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Abstract: Nanoparticles (NPs) have unique physicochemical properties that are useful for a broad
range of biomedical and industrial applications; nevertheless, increasing concern exists about their
biosafety. This review aims to focus on the implications of nanoparticles in cellular metabolism and
their outcomes. In particular, some NPs have the ability to modify glucose and lipid metabolism, and
this feature is especially interesting to treat diabetes and obesity and to target cancer cells. However,
the lack of specificity to reach target cells and the toxicological evaluation of nontargeted cells can
potentially induce detrimental side effects, closely related to inflammation and oxidative stress.
Therefore, identifying the metabolic alterations caused by NPs, independent of their application,
is highly needed. To our knowledge, this increase would lead to the improvement and safer use
with a reduced toxicity, increasing the number of available NPs for diagnosis and treatment of
human diseases.

Keywords: nanoparticle; metabolism; lipid; carbohydrate; diabetes; obesity; cancer; oxidative
stress; inflammation

1. Introduction
1.1. Nanomaterial Definition and Types of Classifications Regarding Their Composition

Studies on nanostructured materials (NSMs) are research areas due to their application
in many domains [1]. NSMs are materials with sizes that range from 1 to 1000 nm, at
least one dimension; nonetheless, they used to be classified in a range from 1 to 100 nm.
Nanoparticles (NPs) are nano-objects with three external nanoscale dimensions, which
have shown great potential in biological and biomedical applications because of their
distinct physical and chemical properties [2]. However, their biosafety is raising concerns
worldwide and must be evaluated comprehensively before their clinical applications [2,3].

NSMs can be classified according to their origin, dimensionality, morphology, compo-
sition, uniformity, and agglomeration (Table 1) [1,4,5]. We can divide NSMs according to
different features that are highly relevant and can be determining for the toxicity of these
compounds:

- Based on their origin, NSMs can be natural or synthetic (anthropogenic nanomateri-
als) [4–10].

- Although the first classification of nanostructured materials (NSMs) was postulated
according to their chemical composition and the dimensionality (shape) [11], the cre-
ation of novel nanostructures made it necessary to reformulate this classification [12]
considering the electron movement along the dimensions [1,13].
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- Morphology is defined by flatness, sphericity, and aspect ratio [1,4]. The main phenom-
ena of NSMs occur at the surface, meaning that the total surface should be considered
in terms of toxicology [14]. The aspect ratio determines the internalization rate of a
particle, and as the aspect ratio increases, toxicity increases as well [15]. Nanoparticles
defined as having a high aspect ratio include nanotubes and nanowires, varying in
shape and length. Meanwhile, nanoparticles defined as having a small aspect ratio
include spheres, ovals, cubes, prisms, helixes, and pillars [4].

- NSMs can be constituted by a single material or a mixture of various materials [4].
Most current NSMs are divided into four categories according to their material com-
position: carbon-based nanomaterials [8,9,16], inorganic-based nanomaterials (metal
and metal oxide), organic-based nanomaterials [17], and composite-based nanomateri-
als [7,18].

- NSMs can exist as dispersed or agglomerated aerosols, and the surface properties
primarily determine the agglomeration state and uniformity of the particles closely
related to their activity and toxicity [4,19,20].

All these aspects could be crucial for NSM interaction with cells, including all the
changes produced in their metabolism, which we will study in this review and will be
included in Table 1.

Table 1. Nanostructured material classification and description of the categories.

Features Categories Description

Natural
Erosion and dust storms, volcanic activity, forest fires, and from biogenic
sources, e.g. shed skin and hair and o bioreductively formed deposits of

elements in certain bacteria.

Pollutant: Simple combustion, food cooking, industrial manufacturing,
combustion (in vehicle and airplane engines and for power generation).

Origin
[4–10]

Synthetic
Intentionally produced: pesticides and fertilizers, cosmetic and personal care

products, tires, clothing, water-repellent products, food additives and
treatment and diagnosis in medicine.

0D Quantum dots, nanoparticles arrays, core-shell nanoparticles, hollow cubes
and nanospheres.

1D Nanowires, nanorods, nanotubes, nanobelts, nanoribbons, and
hierarchical nanostructures.

