H2O2 stimulated cells) to 91±1.1 % 
(CeO2NPs) and 94±2.6 % (CeO2@mSiO2) (Fig. 1g). None of 
these effects were observed when using pure mSiO2 
nanoparticles. The cellular uptake of CeO2@mSiO2 and free 
CeO2NPs after cell culture treatments was confirmed by TEM 
images (Fig. 1e and Fig. S3), and in both cases, the CeO2NPs are 
observed within endosome-like organelles. Altogether, these 
data demonstrate the increased stability in the physiological 
media of the mSiO2 encapsulated small-sized CeO2 cores, 
which is translated to an enhancement of their antioxidant 
activity and cellular protection. 

CeO2@mSiO2 are well tolerated in obese Zucker rats and reduce 
the presence of NPs in non-targeted organs.

Once identified the improved physicochemical and antioxidant 
properties of the CeO2@mSiO2 nanocomposites, we evaluated 
whether these benefits could be translated to the treatment of 

mild inflammation, which challenges the onset of therapeutic 
effects. To this, the in vivo activity of the CeO2@mSiO2 in low-
grade inflammation associated with obesity was assessed and 
compared with free CeO2NPs in the experimental genetic 
model of obese Zucker rats. Compared to lean Zucker rats, 
obese Zucker rats presented significantly increased body 
weight, adipokines, and lipemia (Table S1). The protective 
effects of CeO2@mSiO2 were evaluated by assessing the 
metabolic alterations in four groups of Zucker rats: lean rats 
receiving saline solution, and obese rats receiving saline 
solution, free CeO2NPs or CeO2@mSiO2. At 8th and 9th week 
ages, rats were anesthetized by isoflurane inhalation, and 
vehicle (500 µl), CeO2NPs (0.1 mg/kg) or CeO2@mSiO2 (0.1 
mg/kg) were intravenously (i.v.) injected twice a week (Fig. 2a). 
Animals were euthanized by isoflurane overdose on week 14th. 
No exacerbating effect of any metabolic disturbance or 
induction of organic toxicity was observed after the treatment 
with nanomaterials (Fig. 2b and Table S1).

The accumulation of cerium (Ce) in different tissues of obese 
Zucker rats was also analyzed at week 14th. As expected, Ce 
was mainly present in the liver and spleen regardless of being 
administered as free CeO2NPs or embedded in the mSiO2. 
Regarding non-hepatic tissues, less Ce was observed in the 
case of CeO2@mSiO2 administration. Rats treated with 
CeO2@mSiO2 presented a significant 70% lower Ce content in 
the lung (p=0.004) and a 34% reduction in the spleen (p=0.18), 
when compared to the administration of free CeO2NPs (Fig. 
2c). These results are in agreement with different studies 
showing the increased accumulation of naked NPs in the lungs 
due to their aggregation,37 and indicate that our mesoporous 
encapsulation approach for small-sized NPs is a safer design 
for their i.v. administration. Besides, the easy functionalization 
of the silica surface may allow an improved controlled 
biodistribution of different NPs for different clinical 
applications.

CeO2@mSiO2 reduces circulating levels of  triglycerides, and 
LDL-cholesterol.

To evaluate the therapeutic potential of the CeO2NPs and 
CeO2@mSiO2 nanocomposites in low-grade inflammation 
associated with obesity, we first measured the adipokines 
serum levels in obese Zucker rats treated with both 
nanomaterials. Obese rats presented a 45% increase of  
which was normalized only after CeO2@mSiO2 treatment (Fig. 
2d and Table S1). Importantly,  is a major M1-like 
proinflammatory cytokine involved in the low-grade 
inflammation associated with metabolic alterations linked to 
obesity.38-40 Moreover, CeO2NPs and, to a higher extent, 
CeO2@mSiO2 remarkably reduced triglycerides (TG) and LDL-
cholesterol (Fig. 2d and Table S2), which are well-known main 
risk factors for cardiovascular diseases. Spectrophotometric 
assays showed that serum levels of TG and LDL-cholesterol 
were reduced by 23% and 32%, respectively, when treated 
with CeO2NPs, whereas they were further reduced to 38% and 
42% when treated with CeO2@mSiO2. This is consistent with 
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the known role of  in lipid metabolism36,38,39,41 and with 
previous results showing the ability of CeO2NPs to revert the 
proinflammatory phenotype and induce macrophage 
polarization from M1, which obtain energy through glycolysis, 
to M2, which uses oxidative metabolism.42 Remarkably, the 

 reduction and lipid-lowering effects were observed 5 
weeks after the administration of the treatment, showing a 
long-term activity compared with classical antioxidants.

CeO2@mSiO2 decreases circulating palmitic acid levels in obese 
Zucker rats. 

Hepatic redox imbalance has been identified as a causal 
determinant of metabolic traits such as hyperlipidemia 
associated with obesity and insulin resistance.43 As the 
antioxidant and anti-inflammatory properties of CeO2 based 
nanomaterials are well described,17-18,36,44-45 the next step of 
our analysis focused on their lipid-lowering effects. Serum 
fatty acids (FA) and lipidome were investigated in obese Zucker 
rats treated with CeO2NPs or CeO2@mSiO2. In agreement with 
the spectrophotometric results, the mass spectrometric 
analysis showed a significant reduction of total FA in serum 
that included saturated and unsaturated FA (Fig. 2d). Both 
nanomaterials significantly reduced C18:0, C18:1n9t, C20:3n6, 
C22:6n3 and C23:0. In addition, CeO2@mSiO2 also significantly 
reduced palmitic acid (C16:0) and other five FA (C14:1, C16:1, 
C18:1n9c, C18:2n6t and C18:3n3) (Fig. 3a and Table S2). In 
order to better understand the effects on circulating lipids, 
principal lipids components were isolated by solid phase 
extraction and derived FA were determined by GC-MS. The 
lipidomic analysis revealed that obese rats presented higher 
serum levels of TG, cholesterol esters (CE), 
phosphatidylcholines (PC), and phosphatidylethanolamines 
(PE) compared with lean rats (Fig. 3b). The effects of both 
nanomaterials were found to be related almost exclusively to a 
diminution of TG-derived FA levels, which were reduced 44% 
in rats treated with CeO2NPs and 51% in rats treated with 
CeO2@mSiO2. The analysis of the lipidome showed that both 
nanomaterials similarly reduced TG-derived unsaturated FA 
(53% reduction) (Fig. 3d), whereas the effect on the reduction 
of TG-derived saturated FA was greater in rats treated with 
CeO2@mSiO2 (49%) compared with rats treated with free 
CeO2NPs (32%) (Fig. 3c). This was due to a more significant 
effect of CeO2@mSiO2, reducing the content of palmitic acid in 
TG (53% vs. 39%). By contrast, similar effects of both 
nanomaterials were observed in the reduction of FA other 
than palmitic acid in TG that included a highly remarkable 
reduction (>70%) of the proinflammatory and proadipogenic 
omega-6 FAs linoleic acid (C18:2n6c) and arachidonic acid 
(C20:4n6).46-47 Other TG-derived FA such as C16:1, C18:0, 
C18:1n9c, C18:1n9t, C18:2n6t, and C18:3n3 were also reduced 
between 40 and 60% (Fig. 3c, d). On the contrary, the 
nanomaterials did not significantly reduce CE, PC, or non-
esterified fatty acids (NEFA) levels. Finally, whereas CeO2NPs 
produced a significant 64% decrease of total PE, this reduction 
account only for 23% in rats treated with CeO2@mSiO2 (Fig. 
3b). This was related to a significant difference in the 

reduction of the content of C20:4n6 in PE (81% vs. 33%). 
Collectively, these data demonstrate that CeO2 nanomaterials 
remarkably decreased TG-derived FAs in the serum of obese 
Zucker rats, and that the nanocomposite CeO2@mSiO2 

formulation induces a more significant reduction of the 
palmitic acid, the most abundant and cytotoxic 
proinflammatory saturated FA.

CeO2@mSiO2 improves liver and adipose tissue expression of 
genes related to metabolic and inflammatory signals in obese 
Zucker rats.

Given the redox activity and main hepatic distribution of CeO2 
nanomaterials, we next evaluated whether the reduction of 

 circulating levels and lipid-lowering effects were 
associated with an improvement of the hepatic gene 
expression of obese rats. For this, total RNA obtained from the 
liver of Zucker rats was analyzed using a customized array of 
88 genes involved in adipokine signaling, inflammatory 
response, apoptosis, carbohydrate and lipid metabolism, 
insulin signaling, and oxidative phosphorylation pathway. Fig. 
4a shows the overall up-regulation of the analyzed genes in 
obese Zucker rats. Specifically, 76% of the genes were up-
regulated (20% significantly), whereas only 24% were down-
regulated (3% significantly). A significant increase was 
observed in the expression levels of Slc2a4, Cd36, Elovl6, 
G6pd, Apoa1 as well as other genes involved in carbohydrate 
and lipid metabolism, adipokine signaling, and apoptosis 
(Table S3). Treatment with nanomaterials exerted a 
predominantly inhibitory effect against the obesity-induced 
up-regulation of hepatic gene expression (Fig. 4a), which was 
more remarkable in the group treated with CeO2@mSiO2. 
Specifically, CeO2NPs reduced the expression of 68% of the 
genes (8% significantly), while CeO2@mSiO2 reduced the 
expression of 92% of the genes (15% significantly) (Table S4 
and S5).

In agreement with the systemic reduction of  levels, this 
cytokine was also found to be down-regulated in the liver of 
obese treated rats. Further evidence of the protective hepatic 
effect of CeO2 nanomaterials was provided by the 
normalization of the expression of Mtor and Akt1, where 
multiple inflammatory and metabolic signals converge, and 
Pik3ca, which encodes for the catalytic subunit of 
phosphatidylinositol 3-kinase and is an essential downstream 
target of TNF receptor 2. This agrees with the overall inhibition 
of gene expression related to insulin signaling and lipid 
metabolism and transport and strongly suggested the 
inhibition of the PI3K/AKT/mTOR pathway in the liver, which is 
involved in the activation of de novo lipogenesis and 
gluconeogenesis and tumorigenesis. Significantly, a reduced 
phosphorylation of proteins involved in the PI3K/mTOR 
pathway has been previously observed in hepatic cells under 
oxidative stress treated with CeO2NPs,48 and the efficacy of 
CeO2NPs in experimental hepatocellular carcinoma has been 
recently demonstrated.49 In the same direction, both 
nanomaterials also down-regulated STAT-3, a factor involved 
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in tumor development in obesity and MAFLD linked to 
oxidative and inflammatory environments even in the absence 
of NASH or fibrosis.50-51 Furthermore, expression of Slc2a4 
(encoding the insulin-regulated glucose transporter) and 
Abcg1 (involved in lipid homeostasis) was down-regulated in 
obese rats by both nanomaterials. Additional effects were 
observed by CeO2@mSiO2 treatment in comparison with free 
CeO2NPs, including the significant down-regulation of 8 
additional essential genes in oxidative phosphorylation 
(Ndufb6), lipid transport and metabolism (Apoa1, Lpl, Abca1), 
insulin signaling (Insr, Pik3r1), apoptosis (Mapk1) and 
carbohydrate metabolism (Gsk3b). Finally, it is also 
noteworthy that the expression of 12 genes related to 
carbohydrate metabolism (Gsk3b, Rbp4), insulin signaling (Igf1, 
Igfbp1), and lipid metabolism and transport (Acsl5, Acsm3, 
Cyp2e1, Foxa2, Hmgcr, Nr1h3, Nr1h4, Slc27a5) was 
significantly reduced in obese rats treated with CeO2@mSiO2 
compared with those treated with free CeO2NPs (Table S6). 
These results show a large protective effect of CeO2@mSiO2 
against hepatic dysregulations associated with obesity and are 
consistent with their increased ROS-scavenging properties and 
their more significant reduction of  and palmitic acid.

Conversely to the previous observation of steatosis reduction 
by CeO2NPs treatment in Wistar rats fed with methionine and 
choline-deficient (MCD) diet,52 assessment of liver steatosis in 
obese Zucker rats by histological staining with Oil red O and 
GC-MS lipidomic analysis did not show differences before or 
after treatment (Fig. S4 and Table S7). Given that MCD diet is 
characterized by weight loss in contrast to the increased 
adipose tissue of obese Zucker rats, the effects of CeO2 
nanomaterials at the adipose tissue level were also studied. 
Total RNA obtained from the adipose tissue of Zucker rats was 
analyzed using an array of 88 essential genes involved in 
obesity. As expected, obese Zucker rats presented an overall 
up-regulation (Fig. 4b and Table S8). Specifically, 82% of the 
genes were up-regulated in obesity (14% significantly), 
whereas only 18% were down-regulated (5% significantly).

Further, the treatment with CeO2 nanomaterials reversed 
most of the dysregulations induced by obesity in the adipose 
tissue (Fig. 4b). Similar to the results observed in the liver, the 
CeO2@mSiO2 composites showed higher effects. Specifically, 
the expression of 76% of the up-regulated genes was reduced 
by CeO2NPs (3% significantly) and 88% by CeO2@mSiO2 (6% 
significantly). Tables S9 and S10 show the genes significantly 
down-regulated by CeO2NPs and CeO2@mSiO2, respectively, 
and Table S11 summarizes significant gene expression results 
comparing their effects. Both nanomaterials significantly 
down-regulated adipose tissue expression of Nr3c1 
(glucocorticoid receptor), which promotes adiposity and 
associated metabolic disorders in fat-fed mice.53 This down-
regulation was also observed in Ppargc1 (master regulator of 
mitochondrial biogenesis highly sensitive to ROS),54 and C3 
(important participant in lipid metabolism that contributes to 
the metabolic syndrome and the low-grade inflammation 
associated with obesity).55 Remarkably, when using the 

CeO2@mSiO2 composites, additional beneficial effects were 
observed, including the normalization of several genes 
involved in energy expenditure and metabolic rates (e.g. Agrp, 
Atrn, Adra2b, Drd1). 

The specific molecular mechanisms that link the accumulation 
of CeO2 nanomaterials in the liver with their protective effects 
in serum and adipose tissue needs to be further clarified. 
However, our results point as one crucial factor the significant 
effects found on the reduction of the hepatic M1 
proinflammatory cytokine  and the down-regulation of 
PI3K/mTOR/AKT pathway, which play a major role in the 
regulation of systemic inflammation, metabolism, and lipid 
homeostasis.56 This is also consistent with the observed broad 
beneficial regulation of gene expression in the adipose tissue, 
which may further reduce hyperlipidemia and systemic 
inflammation in a sort of positive feedback. Scheme 1 shows a 
summary of the therapeutic effects of CeO2 nanomaterials and 
the proposed mechanisms. Altogether, these data indicate 
that hepatic protective effects of nanomaterials also induce an 
improvement of the adipose tissue and systemic metabolic 
dysregulations associated with obesity and that these 
beneficial effects are enhanced with the use of the 
CeO2@mSiO2 nanocomposite formulation.

Experimental
Synthesis of CeO2@mSiO2 nanocomposites and CeO2NPs. 
CeO2@mSiO2 nanocomposites of 53.8±8.7 nm were 
synthesized by wet-chemistry methods, at room temperature 
and open atmospheric conditions. Equal volumes of aqueous 
solutions of cerium (III) nitrate hexahydrate (Ce(NO3)3; 20 mM) 
and ammonium hydroxide (NH4OH; 54 mM) were mixed at a 
final concentration of 10 mM and 27 mM respectively, and a 
final volume of 7 mL. This mixture was kept under overnight 
stirring to allow the formation of the CeO2NPs cores. Next, 3 
mL of a solution consisting on 10 mg/mL of 
cetyltrimethylammonium bromide (CTAB) in a EtOH:H2O (2:1 
v/v ratio) was added dropwise under sonication to have a 
proper NP cores dispersion during the CTAB overcoating 
process. This was maintained under stirring for 30 minutes, 
and 60 µL of Tetraethyl Orthosilicate (TEOS) was added 
dropwise. Afterward, the solution was kept under stirring 
overnight to allow the mesoporous SiO2 shell formation. 
Finally, the obtained core-shell NPs were centrifuged and 
resuspended three times with a solution of ammonium nitrate 
in ethanol (20 g/L) for the CTAB removal. The particles were 
washed and kept in EtOH for further use. In addition, CeO2NPs 
of 5 nm without the mesoporous coating were prepared 
similarly by mixing the aqueous solutions of Ce(NO3)3 and 
NH4OH at the conditions described above. Additional 
characterization of the nanomaterials and instrumentation 
used can be found in Supporting Information and Fig. S1-S2.

Cell culture. HepG2 cells were obtained from American Type 
Culture Collection (ATCC, Manassas, VA, USA). This 
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immortalized human hepatocyte stable cell line can be 
repeatedly frozen, thawed and propagated. HepG2 cells were 
seeded into 6-well culture plates for internalization 
assessment, 96-well culture plates for cell bioavailability 
analysis or 24-well culture plates for ROS measurements. After 
seeding, cells were grown to confluence in Dulbecco’s 
Modified Eagle Medium (DMEM), supplemented with 10% 
foetal bovine serum (FBS), 50 U/mL penicillin and 50  
streptomycin, in a humidified atmosphere of 5% CO2 at 37ºC. 
Thereafter, the cells were switched to serum-free DMEM for 
16 h. For cell stimulation and treatment, old medium was 
removed and replaced with medium, medium containing 1.5 
mM H2O2 (Sigma-Aldrich, St. Louis, MO, USA) or medium 
containing 1.5 mM H2O2 and CeO2NPs or CeO2@mSiO2 (1 or 10 
µg/mL). 

TEM images of biological samples. Internalization of 
nanomaterials in HepG2 cells was assessed using TEM. HepG2 
cells were seeded (1.5x106 cells/well) in 6-well plates and 
incubated with medium, medium with CeO2NPs (10 µg/mL) 
and medium with CeO2@mSiO2 (10 µg/mL) for 24 h. 
Thereafter, cells were fixed in a 0.1 M phosphate buffer 
containing 2.5% glutaraldehyde and 2% paraformaldehyde. 
Cells were embedded in Spur’s resin and thin sections (50–55 
nm) were cut and placed on copper grids. After staining, the 
sections were examined at low electron power microscope to 
increase contrast in a JEOL-1010 TEM (JEOL, Tokyo, Japan) 
operated at 80 kV and equipped with a BioScan camera 
(Gatan, CA, USA).