2D Junctions, branched structures, nanoprisms, nanoplates, nanosheets, nanowalls
and nanodisks.

Dimensionality
(Electron movement)

[1,11–13]

3D Nanoballs(dendritic structures), nanocoils, nanocones, nanopillers
and nanoflowers.

Implications: Internalization rate of a particle and toxicity.

High-aspect ratio: nanotubes and nanowires.
Morphology

[1,4,14,15]

Flatness,
sphericity and

aspect ratio Low-aspect ratio: spherical, oval, cubic, prism, helical or pillar morphologies.

Carbon-based nanomaterials.

Inorganic-based nanomaterials(metal and metal oxide).

Organic-based nanomaterials

Composition
(Single material or composite)

[4,7–9,16–18]

Material-based
categories

Composite-based nanomaterials.

The surface properties primarily determine the agglomeration state and
uniformity of the particles and therefore their effective size, especially under

physiological conditions.Agglomeration
state/Uniformity

[4,19,20]

Disperses or
agglomerated Implications: cellular uptake, in vivo biodistribution, effective area of metal

release and generation of reactive oxygen species generation(ROS),shape into a
fractal and toxicity.



J. Funct. Biomater. 2023, 14, 274 3 of 18

1.2. Nanomaterials and Their Classification Regarding Their Applications in Medicine

NPs are very diverse and have been used in many medical applications, including
diagnosis, treatment, and both at the same time (theragnosis).

1.2.1. NPs as Drug Delivery Systems

NPs have been used in the clinic setting as drug delivery systems since the early
1990s [21]. Among the NP formulations designed and tested in recent years, we find gold
nanoparticles [22], ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles [23],
nanotubes [24], and nanoparticles encapsulated in liposomes [25], polymers, and mi-
celles [26,27].

Regarding their size, it has been accepted that the optimal size for drug delivery
systems ranges between 10 and 100 nm [28]. Particles with a size lower than 5 nm are
quickly eliminated from the bloodstream through extravasation or renal clearance; as the
particle size increases to more than 150 nm, nanoparticles are preferably accumulated in
the liver, spleen, and bone marrow [29,30].

Particle shape is equally important to size to determine NP endocytosis [30–33]. The
improvement of NP pharmacodynamics can be achieved by modifying their surfaces
with biocompatible polymers and proteins, which result in improved colloidal stability,
sustained blood circulation, and decreased toxicity [10,34]. For example, the tendency of the
nanoparticles to be accumulated in the “reticuloendothelial system” (RES) is a consequence
of the adsorption of specific proteins on the surface of the nanoparticles [29,35,36]. The
most common modification to reduce uptake by the RES and extend circulation lifetime is
by PEGylation (PEG refers to PolyEthylene Glycol) [37,38]. Recently, other modifications,
such as lactose, have been tested to avoid immune responses to PEG, clearance on repeat
injection, and anaphylactic reactions. The results show even reduced levels of inflammatory
cytokines, thereby extending circulation half-life and enhancing delivery to tumors and
other organs [39]. Changing the NP surface for their optimal internalization could be
performed by modifying the external charge, and for that purpose, chitosan has been
widely used [40,41].

Additionally, in order to target cells and their microenvironment with high specificity
and affinity and to increase the concentration of drugs in selected target tissues and lessen
systemic secondary and toxic effects, NPs are conjugated with ligands. Among these
ligands, antibodies, aptamers, or small molecules are the most common [29,30,35,42,43].
Functionalized NPs could also be candidates to substitute viral vectors in the transfection
of different cell lines [44]; among the most recent successful examples related to viruses
are two mRNA-based coronavirus infectious disease (COVID-19) vaccines delivered by
PEGylated lipid nanoparticles exist [38].