Cell viability analysis. Cell viability was assessed using the MTS 
technique (CellTiter 96; Promega, Madison, WI, USA) according 
to the manufacturer’s instructions. In brief, cells were seeded 
(1x105 cells/well) in 96-well plates and treated with medium, 
H2O2 (1.5 mM) or H2O2 and CeO2NPs (1 µg/mL) or CeO2@mSiO2 
(1 µg/mL) for 90 min at 37ºC. Then, cells were washed twice 
with Hank’s Balanced Salt Solution (HBSS) and CellTiter reagent 
was added to each well. After incubation for 3 h at 37ºC to 
allow cells to bioreduce MTS, the absorbance of formazan was 
measured at 490 nm (SpectraMax 340, Molecular Devices, 
Sunnyvale, CA). The quantity of formazan is directly 
proportional to the number of living cells in culture.

Reactive Oxygen Species measurement. Fluorescence 
spectrophotometry was used to measure ROS, with 2’,7’-
DCFDA as the probe (Sigma-Aldrich, St. Louis, MO, USA). DCF-
DA readily diffuses through the membrane and is 
enzymatically hydrolysed by intracellular esterases to the 
nonfluorescent DCFH, which can then be rapidly oxidized to 
fluorescent DCF in the presence of ROS. Cells were seeded in 
24-well plates and incubated alone with medium or treated 
with H2O2 (1.5 mM) or H2O2 in the presence of CeO2NPs (1 
µg/mL) or CeO2@mSiO2 (1 µg/mL) for 90 min. Thereafter cells 
were washed with HBSS and incubated with 10  DCF-DA in 
Hanks Balanced Salt Solution for 40 min at 37 ºC in the dark. 
The supernatant was collected to measure the production of 
ROS, and the intensity of DCF fluorescence was immediately 

read in a fluorescence spectrophotometer (FLUOstar OPTIMA; 
BMG LABTECH, Ortenberg, Germany) at 485 nm for excitation 
and at 520 nm for emission. 

Animals and experimental design. Studies were performed in 40 
male Zucker rats (Charles-River, Saint Aubin les Elseuf, France). 
Six-week-old Zucker rats were fed ad libitum with standard 
chow (Purina 5008) and water. On week 8 and 9, Zucker rats 
were anesthetized by isoflurane inhalation and i.v. injected 
(500 µl) with CeO2NPs (0.1 mg/kg), CeO2@mSiO2 (0.1 mg/kg) 
or vehicle (saline solution containing TMAOH 0.48 mM), twice 
a week. Four groups of 10 rats were studied: lean Zucker rats 
treated with vehicle, obese Zucker rats treated with vehicle, 
obese Zucker rats treated with CeO2NPs and obese Zucker rats 
treated with CeO2@mSiO2. Weigh was recorded throughout 
the experimental study. Animals were euthanized by 
isoflurane overdose on week 14. Liver and adipose tissue 
specimens were obtained from each animal, immediately 
frozen in dry ice, and stored at -80 ºC. Liver was also fixed in 10 
% buffered formalin for further analysis. A blood sample was 
also obtained to measure standard liver and renal function 
tests in baseline conditions. All animal procedures were 
approved by the Investigation and Ethics Committee of Animal 
Experimentation of the University of Barcelona 
(HCB/2018/0644).

Organ distribution of cerium in CeO2NPs or CeO2@mSiO2 treated 
obese Zucker rats. Eight obese Zucker rats treated with 
CeO2NPs (n=4) and CeO2@mSiO2 (n=4) were studied. Liver, 
spleen, heart, kidney, lung, retroperitoneal adipose tissue and 
gastrocnemius muscle were collected from 14-week-old obese 
Zucker rats that were treated with CeO2NPs or CeO2@mSiO2 at 
week 8th and 9th as described in the experimental protocol. 
Samples were diluted with an aqueous solution of HNO3 2% 
w/w (Trace Metal Basis; Sigma-Aldrich) and analyzed for 
cerium concentration by inductively coupled plasma mass 
spectrometry (ICP-MS, Agilent 7500; Agilent Technologies, 
California, USA). The quantification was done by interpolation 
in a standard curve obtained from a commercial 1000 ppm 
cerium standard (Sigma-Aldrich).

Histological examination of liver steatosis. Liver sections from 
tissue fixed in 10 % buffered formalin were stained with 
haematoxylin-eosin (H&E) and images were acquired at 100x 
magnification with a microscope (Eclipse E600; Nikon, Tokyo, 
Japan) and digital camera (RT-Slider Spot; Diagnostic 
Instruments, Sterling Heights, MI, USA) to assess liver 
steatosis. Hepatic lipid droplet quantification by Oil Red was 
performed in frozen liver samples that were embedded in 
Tissue-Tek® OCT compound (Sakura Finetek, Alphen aan den 
Rijn, The Netherlands) and cut to a thickness of 3-5  in a 
cryostat (Cryostat CM 1950; Leica Biosystems). Cryostat frozen 
sections were stained with Oil Red O (ORO) solution (Sigma 
Aldrich) for analysis of intracytoplasmic lipid droplets in the 
liver. Images of ORO staining at 200x magnification were 
obtained using Eclipse E600 microscope (Nikon, Tokyo, Japan) 
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and digital camera (RT-Slider Spot; Diagnostic Instruments, 
Sterling Heights, MI, USA). 

Systemic effects of CeO2NPs and CeO2@mSiO2 in Zucker rats. 
Standard parameters of liver and renal function, electrolytes 
and lipid profile were measured in the BS-200E Chemistry 
Analyzer (Mindray Medical International Ltd, Shenzhen, 
China): albumin, alanine transaminase, aspartate 
transaminase, HDL-cholesterol, LDL-cholesterol, creatinine, 
glucose, potassium, sodium, total cholesterol, total proteins 
and triglycerides. Circulating levels of inflammatory cytokines, 
such as MCP-1,  and  as well as insulin and leptin 
hormones, were analysed using the Milliplex MAP Rat 
Adipokine Magnetic Bead Panel (Merck Millipore, 
Darmstadt, Germany). HOMA-IR calculated by applying the 
following formula: glucose (mmol/L) x insulin (mIU/L) / 22.5.

Serum and hepatic lipid profiling by mass spectrometry analysis. 
Liver tissue (30-40 mg) or serum (100 µl) were homogenized in 
chloroform:methanol (2:1, v/v, Scharlab, Barcelona, Spain and 
PanReact AppliChem, Darmstadt, Germany, respectively) 
containing 0.005% butylated hydroxytoluene (Sigma Aldrich, 
Saint Louis, USA) and separated with water following the Folch 
method. Methyl nonadecanoate was used as internal standard 
(Sigma-Aldrich). After evaporation of the organic phase, the 
residue was dissolved in methanol: hexane (4:1, v/v) and 
transesterified (fatty acids methyl esters, FAME) with acetyl 
chloride. Finally, the organic layer, subsequent to separation 
with potassium carbonate at 6%, was analysed by gas 
chromatography – mass spectrometry (GC–MS) leading to 
quantification of total fatty acids. GC–MS analyses of FAME 
were performed on a Shimadzu GCMS QP2010 Ultra 
instrument (Kyoto, Japan). Final extracts were injected in 
splitless mode (valve opened at 1 min) into the gas 
chromatograph interfaced with a mass selective detector. 
Chromatographic separation was achieved on a Sapines-5MS+ 
capillary column (30 m × 0.25 mm internal diameter × 0.25  
film thickness) from Teknokroma (Barcelona, Spain) with 
helium as a carrier gas at a constant velocity of 50 cm/s. The 
temperature program was set to begin at 50 °C, maintained at 
this temperature for 1 min, elevated at 25 °C  to 200 °C, 
then increased at 3 °C  until 230 °C and finally 
maintained for 18 min at 230 °C. The ion source and transfer 
line temperatures were set at 270 °C and 280 °C, respectively. 
The mass detector was operated both in selected ion 
monitoring (SIM) and scan modes. Identification and 
quantification of the FAME in the sample extracts was 
achieved by mass spectrum and GC retention time comparison 
with reference standards (Supelco 37 Component FAME Mix, 
Sigma-Aldrich). Total fatty acids results are expressed as pmol 
of FA/mg liver tissue and nmol/mL of serum.
Lipid species content was obtained from liver tissue (50 mg) 
and serum (500 µl) samples that underwent Folch extraction 
(chloroform: methanol: water, 8:4:3, v/v) as mentioned above. 
Glyceryl trinonadecanoate (TG 19:0/19:0/19:0, Sigma Aldrich, 
Madrid, Spain), cholesteryl heptadecanoate (CE 17:0), 1,2-
dinonadecanoyl-sn-glycero-3-phosphocholine (PC 19:0/19:0), 

1,2-dipentadecanoyl-sn-glycero-3-phosphoethanolamine (PE 
15:0/15:0) and nonadecanoate (C19:0) were used as internal 
standards. Separation of triglycerides (TG), cholesterol esters 
(CE), phosphatidylcholines (PC), phosphatidylethanolamines 
(PE) and non-esterified fatty acids (NEFA) from total lipid liver 
extracts dissolved in chloroform was performed by solid-phase 
extraction (SPE) using aminopropyl silica columns, as 
previously described.49 First, the CE and TG fractions were 
eluted with chloroform. Thereafter, PC were eluted with 
chloroform: methanol (3:2, v/v), PE were eluted with methanol 
and finally NEFA were eluted with chloroform: methanol: 
acetic acid (100:2:2, v/v). In order to isolate CE and TG, the 
first fraction was evaporated under nitrogen stream, dissolved 
in hexane (Merck Millipore, Darmstadt, Germany) and 
transferred to a fresh preconditioned aminopropyl silica 
column preconditioned with hexane. Then CE were eluted with 
hexane, and TG were eluted with hexane: chloroform: 
ethylacetate (100:5:5, v/v). All solvent fractions containing 
isolated lipids were dried under nitrogen stream and 
transesterified into FAME with 0.5 M sodium hydroxide 
(NaOH) and boron trifluoride (Sigma Aldrich, Saint Louis, USA, 
B1252) in methanol. Final extracts were analysed by GC–MS 
under the conditions described above. Lipid species results are 
expressed as pmol of FA/mg liver tissue and nmol/mL of 
serum.
For the study of oxysterols in the liver, Folch extraction was 
performed as described, using as internal standards 
cholesterol-d7 and  (Sigma-Aldrich - 
Merck KGaA, Darmstadt, Alemania). The residue was dissolved 
in 50  pyridine and 50  N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% 
trimethylchlorosilane (TMCS) (BSTFA/TMCS), followed by a 
microwave-assisted derivatization during 3 minutes, and 
injection into the GC–MS. GC–MS analyses were performed on 
a Shimadzu GCMS QP2010Ultra instrument. The final extract 
was injected in split-less mode with a sampling time of 1 min 
into the gas chromatograph interfaced with a mass selective 
detector. The GC was equipped with a Sapines-5MS+ capillary 
column (30 m length x 0.25 mm inner diameter x 0.25 µm film 
thickness; Teknokroma, Sant Cugat del Vallés, Spain). Helium 
was used as a carrier gas at a constant velocity of 50 cm/s. 
Oven temperature was held at 100 ºC for 3 min, elevated from 
100 ºC to 240 ºC at a rate of 20 °C  then linearly 
increased until 300 ºC at 30 °C  and finally temperature 
was maintained for 18 min at 300 ºC. The ion source and 
interface temperatures were set to 250 ºC and 280 ºC, 
respectively. Mass detector was operated both in SIM and 
SCAN modes. Identification of oxysterols was achieved in 
comparison with known standards of cholesterol, 
hydroxycholesterol,  cholesterol 
epoxide and 1,2-dipalmitoyl-sn-glycerol (Sigma-Aldrich). 
Results are expressed as µg of oxysterols/g liver or ratio with 
the internal standard.

Hepatic messenger expression of inflammatory and steatosis 
genes in obese Zucker rats. Gene expression was evaluated on 
liver tissue from 16 Zucker rats, four from each experimental 
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group. Total RNA was extracted from the liver of lean and 
obese Zucker rats using a RNA extraction column kit (RNAeasy, 
Qiagen) and its quality (ratios 260/280 ~2 and 260/230 >1) and 
concentration was assessed by spectrophotometry (ND-100 
spectrophotometer, Thermo Fisher Scientific). RNA samples 
were treated with RNase-Free DNAse set (Qiagen) to remove 
residual DNA. Total RNA (500 ng) was reverse-transcribed into 
cDNA using an RT2 first-strand kit (Qiagen). Finally, real-time 
PCR array was performed using the RT2 Modified PCR Array 
Rat Fatty Liver (Qiagen) according to the manufacturer’s 
instructions. This array was partially modified by the 
manufacturer with the addition of four genes of interest 
(Elovl5, Elovl6, Hsd17b13 and Nox4). The modified fatty liver 
array profiles the expression of 88 key genes involved in the 
mechanisms of metabolic associated fatty liver disease 
(MAFLD) and hepatic insulin resistance, belonging to different 
pathways such as adipokine signalling, inflammatory response 
and apoptosis, carbohydrate metabolism, insulin signalling, 
lipid metabolic pathways and oxidative phosphorylation: 
Abca1, Abcg1, Acaca, Acadl, Acly, Acox1, Acsl5, Acsm3, 
Adipor1, Adipor2, Akt1, Apoa1, Apob, Apoc3, Apoe, Atp5c1, 
Casp3, Cd36, Cebpb, Cnbp, Cpt1a, Cpt2, Cyp2e1, Cyp7a1, 
Dgat2, Elovl5, Elovl6, Fabp1, Fabp3, Fabp5, Fas, Fasn, Foxa2, 
G6pc, G6pd, Gck, Gk, Gsk3b, Hmgcr, Hnf4a, Hsd17b13, Ifng, 
Igf1, Igfbp1, Il10, Il1b, Il6, Insr, Irs1, Ldlr, Lepr, Lpl, Mapk1, 
Mapk8, Mlxipl, Mtor, Ndufb6, Nfkb1, Nox4, Nr1h2, Nr1h3, 
Nr1h4, Pck2, Pdk4, Pik3ca, Pik3r1, Pklr, Ppa1, Ppara, Ppard, 
Pparg, Ppargc1a, Prkaa1, Ptpn1, Rbp4, Rxra, Scd1, Serpine1, 
Slc27a5, Slc2a1, Slc2a2, Slc2a4, Socs3, Srebf1, Srebf2, Stat3, 
Tnf, Xbp1. A Light Cycler 480 (Roche Diagnostics) was used to 
process the PCR array plates, applying an automated baseline 
and threshold cycle detection. Gene expression was 
normalized by the internal controls (Actb, B2m, Hprt1, Ldha, 
Rplp1) and fold-change of the target gene between test and 
control samples was calculated, as defined in the formula 2-

 Data was elucidated using GeneGlobe Data Analysis 
Centre of Qiagen. Results were expressed as fold-regulation, 
which represents fold-change results in a biologically 
meaningful way. Fold-regulation is equal to the fold-change 
when fold-change values are greater than one, illustrating an 
up-regulation. On the other hand, fold-regulation is the 
negative inverse of the fold-change when fold-change values 
are less than one, indicating a down-regulation of the gene 
expression. Biological cut-off was set to a fold regulation of ± 
1.

Histological examination of adipose tissue. Frozen adipose 
samples were embedded in Tissue-Tek® OCT compound 
(Sakura Finetek, Alphen aan den Rijn, The Netherlands) and cut 
in a cryostat (Cryostat CM 1950; Leica Biosystems). Cryostat 
frozen sections of adipose tissue (5 - 8  were stained with 
Harris hematoxylin (Panreac, Castellar del Vallès, Spain) and 
eosin (Casa Alvarez, Madrid, Spain). Tissue sections were 
examined by microscopy using Eclipse E600 microscope 
(Nikon, Tokyo, Japan) and digital camera (RT-Slider Spot; 
Diagnostic Instruments, Sterling Heights, MI, USA). Images 
were acquired at 100x magnification.

Adipose tissue messenger expression of orexigenic, anorectic and 
energy expenditure obesity-related genes in obese Zucker rats. 
Gene expression was evaluated on retroperitoneal adipose 
tissue from 16 Zucker rats, four from each experimental group. 
Total RNA was extracted using a RNA extraction kit (RNeasy 
Lipid Tissue, Qiagen), assessing their concentration and quality 
(ratios 260/280 and 260/230) by spectrophotometry 
(NanoDrop-1000 spectrophotometer, Thermo Fisher 
Scientific). RNA samples were treated with RNase-Free DNAse 
set (Qiagen) to remove residual DNA. Total RNA (450 ng) was 
reverse-transcribed into cDNA using an RT2 first-strand kit 
(Qiagen). Finally, real-time PCR array was performed using the 
RT2 Modified PCR Array Rat Obesity (Qiagen) according to the 
manufacturer’s instructions. This array was partially modified 
by the manufacturer with the addition of four genes of interest 
(Cd163, Cd68, Il10 and Nos2). The modified obesity array 
profiles the expression of 88 key genes related to orexigenic, 
anorectic and energy expenditure function: Adcyap1, 
Adcyap1r1, Adipoq, Adipor1, Adipor2, Adra2b, Adrb1, Agrp, 
Apoa4, Atrn, Bdnf, Brs3, C3, Calca, Calcr, Cartpt, Cck, Cckar, 
Cd163, Cd68, Clps, Cnr1, Cntf, Cntfr, Crh, Crhr1, Drd1, Drd2, 
Gal, Galr1, Gcg, Gcgr, Gh1, Ghr, Ghrl, Ghsr, Glp1r, Grp, Grpr, 
HcRt, Hcrtr1, Hrh1, Htr2c, Iapp, Il10, Il1a, Il1b, Il1r1, Il6, Il6r, 
Ins1, Ins2, Insr, Lep, Lepr, Mc3r, Mchr1, Nmb, Nmbr, Nmu, 
Nmur1, Nos2, Npy, Npy1r, Nr3c1, Ntrk1, Nts, Ntsr1, Oprk1, 
Oprm1, Pomc, Ppara, Pparg, Ppargc1a, Prlhr, Ptpn1, Pyy, 
Ramp3, Sigmar1, Sort1, Sst, Sstr1, Thrb, Tnf, Trh, Trhr, Ucn, 
Ucp1. A Light Cycler 480 (Roche Diagnostics) was used to 
process the PCR array plates, applying an automated baseline 
and threshold cycle detection. Gene expression was 
normalized by the internal controls (Actb, B2m, Hprt1, Ldha, 
Rplp1) and fold-change of the target gene between test and 
control samples was calculated, as defined in the formula 2-

 Data was elucidated using GeneGlobe Data Analysis 
Center of Qiagen. Results were expressed as fold-regulation, 
which represents fold-change results in a biologically 
meaningful way. Fold-regulation is equal to the fold-change 
when fold-change values are greater than one, illustrating an 
up-regulation. On the other hand, fold-regulation is the 
negative inverse of the fold-change when fold-change values 
are less than one, indicating a down-regulation of the gene 
expression. Biological cut-off was set to a fold regulation of ± 
1.