1.2.2. NPs as Diagnosis Systems

Currently, most clinically approved NPs have therapeutic aims, despite their potential
application in diagnosis. Up to now, just one nanoparticle has been approved for diagnosis,
iron oxide nanoparticles [23]. The translation of nanoparticles from research to their
use in clinical diagnosis is the consequence of several limiting factors. The features that
make NPs good candidates for drug delivery are the same that complicate their use in
diagnosis. While therapeutic NPs should have pharmacological activity, diagnostic NPs
should not induce any physiological alteration, and they should be cleared after their
detection [28]. Nevertheless, they have some features that make them promising candidates
for diagnosis, such as remarkable optical, electronic, and magnetic features, depending on
their composition. In addition, a broad range of receptors can be bonded to NPs, achieving
affinities and selectivities, which allow them to target specific analytes. The combination of
these features can be employed to perform the transduction of the binding events [45].
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2. Effect of NPs on Cell Metabolism and Toxicity

Nanoparticles (NPs) can interact with biomolecules because of their large surface-to-
mass ratio; this feature is useful for a broad range of biomedical applications; however,
there is increasing concern about their biosafety [36,46]. Cells are constituted by water,
inorganic ions, and organic molecules. Remarkably, the unique cellular constituents are the
organic molecules. Organic compounds are divided into four classes of molecules: carbo-
hydrates, lipids, proteins, and nucleic acids. Therefore, the cellular chemistry is defined
by the structure and function of the basic classes of the organic molecules: carbohydrates,
lipids, nucleic acids, and proteins [47]. The biochemical process that metabolizes nutrients
and endogenous molecules to obtain energy and matter, as proteins, nucleic acids, and
lipids that support life is called cellular metabolism [48,49]. Here, we will analyze the
interactions of nanoparticles with carbohydrates and lipids, components involved in the
cell/organism metabolism.

2.1. Implications in Carbohydrate Metabolism

Carbohydrates are constituted by simple sugars and polysaccharides. Among simple
sugars, we find glucose, the primary nutrient of cells. Its metabolism results in a source
of cellular energy and the initial material for the anabolism of other cellular components.
Polysaccharides are involved in different processes, energy storage, structural components
of the cell, recognition processes, and transport of molecules [47].

In this work, changes in carbohydrate metabolism will be analyzed from the perspec-
tive of diabetes and cancer.

2.1.1. NP Reprogramming of Carbohydrate Metabolism in Cancer

Normal cells generate energy, adenosine 5′-triphosphate (ATP), through mitochondrial
oxidative phosphorylation. Cancer cells undergo faster metabolism and consume signifi-
cantly more glucose than normal cells, relying primarily on aerobic glycolysis; this phe-
nomenon is called “the Warburg effect” [50,51]. This difference in carbohydrate metabolism
to generate energy opens new opportunities to specifically target tumor cells while reducing
the side effects on normal cells.

Beneficial Effect of NP Direct Reprogramming of Carbohydrate Metabolism for
Cancer Treatment

A good example of NPs able to reprogram carbohydrate metabolism is silver nanopar-
ticles (AgNPs). Treatment with AgNPs coated with polyvinylpyrrolidone (PVP) under
sublethal concentrations, on a panel of human tumor cell lines with differential respiration
rate, including human cervix cancer cell line HeLa, human prostate cancer cell line PC3,
human hepatic carcinoma cell line HepG2, and human renal carcinoma cell line A498,
increased the concentration of pyruvate and lactate and decreased the production of ATP
in a dose-dependent manner (Figure 1) [52].

In the work, the authors described mechanisms by which PVP-AgNPs reprogram the
energy metabolism as AgNPs disrupt several metabolism-related genes. Among them,
they suppress peroxisome proliferator-activated receptor γ coactivator 1alpha (PGC-1a)
decreasing the Krebs cycle and lipid metabolism; downregulate pyruvate dehydrogenase
(PDH), inhibiting the metabolism of pyruvate to acetyl-coA and consequently reducing the
initial substrate of the Krebs cycle; and downregulate oxidative phosphorylation-related
genes, inhibiting the mitochondrial oxidative phosphorylation. These alterations compel
the cells to modify the energy metabolism, increasing glycolysis through the upregulation
of PFKFB3 (6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 3) to compensate the
reduction in ATP generation and cover the energy requirements for cell survival. The result
of these alterations is an increase in pyruvate and lactate concentrations and a decrease in
ATP production (Figure 1) [52].
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As we previously mentioned, particle shape and size can determine NP endocytosis
and, as consequence, their effect [30–33]. AgNPs from 20 to 45 nm with spherical and
plate-like shapes show similar alterations of the energetical metabolism of the cell, as the
decrease in ATP and increase in pyruvate and lactate levels reveal; however, smaller AgNPs
induce a stronger effect, probably due to their higher tendency to enter the cells [52].