Statistical analysis. Quantitative data were analysed using 
GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, 
USA). Statistical analysis of the results was performed by one-
way analysis of variance (ANOVA) followed by the Newman-
Keuls post hoc test for comparison between multiple groups. 
Unpaired Student’s t-test was used for comparison between 
two independent groups. Data is expressed as mean ± 
standard error of the mean (SEM) and considered significant at 
a p value of 0.05 or less. The study was performed according to 
the criteria of the Investigation and Ethics Committee of the 
Hospital Clínic of Barcelona.
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Conclusions
In summary, we have shown that the optimization of the 
design and synthesis of mesoporous silica coated CeO2 
nanocomposites enable a high stability of the antioxidant CeO2 
nanozymes in the physiological media, maximize their ROS-
scavenging activity, and decrease their presence in organs 
other than liver, which improves their safety profile. In 
addition, the nanocomposites show a remarkable lipid-
lowering effect and a long-term improvement of the metabolic 
phenotype associated with obesity in obese Zucker rats. These 
results expand the currently proposed therapeutic applications 
of CeO2 nanozymes, in which models of severe inflammation 
are commonly employed, by addressing the long-term 
dysregulations associated with mild inflammation and by 
proving the effectiveness of the new CeO2 based 
nanocomposite in ameliorating the metabolic alterations 
associated with obesity, a pressing public health problem that 
entails a major societal and economic burden. Future work is 
required to investigate whether the described combined 
antioxidant and lipid-lowering activities can be applied to 
other types of proposed nanomaterials with known 
antioxidant properties (e.g. Fe3O4, MnO2, etc.) to further 
expand the possibilities of the promising field of nanozymes. In 
addition, the final fate and potential toxicity over years of 
CeO2 and other nanomaterials is still to be elucidated, which is 
recognized as part of the future work for their clinical 
translation, as we recently reviewed.17 The association 
between the reduction of inflammatory markers, circulating 
lipids and the regulation of the critical genes involved in this 
process has been also shown. Although determining the 
fundamental specific molecular mechanisms of this cascade of 
beneficial effects needs further research, the effects on 
hepatic M1 proinflammatory cytokine  and 
PI3K/mTOR/AKT pathway have been identified to play a main 
role. Finally, it is important to note that the synthesis method 
is entirely implemented in aqueous solution and at room 
temperature, which favors biocompatibility and scalability, and 
mesoporous silica is classified as “Generally Recognized as 
Safe” (GRAS) by the FDA, thus potentially enabling rapid 
clinical translation. Hence, this study offers a new therapeutic 
opportunity to treat obesity and its metabolic comorbidities, 
and may offer a foundation for future studies to address other 
disorders related to low-grade inflammation and oxidative 
stress.
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Fig. 1.  Characterization of the CeO2NPs and CeO2@mSiO2 nanocomposites, and their antioxidant activity and 
cellular protection. (a) Schematic illustration of the one-pot synthesis method developed to obtain the designed 
CeO2@mSiO2 nanocomposites. (b) Representative TEM images of CeO2NPs and CeO2@mSiO2 nanocomposites. Scale 
bars: 20 nm and 50 nm respectively. Additional TEM images and corresponding size distribution are in Figure S1. (c) 
High-angle annular dark-field (HAADF) images of the nanocomposite and the elemental mapping of Ce. (d) High 
Resolution TEM image analysis of the non-coated CeO2 cores (left) and mSiO2 coated (right), showing the 
maintenance of the crystalline structure of the CeO2 inside the shell. (e) Bright and dark-field TEM images of the 
nanocomposites uptaken by HepG2 cells. The crystallinity of the CeO2 makes them easy to distinguish from the 
amorphous cellular structures under dark-field. (f) Time evolution of the hydrodynamic diameter, DH, of both 
nanomaterials dispersed in cell culture media (DMEM+10%FBS), measured by DLS. (g) Effect of CeO2NPs and 
CeO2@mSiO2 on ROS production (right) and cell viability (left) of HepG2 cells treated with vehicle or H2O2. Data are 
presented as the mean±SEM of at least three independent experiments *p<0.01 vs. control, #p<0.01 vs. H2O2.



Fig. 2. CeO2@mSiO2 decrease non-hepatic biodistribution of Ce and reduce hyperlipidemia and  in obese 
Zucker rats. (a) Schematic illustration of the treatment of Zucker rats with the free CeO2NPsand the 
nanocomposites CeO2@mSiO2 and analyses performed. (b) Haematoxylin-eosin staining of representative liver 
sections from lean (1) and obese rats receiving vehicle (2) or treated with CeO2NPs (3) or CeO2@mSiO2 (4). (c) Top.
Biodistribution of Ce in tissues of obese Zucker rats receiving CeO2NPs or CeO2@mSiO2. Organs were collected 5 
weeks after the last NPs administration and were evaluated for Ce concentration using ICP-MS. Below.  Relation of 
Ce accumulation in spleen/liver and lung/liver using CeO2NPs or CeO2@mSiO2, and graph of body weight 
development. Results are given as means ± SEM. *p<0.05 vs. CeO2NPs (d) Serum levels of triglycerides, LDL-
cholesterol,  and total fatty acids in lean Zucker rats receiving vehicle and obese Zucker rats receiving vehicle 
or treated with CeO2NPs or CeO2@mSiO2. Results are given as means ± SEM. *p <0.05 compared with lean Zucker 
rats receiving vehicle; #p <0.05 compared with obese Zucker rats receiving vehicle.



Fig. 3. Effect of CeO2@mSiO2 on the serum total fatty acids and lipidome. (a) Serum levels of individual total fatty 
acids (C14:1, C16:0, C16:1, C18:0, C18:1n9c, C18:1n9t, C18:2n6t, C18:3n6, C18:3n3, C20:3n6, C22:6n3, C23:0). (b) 
Triglycerides (TG), cholesterol esters (CE), phosphatidylcholines (PC), phosphatidylethanolamines (PE), and non-
esterified fatty acids (NEFA) content of total fatty acids in the serum of lean Zucker rats receiving vehicle and obese 
Zucker rats receiving vehicle or treated with CeO2NPs or CeO2@mSiO2. (c) Serum levels of triglycerides derived 
saturated fatty acids (total saturated, C16:0 and C18:0). (d) Serum levels of triglycerides derived unsaturated fatty 
acids (total unsaturated, C16:1; C18:1n9c; C18:2n6t, C18:2n6c, C18:3n3, C20:4n6). Results are given as mean ± SEM. 
*p <0.05 compared with lean Zucker rats receiving vehicle; #p <0.05 compared with obese Zucker rats receiving 
vehicle.



Fig. 4. CeO2@mSiO2 ameliorate hepatic and adipose tissue gene expression dysregulations related to obesity in 
obese Zucker rats. (a) Hepatic fatty liver array profiled the expression of essential genes related to metabolic 
associated fatty liver disease and hepatic insulin resistance. (b) Adipose tissue array profiled the expression of 
essential genes related to orexigenic, anorectic, and energy expenditure function as well as macrophage infiltration. 
Heat maps (right) represents changes of gene expression by the color and intensity of the boxes (red shows up-
regulated genes, green down-regulated genes and black unchanged genes). All genes are represented in rows and 
each group of Zucker rats in columns (L: lean Zucker rats receiving vehicle; Ob: obese Zucker rats receiving vehicle; 
Ce: obese Zucker rats treated with CeO2NPs; Si: obese Zucker rats treated with CeO2@mSiO2). Volcano plots (left) 
identify significant genes expression changes by plotting the log2 of the fold changes in gene expression (x-axis) 
versus their statistical significance (y-axis). The center of the plot indicates unchanged gene expression, while genes 
with data points in the left (green) represents the down-regulated genes and in the right (red) the up-regulated 
genes. Biological cut-off was set to a fold regulation of ± 1. 



Scheme 1. CeO2NPs and CeO2@mSiO2 induce long-term improvement of the metabolic profile by addressing the 
low-grade chronic inflammation and oxidative stress associated with obesity. The superior stability, ROS 
scavenging activity and improved biodistribution of the CeO2@mSiO2 nanocomposites compared with free CeO2NPs 
allow a higher decrease of  and hepatic PI3K/mTOR/AKT pathway which are associated to a higher reduction 
of hyperlipidemia, including LDL-cholesterol, TG and palmitic acid, as well as other FA and TG-derived FA. 
Furthermore, CeO2@mSiO2 nanocomposites showed a larger protective effect against hepatic and adipose tissue 
dysregulations associated to obesity. In the liver, the activity of CeO2@mSiO2 nanocomposites reverses gene 
expression of obesity-related dysregulations and decreases key genes in adipokine signaling, inflammation and 
apoptosis, oxidative phosphorylation, lipid transport and metabolism, insulin signaling and carbohydrate 
metabolism. This, in the adipose tissue is reflected by an improvement of the obesogenic genes dysregulation, 
which generates a sort of positive feedback that further improve systemic effects. 
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Supporting Figures

Figure S1. TEM images, size distribution and BET analysis of the CeO2NPs cores and CeO2@mSiO2 nanocomposites.

Figure S1. (a-c) Additional TEM images of the CeO2NPs (a) and CeO2@mSiO2 at different magnifications (b, c). Images are also 
taken from different synthesis, and at different time points of storage, showing the reproducibility and stability of the process. 
(d-e) The CeO2NPs and CeO2@mSiO2 nanocomposites size of typical synthesis, calculated by image analysis based on 
transmission electron microscopy (TEM) images and counting more than 500 particles. f) CeO2@mSiO2 isotherms exhibiting the 
characteristic IV behavior of a well-developed mesoporous structure. The Brunauer–Emmett–Teller (BET) surface area was 
calculated as 905 m2/g and 1.4 cm3/g and a narrow pore size distribution of 4.0 nm was determined using the Barrett–Joiner–
Halenda (BJH) method. 
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Figure S2. Additional characterization: XRD, UV-VIS spectra and 

Figure S2. (a) XRD spectra of the CeO2NP cores (black line) and the CeO2@mSiO2 core-shell (red line) showing the maintainance 
of the crystalline structure of the CeO2 cores inside the shell. (b) UV-VIS spectra of the CeO2NP cores and the CeO2@mSiO2

core-shell, showing the successful coating of all CeO2NPs without inducing aggregation or degradation of the NPs. The spectra 
of the CeO2@mSiO2 was recorded without further dilution, while the spectra of the CeO2NPs was recorded taking into account 
the dilution factor of the CeO2 cores employed in the synthesis. A small blue shift and varying intensity can be observed in the 
spectra, attributed to the modification of the refractive index of the environment surrounding the CeO2 cores after mSiO2

encapsulation. Furthermore, for both nanomaterials, ICP-MS indicated a full conversion of Ce to CeO2NPs, hence the final CeO2

concentration was determined as 1.2 mg/mL (3.5x1015 CeO2NPs/mL) in the case of CeO2@mSiO2 and 1.72 mg/mL (3.5x1015

CeO2NPs/mL) in the case of CeO2NPs. The values of NP/mL are calculated taking the mean diameter of the CeO2 cores as 5 nm. 
c) -potential of the CeO2NP cores (black line, -35.5 mV) and CeO2@mSiO2 (red line, -24.9 mV) after synthesis. After incubation 
24 hours in cell culture medium (DMEM + 10%FBS) and purification, CeO2 cores -potential was -12.8 mV (grey line) and 
CeO2@mSiO2 was -16.3 mV (dark red line). Both nanomaterials reached similar values as the proteins in the cell culture medium 
(c.a. -10 mV) which is consistent with the formation of a stable (hard) protein corona.
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Figure S3. CeO2@mSiO2 and CeO2NPs cell internalization.

 

Figure S3. Bright and dark-field additional TEM images of (a) CeO2@mSiO2 and (b) CeO2NPs uptake by HepG2 cells. The 
crystallinity of the CeO2 makes them easy to distinguish from the amorphous cellular structures under dark-field.
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Supporting Tables. 

Table S1. Effects of CeO2NPs and CeO2@mSiO2 on body weight, liver-body weight ratio and serum biochemical 
parameters, lipid profile and adipokines in obese Zucker rats.

Data expressed as mean ± SEM. *p <0.05 compared with lean Zucker rats (Lean Vehicle). #p <0.05 compared with obese 
Zucker rats receiving vehicle (Obese Vehicle). One-way ANOVA with the Newman-Keuls post hoc test. HOMA-IR calculated 
by applying the following formula: glucose (mmol/L) x insulin (mIU/L) / 22.5.

Lean rats Obese rats
Vehicle
(n=10)

Vehicle
(n=10)

CeO2NPs
(n=10)

CeO2@mSiO2

(n=10)
Body and liver weight
Body weight (g) 344 ± 6 466 ± 14* 441 ± 13* 469 ± 16*
Liver weight (g) 14.7 ± 0.5 22.7 ± 1.1* 21.2 ± 1.0* 23.0 ± 1.4*
Liver-body weight ratio (%) 4.30 ± 0.13 4.88 ± 0.13 4.81 ± 0.16 4.91 ± 0.24
Glucose and insulin resistance
Glucose (mg/dL) 122.4 ± 5.3 114.9 ± 7.6 112.3 ± 6.5 118.4 ± 4.4
Insulin (pg/mL) 822 ± 108 2677 ± 252* 2740 ± 360* 2687 ± 181*
HOMA-IR 75 ± 13 223 ± 30* 219 ± 31* 213 ± 14*
Serum lipids
Triglycerides (mg/dL) 135.8 ± 9.4 462.8 ± 51.9* 358.2 ± 31.3*# 285.1 ± 31.2*#

Total cholesterol (mg/dL) 119.3 ± 3.4 244.6 ± 6.0* 236.2 ± 8.6* 235.7 ± 13.7*
LDL-cholesterol (mg/dL) 19.8 ± 0.7 30.3 ± 4.5* 20.5 ± 0.9# 17.6 ± 1.4#

HDL-cholesterol (mg/dL) 83.0 ± 3.3 175.0 ± 3.1* 170.5 ± 7.3* 174.2 ± 8.7*
Serum adipokines

 (pg/mL) 7.2 ± 0.7 52.1 ± 10.7* 47.0 ± 6.0* 52.2 ± 12.5*
MCP-1 (pg/mL) 328 ± 16 462 ± 33* 408 ± 22 396 ± 46

 (pg/mL) 1.59 ± 0.17 2.31 ± 0.32 1.81 ± 0.34 1.46 ± 0.25
Leptin (pg/mL) 2493 ± 267 7091 ± 446* 8358 ± 497* 7272 ± 659*
Renal and liver function
Creatinine (mg/dL) 0.35 ± 0.02 0.48 ± 0.02* 0.44 ± 0.01* 0.44 ± 0.03*
Sodium (mmol/L) 143.4 ± 0.5 145.9 ± 0.6* 144.2 ± 0.5# 143.6 ± 0.5#

Potassium (mmol/L) 4.6 ± 0.2 4.7 ± 0.1 4.9 ± 0.1 4.7 ± 0.2
AST (U/L) 67.8 ± 3.8 96.9 ± 8.1* 117.5 ± 10.1* 104.0 ± 7.7*
ALT (U/L) 64.8 ± 2.6 97.9 ± 6.9* 97.9 ± 9.0* 101.8 ± 5.8*
Total proteins (g/L) 63.1 ± 0.6 74.8 ± 0.7* 73.7 ± 0.8* 73.8 ± 1.1*
Albumin (g/L) 36.0 ± 0.4 40.9 ± 0.4* 40.3 ± 0.3* 40.7 ± 0.6*
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Table S2. Total fatty acid serum levels in lean Zucker rats receiving vehicle and obese Zucker rats receiving vehicle and 
treated with CeO2NPs and CeO2@mSiO2.

Mean ± SEM. *p<0.05 compared with control group (lean Zucker rats Vehicle); †p<0.05 compared with vehicle group (obese 
Zucker rats Vehicle). One-way ANOVA with the Newman-Keuls post hoc test.

Lean Zucker rats Obese Zucker rats
Fatty acids 
(nmol/mL)

Vehicle
 (n=10)

Vehicle
(n=10)

CeO2NPs
(n=10)

CeO2@mSiO2

(n=8)
C12:0 22.01 ± 8.36 34.75 ± 10.64 18.46 ± 3.31 27.99 ± 10.70
C14:0 100.7 ± 12.80 339.0 ± 31.06* 306.5 ± 25.55* 259.1 ± 30.95*
C14:1 6.31 ± 1.19 34.86 ± 3.73* 37.18 ± 3.88* 25.50 ± 2.95*†

C15:0 31.50 ± 1.56 38.61 ± 4.98 32.70 ± 2.77 27.78 ± 2.45
C16:0 2737 ± 133.6 6989 ± 441.1* 6176 ± 385.2* 5342 ± 311.9*†

C16:1 340.5 ± 35.35 1802 ± 143.0* 1651 ± 103.6* 1291 ± 104.8*†

C17:0 39.35 ± 3.36 60.97 ± 10.87 46.64 ± 4.90 42.32 ± 6.24
C18:0 1089 ± 57.39 3631 ± 258.1* 3075 ± 100.3*† 2989 ± 171.8*†

C18:1n9c 1035 ± 72.31 3251 ± 230.9* 2770 ± 212.8* 2279 ± 189.2*†

C18:1n9t 532.5 ± 33.16 1208 ± 128.1* 929.1 ± 68.33*† 827.8 ± 68.59*†

C18:2n6c 2663 ± 115.7 2970 ± 206.1 2807 ± 136.0 2409 ± 189.7
C18:2n6t 244.1 ± 16.50 684.6 ± 42.48* 582.5 ± 47.34* 483.1 ± 41.56*†

C18:3n6 31.27 ± 2.14 99.67 ± 8.86* 136.1 ± 18.78*† 84.52 ± 8.98*
C18:3n3 127.1 ± 8.23 284.5 ± 20.76* 243.7 ± 21.59* 199.4 ± 18.37*†

C20:0 13.60 ± 0.70 22.72 ± 1.79* 20.72 ± 1.71* 18.60 ± 1.26*
C20:1n9 51.94 ± 21.03 44.82 ± 4.93 56.13 ± 11.87 32.59 ± 4.91

C20:2 37.67 ± 3.16 54.98 ± 4.55 44.21 ± 6.17 40.87 ± 4.94
C20:3n6 76.26 ± 6.20 590.9 ± 44.43* 474.8 ± 31.61*† 446.6 ± 29.37*†

C20:4n6 3612 ± 173.1 7470 ± 252.2* 6602 ± 175.7* 6901 ± 525.3*
C20:5n3 59.44 ± 4.38 230.0 ± 21.58* 246.0 ± 29.27* 174.8 ± 19.06*