Similarly, using PVP-AgNPs reveals size-dependent effects in HepG2 cells. PVP-
AgNPs measuring 5 nm (0.5–7.5 µg/mL) but not 100 nm reduce glucose consumption in
a dose-dependent manner. However, a tendency of an increasing PFKFB3 protein level
was detected in the HepG2 and Huh7 cell lines. On the other hand, in both cell lines,
PVP-AgNPs induced a downregulation of Nuclear factor erythroid 2-related factor 2 (Nrf2),
a regulator of the pentose phosphate pathway (PPP), a metabolic pathway parallel to
glycolysis (Figure 1) [53].

Beneficial Effect of Indirect Reprogramming of Carbohydrate Metabolism for Cancer
Treatment by Nanoparticle Alteration of Oxidative State

Metabolic reprogramming of tumor cells by ROS production has emerged as a new
therapeutic strategy, and many research groups are trying to exploit it to kill cancer cells.

It has been shown how glioma cells treated with selenium NPs (SeNPs) inhibit the glu-
cometabolic pathway in a ROS pathway-dependent manner, inducing apoptosis of cancer
cells. This effect is a consequence of the reduction in glucose uptake, lactate production,
and ATP levels, together with the downregulation of a series of critical glucose metabolism
enzymes (Henokinase-2 and Pyruvate Kinase L/R (PKLR)) (Figure 1) [54].

However, not only SeNPs are able to modify the cell metabolism in an ROS-dependent
manner. AgNPs are also capable to alter metabolic activity including carbohydrate metabolism,
because of the increased generation of reactive oxygen species (ROS) [55]. Nevertheless, the
implication of ROS in energy metabolism could be dependent on the size and concentration
of AgNPs and probably cell-line-dependent. In the study by Lee et al., treatment with 5 nm
AgNPs increased the ROS production, and, as a result, the lactate release decreased in the
HepG2 and Huh7 cell lines [56]. However, Chen et al. showed how 25 nm AgNPs induced
an increase in lactate production without implication of ROS production in HEK293T [52].

Additionally, to direct the effect on ROS production by NPs, a probable role of NPs
in cancer treatment is the possibility of acting as carriers of molecules, which modulates
oxidative state. Ever since the study by Jang et al. showed that resveratrol (RSV) can act
as an antioxidant and antimutagen compound and can restrain oncogenesis in animal
models [57], there have been many studies about these properties. An antitumor effect
has been related to several signaling pathways, including inhibiting cancer cell glucose
metabolism, by a reduction in reactive oxygen species (ROS)-mediated hypoxia inducible
factor-1a activation [58]. However, its application for in vivo cancer treatment is restricted,
due to its water insolubility and fast metabolism. Therefore, due to its lipophilicity, various
formulations, such as PEG-poly(ε-caprolactone) copolymer (PEG-PCL)-based NPs [59],
PEG-Polylactide-block (PEG-PLA) NPs [58,60], and lipid NPs, including solid lipid nanopar-
ticles (SLNs), liposomes, and nanostructured lipid carriers (NLCs) [61,62], have been tested
to improve their in vivo delivery and stability. Treatment of colon cancer cells with RSV-
loaded PEG-PLA polymeric NPs decrease survival, increasing apoptosis and reducing
glucose uptake, mediated by the reduction in the intracellular ROS concentration [58]
(Figure 1).