C21:0 3.48 ± 0.16 4.01 ± 0.32 3.64 ± 0.24 3.42 ± 0.20
C22:0 24.91 ± 0.96 47.78 ± 2.66* 41.66 ± 1.59* 43.87 ± 3.13*

C22:6n3 536.5 ± 36.95 1366 ± 63.65* 1091 ± 73.29*† 1071 ± 69.64*†

C23:0 19.36 ± 0.98 31.66 ± 2.06* 25.96 ± 1.01*† 26.62 ± 1.97*†

C24:0 56.12 ± 3.10 88.64 ± 6.06* 75.46 ± 3.21* 78.27 ± 5.58*
C24:1n9 63.46 ± 4.77 121.7 ± 7.63* 94.28 ± 6.74* 113.6 ± 13.54*

Unsaturated/Sat FA 2.279 ± 0.060 1.819 ± 0.056* 1.806 ±0.123* 1.858 ± 0.045*
n6/n3 9.315 ± 0.343 6.325 ± 0.183* 6.671 ± 0.380* 7.189 ± 0.329*

C18:0/C16:0 0.400 ± 0.017 0.522 ± 0.019* 0.499 ± 0.025* 0.564 ± 0.024*
C16:1/C16:0 0.122 ± 0.009 0.256 ± 0.008* 0.268 ±0.011* 0.240 ± 0.009*

C16:0/C18:2n6c 1.030 ± 0.031 2.378 ± 0.091* 2.198 ± 0.081* 2.253 ± 0.088*
C18:1n9c/C18:0 0.9591 ± 0.062 0.9043 ± 0.049 0.9127 ± 0.062 0.7711 ± 0.064

C18:3n3/C18:2n6c 0.047 ± 0.002 0.093 ± 0.003* 0.089 ± 0.003* 0.083 ± 0.003*†
C18:3n6/C18:2n6c 0.012 ± 0.001 0.035 ± 0.003* 0.044 ± 0.005* 0.035 ± 0.002*
C20:4n6/C20:3n6 49.08 ± 2.858 12.33 ± 0.715* 13.95 ± 0.704* 16.00 ± 1.775*
C20:4n6/C18:3n6 119.4 ± 8.354 78.56 ± 6.397* 49.11 ± 8.143*† 87.75 ± 9.962*
C20:4n6/C18:2n6c 1.376 ± 0.079 2.619 ± 0.181* 2.353 ± 0.098* 3.025 ± 0.379*
C20:5n3/C18:3n3 0.479 ± 0.038 0.802 ± 0.044* 0.868 ± 0.135* 0.906 ± 0.094*
C20:2n6/C18:2n6c 0.014 ± 0.001 0.018 ± 0.001 0.012 ± 0.002† 0.017 ± 0.001

Peroxidability Index (%) 167.4 ± 5.196 154.5 ± 5.392 151.9 ± 4.352 166.0 ± 7.244
Saturated FA 4137 ± 199.4 11251 ± 701.2* 9156 ± 732.1*† 8858 ± 495.9*†

Unsaturated FA 9364 ± 361.0 20206 ± 922.7* 15955 ± 1128*† 17082 ± 471.9*†

Total FA 13501 ± 536.4 31457 ± 1567* 25111 ± 1727*† 25244 ± 1270*†
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Table S3. Differentially expressed genes in the liver of obese Zucker rats treated with vehicle compared to lean vehicle 
group.

Genes Fold regulation P value

Up-regulated

Slc2a4 12.18 0.013

Cd36 8.42 0.035

Elovl6 6.14 0.000

G6pd 3.92 0.039

Apoa1 3.75 0.003

Pdk4 3.73 0.034

Fasn 3.47 0.017

Srebf1 3.40 0.046

Acly 2.74 0.037

Dgat2 2.68 0.005

Scd1 2.55 0.029

Pklr 2.38 0.013

Fas 2.36 0.040

Akt1 2.10 0.000

Mtor 2.10 0.000

Stat3 1.89 0.016

Pck2 1.74 0.048

Ndufb6 1.58 0.021

Down-regulated

Nox4 -26.89 0.000

Acsm3 -2.26 0.040

Gk -1.47 0.014

Fold regulation. Obese Zucker rats treated with vehicle compared with lean rats treated with vehicle (unpaired Student’s t-
test).
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Table S4. Differentially expressed genes in the liver of obese Zucker rats treated with CeO2NPs compared with obese 
vehicle group.

Fold regulation. Obese Zucker rats treated with CeO2NPs compared with obese rats treated with vehicle (unpaired 
Student’s t-test).

Table S5. Differentially expressed genes in the liver of obese Zucker rats treated with CeO2@mSiO2 compared to obese 
vehicle group.

Genes Fold regulation P value

Slc2a4 -6.84 0.021
Mtor -1.93 0.006

Apoa1 -1.70 0.032
Stat3 -1.70 0.030

Mapk1 -1.67 0.043
Abca1 -1.65 0.036
Akt1 -1.61 0.000

Abcg1 -1.60 0.048
Insr -1.56 0.005
Lpl -1.52 0.016

Ndufb6 -1.52 0.015
Pik3r1 -1.47 0.023
Gsk3b -1.36 0.033

Fold regulation. Obese Zucker rats treated with CeO2@mSiO2 compared with obese rats treated with vehicle (unpaired 
Student’s t-test).

Genes Fold regulation P value

Slc2a4 -5.84 0.028
Tnf -3.52 0.039

Abcg1 -1.94 0.032
Stat3 -1.80 0.021

Pik3ca -1.74 0.015
Akt1 -1.68 0.002
Mtor -1.56 0.033
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Table S6. Messenger expression of genes involved in adipokine signalling, carbohydrate metabolism, insulin signalling, 
lipid metabolism and transport, oxidative phosphorylation, inflammatory response and apoptosis in the liver of obese 
Zucker rats receiving vehicle and treated with CeO2NPs and CeO2@mSiO2. 

Genes Obese rats
Vehicle
(n=4)

Obese rats
CeO2NPs

(n=4)

Obese rats 
CeO2@mSiO2 (n=4)

Adipokine signaling, inflammation and apoptosis
Akt1 2.10* 1.25# 1.31*#

Fas 2.36* 1.65 1.44
Mapk1 1.34 -1.04 -1.25#

Mtor 2.10* 1.35# 1.09#

Nox4 -26.89* -27.61* -32.22*
Pik3ca 1.41 -1.24# -1.01
Stat3 1.89* 1.05# 1.11#

Tnf 2.22 -1.59# -1.23
Xbp1 -1.07 -1.21 -1.58*

Carbohydrate metabolism
Acly 2.74* 2.60* 2.69*

G6pd 3.92* 5.73* 4.65*
Gsk3b 1.58 1.32 1.16#†

Mlxipl -1.02 -1.13 -1.50*
Pck2 1.74* 1.26 1.00
Pdk4 3.73* 2.94 1.90*
Pklr 2.38* 1.74* 1.68*

Rbp4 1.09 1.19 -1.35†

Insulin signaling
Igf1 -1.40 -1.36 -1.94*†

Igfbp1 -1.87 -1.49* -2.39*†

Insr 1.24 1.02 -1.26#

Irs1 -1.09 -1.38 -1.61*
Pik3r1 1.30 1.43 -1.13#

Scl2a4 12.18* 2.09# 1.78#

Lipid metabolism and transport
Abca1 1.13 -1.27 -1.46*#

Abcg1 1.06 -1.83# -1.51#

Acaca 1.75 2.25* 1.87*
Acadl 1.46 1.44* 1.48*
Acsl5 2.21 3.12* 1.80*†

Acsm3 - 2.26* -1.42 -3.39*†

Apoa1 3.75* 3.17* 2.20*#

Cd36 8.42* 9.40* 7.31*
Cyp2e1 -1.42 -1.37 -2.07†

Dgat2 2.68* 2.36* 1.75*
Elovl5 1.60 1.47* 1.29
Elovl6 6.14* 4.68* 6.02*
Fabp5 2.71 3.18* 2.28
Fasn 3.47* 4.24* 2.95*

Foxa2 2.36 2.00* 1.21†

Gk -1.47* -1.82* -1.51*
Hmgcr -1.02 1.19 -1.34*†

Hsd17b13 1.35 1.38* 1.14
Lpl 1.73 1.34 1.14#

Nr1h3 1.65 1.16 -1.15†
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Nr1h4 1.16 1.24 -1.31*†

Ppa1 1.19 1.41* 1.16
Scd1 2.55* 2.68* 2.98*

Slc27a5 1.03 1.12 -1.47†

Srebf1 3.40* 2.25 1.93
Oxidative phosphorylation

Atp5c1 1.24 1.71* 1.06
Ndufb6 1.58* 1.22 1.04#

Fold regulation compared with control group (lean Zucker rats). *p <0.05 compared with control; #p <0.05 compared with 
obese Zucker rats treated with vehicle. †p <0.05 compared with obese Zucker rats treated with CeO2NPs. Biological cut-off 
was set to a fold regulation of ± 1 (unpaired Student’s t-test).
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Table S7. Total fatty acid hepatic levels in lean Zucker rats receiving vehicle and obese Zucker rats receiving vehicle or 
treated with CeO2NPs or CeO2@mSiO2.

Mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared with control group (Lean Zucker rats Vehicle); 
†p<0.05, ††p<0.01 compared with vehicle group (Obese Zucker rats Vehicle). One-way ANOVA with the Newman-Keuls post 
hoc test.

Lean Zucker rats Obese Zucker rats

Fatty acids 

(pmol/mg liver)

Vehicle

 (n=10)

Vehicle

(n=10)

CeO2NPs

(n=10)

CeO2@mSiO2

(n=8)

C12:0 40.80 ± 3.586 229.7 ± 30.02* 250.0 ± 34.31* 222.9 ± 18.01*
C14:0 645.9 ± 22.66 6803 ± 1019* 7195 ± 1199* 7099 ± 973*
C14:1 54.10 ± 5.034 930.0 ± 150.3* 1092 ± 223.2* 1016 ± 158.8*
C15:0 193.5 ± 13.76 374.8 ± 42.33* 304.8 ± 22.25* 380.2 ± 32.92*
C16:0 27977 ± 436.0 151405 ± 25810* 150768 ± 23230* 149321 ± 19049*
C16:1 2565 ± 148.5 34454 ± 5376* 34684 ± 5647* 34764 ± 4578*
C17:0 389.2 ± 32.09 496.5 ± 53.97 389.8 ± 19.55 489.0 ± 21.69
C17:1 99.40 ± 5.883 586.9 ± 95.29* 422.6 ± 33.33* 559.3 ± 64.14*
C18:0 16143 ± 397.9 24863 ± 1123* 23883 ± 1023* 25461 ± 878.9*

C18:1n9c 5147 ± 237.4 65128 ± 12262* 56446 ± 8658* 59950 ± 8104*
C18:1n9t 5077 ± 255.1 15275 ± 2226* 13371 ± 1548* 12217 ± 1207*
C18:2n6c 13861 ± 579.2 14918 ± 1118 16729 ± 1683 16681 ± 1605
C18:2n6t 1342 ± 63.79 15703 ± 3066* 13448 ± 2071* 14380 ± 2012*
C18:3n6 178.0 ± 10.53 608.9 ± 59.04* 769.5 ± 122.5* 781.2 ± 129.4*
C18:3n3 597.4 ± 26.77 5968 ± 1145* 5172 ± 792.9* 5442 ± 747.1*

C20:0 75.20 ± 3.392 92.67 ± 5.231* 96.70 ± 7.364* 94.11 ± 3.011*
C20:1n9 112.5 ± 4.949 252.2 ± 25.95* 244.6 ± 27.68* 264.9 ± 24.31*

C20:2 366.0 ± 25.35 214.4 ± 7.941* 224.1 ± 7.078* 230.0 ± 11.84*
C20:3n6 899.0 ± 97.24 2035 ± 93.43* 2346 ± 127.1* 2429 ± 201.3*
C20:4n6 19738 ± 962.2 18293 ± 909.4 18064 ± 681.6 19338 ± 547.4
C20:5n3 245.6 ± 40.71 555.2 ± 37.51* 687.1 ± 69.45* 675.0 ± 75.61*

C21:0 8.300 ± 0.2603 8.100 ± 0.4583 8.300 ± 0.6333 8.300 ± 0.3350
C22:0 137.1 ± 7.182 151.1 ± 6.894 141.1 ± 3.433 151.6 ± 7.022

C22:6n3 6343 ± 219.5 5969 ± 283.6 5713 ± 321.8 6198 ± 322.2
C23:0 110.0 ± 4.323 91.56 ± 3.481* 84.44 ± 1.864* 97.60 ± 6.797
C24:0 334.1 ± 19.74 292.8 ± 8.593 300.2 ± 8.701 327.5 ± 16.85

C24:1n9 194.2 ± 12.66 203.6 ± 10.93 177.0 ± 6.962 199.3 ± 10.71
Total FA 129956 ± 2479 387684 ± 50942* 373128 ± 46184* 381830 ± 37490*

Saturated FA 46250 ± 673.9 184770 ± 27941* 183402 ± 25243* 183571 ± 20431*
Unsaturated FA 82408 ± 2274 202914 ± 23131* 189726 ± 21283* 198259 ± 17297*
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Table S8. Differentially expressed genes in the adipose tissue of obese Zucker rats treated with vehicle compared to lean 
vehicle group. 

Genes Fold regulation P value

Up-regulated

Il6 9.49 0.019

Ramp3 9.08 0.006

Cnr1 8.31 0.000

Gcgr 6.69 0.004

Drd1 5.77 0.028

Nmur1 3.49 0.026

Tnf 3.45 0.004

Cd68 3.35 0.026

Lep 2.78 0.001

Ins2 2.37 0.013

Il1b 2.22 0.014

Il1r1 1.61 0.042

Down-regulated

Calca -1.66 0.027

Adipor2 -1.56 0.024

Pparg -1.52 0.007

Thrb -1.43 0.037

Fold regulation. Obese Zucker rats treated with vehicle compared with lean rats treated with vehicle (unpaired Student’s t-
test).
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Table S9. Differentially expressed genes in the adipose tissue of obese Zucker rats treated with CeO2NPs compared with 
obese vehicle group.

Fold regulation. Obese Zucker rats treated with CeO2NPs compared with obese rats treated with vehicle (unpaired 
Student’s t-test).

Table S10. Differentially expressed genes in the adipose tissue of obese Zucker rats treated with CeO2@mSiO2 compared 
to obese vehicle group.

Genes Fold regulation P value

Drd1 -3.72 0.044
Agrp -2.27 0.023
Ins2 -2.26 0.025

Adra2b -1.80 0.030
Nr3c1 -1.50 0.015

Fold regulation. Obese Zucker rats treated with CeO2@mSiO2 compared with obese rats treated with vehicle (unpaired 
Student’s t-test).

Genes Fold regulation P value

Ins2 -2.25 0.012
Htr2c -1.90 0.028
Nr3c1 -1.33 0.044
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Table S11. Adipose tissue messenger expression of obesity-related genes in obese Zucker rats.

Fold regulation compared with control group (lean Zucker rats). *p <0.05 compared with control; #p <0.05 compared with 
obese Zucker rats treated with vehicle. †p <0.05 compared with obese Zucker rats treated with CeO2NPs. Biological cut-off 
was set to a fold regulation of ± 1. 

Genes Obese rats

Vehicle

(n=4)

Obese rats

CeO2NPs

(n=4)

Obese rats

CeO2@mSiO2

(n=4)

Energy expenditure
Adipoq -1.59 -1.25 -2.13*
Adipor2 -1.56* -1.19 -1.86

C3 5.45 1.39 -1.23
Pparg -1.52* -1.51* -1.49*

Ppargc1a 1.36 -2.12 -2.48*
Thrb -1.43* -1.67* -1.79*

Macrophage infiltation and characterization
Cd68 3.35* 2.42 2.81*
Il10 1.21 1.67* 1.43

Nos2 1.30 1.29* 1.45*
Orexigenic

Adra2b -1.04 -1.12 -1.86*#

Agrp 1.80 1.65 -1.26#†

Cnr1 8.31* 4.73 6.92*
Galr1 3.38 4.33* 3.03*
Npy1r -1.56 -1.59* -1.91*
Nr3c1 1.12 -1.19*# -1.35*#

Anorectic
Atrn 1.48 1.59* -1.07†

Calca -1.66* -1.83 -2.61*
Calcr -1.01 -1.13 -1.57†

Cck 11.53 11.63* 19.95*
Drd1 5.77* 3.68* 1.55#†

Gcgr 6.69* 4.35 5.34*
Hrh1 1.19 -1.25 1.06†

Htr2c 3.24* 1.71# 4.66*†

Il1b 2.22* 1.48 2.06*
Il1r1 1.61* 1.43 1.63*
Il6 9.49* 8.94* 11.88*

Ins2 2.37* 1.05# 1.05#

Insr -1.32 -1.43* -1.77*
Lep 2.78* 2.37* 2.22*

Nmb -1.47 -1.25 -2.08*
Nmu 3.18 1.99* 1.58

Nmur1 3.49* 1.78 2.95*
Ramp3 9.08* 6.26* 8.37*

Tnf 3.45* 2.99* 3.26*
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Supporting Methods.

Nanomaterials Characterization.

 TEM images were acquired with a JEOL 1010 Electron Microscope operating at an accelerating voltage of 80 kV. Samples 
for TEM were prepared by drop casting on carbon coated cooper TEM grids (Ted-pella, Inc). The grids were left to dry at 
room temperature. Observations were made on different parts of the grid and with different magnifications and more than 
500 particles were computer-analysed and measured for the size distribution.

HRTEM, HAADF-STEM and elemental mapping by EDX were acquired with a JEOL JEM-2100. Samples were centrifuged and 
dispersed in water previous to their deposition (10  on an ultrathin formvar-coated 200-mesh copper grid (Ted-pella, 
Inc.)

Nitrogen sorption isotherms were measured with a ASAP2010 analyser (Micromeritcs, USA). Before measurements, the 
samples were dried in a vacuum oven at room temperature for 24 h, and outgassed in the instrument at 60 °C for 24 h. The 
specific surface areas were calculated by the Brunauer-Emmett-Teller (BET) method in a linear relative pressure range 
between 0.05 and 0.25. The pore size distributions were derived from the desorption branches of the isotherms by the 
NLDFT method kernel file developed for silica exhibiting a cylindrical pore geometry. The total pore volumes were derived 
by the nitrogen sorption amount at the relative pressure values where the capillary condensation of the primary mesopores 
finished, in order to exclude the contribution from the textual porosity of the nanoparticles.

UV-visible spectrophotometry. UV-visible spectra were acquired with a Shimadzu UV-2400 Spectrophotometer. One mL of 
the NP solution was placed in a cuvette, and spectral analysis was performed in the 190 nm to 800 nm range.

 and DLS measurements were made with a Malvern ZetaSizer Nano ZS Instrument operating with a light source 
wavelength of 532 nm and a fixed scattering angle of 173° for DLS measure. The software was arranged with the specific 
parameters of refractive index and absorption coefficient of the material and the viscosity of the solvent according the 
manufacturer instructions. 
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