These studies have shown relevant results to use NPs as a cancer therapy, most of
them through the increase in ROS; however, the increase in ROS as a cancer therapy is
controversial because some ROS levels have been reported to promote cancer growth; addi-
tionally, cancer cells can counteract some levels of ROS by generating reduced glutathione
(GSH) [63]. Considering these facts, using the increase in ROS as a cancer therapy should
exceed the threshold that induces detrimental effects on the cells and cannot be countered
by antioxidant defenses. A study by Kong Ong et al. describes a nanosystem that can
make it possible. They describe the synthesis of an organically modified silica nanosystem
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(ORMOSIL@GOx) in two critical components, a bornate ester-protected quinone methide
silane ligand cocondensed with tetraethyl orthosilicate (TEOS) in a templated sol–gel
methodology and a postmodification with (3-aminopropyl)triethoxysilane-conjugated glu-
cose oxidase (APTES-GOx). It is broadly known that cancer cells show increased levels of
hydrogen peroxide, which make it possible to cleave the bornate ester-protected quinone
methide silane to release p-quinomethane (QM), which reacts with GSH to form a GSH-QM
adduct, depleting the level of GSH. To increase the level of hydrogen peroxide, the complex
includes a glucose oxidase (GOx), an enzyme able to catalyze intracellular glucose in cancer
cells to generate hydrogen peroxide. Additionally, for the generation of ROS from hydrogen
peroxide, this reaction also reduces the glucose levels and consequently starves cancer cells.
This suppression of antioxidants (GSH) and increase in ROS, increases the oxidative stress
level in cancer cells, surpassing the apoptosis threshold [64].

Undesired Effects on the Carbohydrate Metabolism in Cancer Studies due to NPs

One of the limitations of these NPs and nanosystems is the specific focus on certain
tumor cells and the lack of toxicological evaluation on nontumor cells. Side effects in
nontargeted cells or organs should be considered and studied, and specific features of
NPs should be exploited to reduce them. As we have previously explained, NPs can be
conjugated with targeting ligands to target cells and their microenvironment, with high
specificity and affinity [29,30,35,42].

An example of a promising antitumor NP therapy inducer of detrimental effects in
other organs is cobalt oxide (Co3O4). Co3O4 NPs have been postulated as new opportunities
for anticancer drug development against T-cell lymphoma and oral carcinoma, facilitating
the apoptosis of cancer cell (Jurkat and KB cells, respectively) [65]. However, the effect of
sublethal doses of Co3O4 NPs on the brain of mice treated via enteral for 30 days has been
evaluated showing also alterations of the pentose phosphate pathway (PPP). Co3O4 NPs
are retained in the brain promoting a remarkable increase in glucose, pyruvate, lactate, and
glycogen levels together with an upregulation of hexokinase, glucose 6 phosphatase, and
lactate dehydrogenase activity. However, a reduction in the activity of the glucose 6 phos-
phate dehydrogenase was detected in the brain showing signs of impairment of the pentose
phosphate metabolism. Hence, a reduction in glucose 6 phosphate dehydrogenase activity
in the brain relates to an impairment of the pentose phosphate pathway together with a
reduction in Nicotinamide Adenine Dinucleotide Phosphate Hydrogen (NADPH) and the
defenses against oxidative stress. Co3O4 NPs induce neural stress and disturbance in the
treated animals and increase brain carbohydrate metabolism to meet energy demand [66]
(Figure 1).

2.1.2. NP Reprogramming of Carbohydrate Metabolism in Diabetes
Beneficial Applications of NPs as Antidiabetic Drugs

As we have previously described, AgNPs are good candidates for anticancer therapy,
and they have been described as antidiabetic NPs. AgNPs induce a reduction in glycemia,
increase insulin levels and expression, increase glucokinase (GK) activity and expression,
and upregulate the insulin receptor-A (IRA) and glucose transporter-2 (GLUT-2) in diabetic
rats [67] (Figure 1).

Another promising material to treat diabetes is magnesium. Magnesium is one of the
four most abundant cations in living organisms, and it has important roles in reactions
catalyzed by more than 300 enzymes, including some related to glucose oxidation, glucose
transport, insulin release, and lipid metabolism. In addition, magnesium acts as a catalyzer
of the ATPase and adenylate cyclase enzymes. The administration of nanosized magnesium
oxide in diabetic mice decreased the concentration of glucose [68].

Additional promising NPs are zinc oxide (ZnO) NPs, which are broadly employed in
food additives. Doses of ZnO NPs lower than 10 mg/kg in rats and 8–14 mg/kg in mice,
administrated to type 1 and 2 diabetic animals trigger mighty antidiabetic activity (in rela-
tion to glucose and insulin levels and glucose tolerance) and antioxidant effects (mediated
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through enhanced superoxide dismutase (SOD) and catalase activities). Improved glucose
tolerance could be a result of several possible mechanisms: (1) a downregulation of the
intestinal alpha-glucosidase enzyme and consequently a decrease in glucose absorption,
(2) reduction in glycemia as a consequence of the increase in glucose uptake in the liver
and its subsequent storage (glycogenesis), and (3) improved glucose disposal [67,69–71]
(Figure 1).

In addition to NPs that by themselves can act as antidiabetic drugs, NPs can also be
used as carriers, loaded with antidiabetic compounds. Lipid nanoparticles have been tested
to deliver small interfering RNA (siRNA) of glucagon receptors in diabetic mouse models,
showing promising results in the improvement of glucose homeostasis [72]. Chitosan–whey
protein nanoparticles loaded with the tamarind trypsin inhibitor have been able to reduce
fasting glycemia without compromising insulinemia [73].

Undesired Effects of NPs Used in Food Industry on Carbohydrate Metabolism in Relation
to Glycemia and Insulin Resistance

Although NP treatments can be promising therapies as antidiabetic drugs, NPs used
in the food industry can induce an increase in glycemia and insulin resistance. Titanium
dioxide (TiO2) NP (E171) is a permitted additive for coloring foods, sweets, or candies
and is employed in pharmaceutical and personal care products [74]; however, their safety
should be reconsidered. The oral intake of 24 nm spherical and anatase TiO2 NPs (doses
based for children up to the age of 10 in the US) in rats could induce liver, kidney, and
heart damage as well as alterations in the white and red blood cell counts. TiO2 NPs in
combination with high doses of glucose (mimicking sugar intake among U.S. children and
adolescents) facilitate synergistic toxicological effects. The synergistic toxicity could be
due to the adsorption of glucose onto the surface of TiO2 NPs, resulting in an increased
cellular uptake of glucose [75]. The toxic effects of NPs can also be the consequence of ROS
alterations. TiO2 NPs induce endoplasmic reticulum stress (ER stress) and disturb the mono-
oxygenase system, increasing ROS levels [76]. Afterward, ROS activates inflammatory
cytokines and phosphokinases, resulting in the phosphorylation of the insulin receptor
substrate 1 and, consequently, insulin resistance, resulting in an increase in plasma glucose.
It is important to remark that TiO2 NPs increased glucose in plasma, and this was not
reverted after discontinuation of oral administration of TiO2 NPs. The persistently high
glucose concentration increased ROS levels, and ROS maintain the insulin resistance and
consequently high glycemia. However, intake of TiO2 NPs was not able to induce b-
cell apoptosis in the pancreas, denoting that the glycemia increase was due to insulin
resistance [77] (Figure 1).

TiO2 NPs are not the only metal oxide nanoparticles that can increase ROS levels and
affect the glucose homeostasis. Silicon dioxide (SiO2) NPs are another example of NPs
used in the food industry, although their use is in food packaging, flavor carriers, and
adsorbent or clarifying agents [78], and they have been widely applied as vehicles for drug
delivery [79]. Although SiO NPs have not been used as an ingredient of food products,
previous studies have shown the possibility of nanomaterial migration from packaging
or containers to foodstuff [78]. A recent study has described similar alterations on the
metabolism from SiO2 NPs, after 10 weeks of 100 mg/kg via oral administration in mice,
with a significant increase in blood glucose levels. The increase in glucose is a consequence
of the same mechanism as the increase by TiO2 NP- and SiO2 NP-induced insulin resistance
through ER stress and the generation of ROS [80,81] (Figure 1). The generation of ROS and
cellular damage in the vascular system has been shown by administrating low doses of
SiO2 NPs (7–35 mg/kg) [82].
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Figure 1. Effect of inorganic NPs in carbohydrate metabolism. Role of NPs in glycemia, glycolysis,
and Krebs cycle. Red lines are negative stimuli (decrease in metabolite or enzyme activity), and green
lines are positive stimuli (increase in metabolite or enzyme activity). Figure was partly generated
using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0
unported license [52–54,66–71,75,76,80–82].

Another example is zinc oxide (ZnO) NPs, which are also widely used in food additives.
In this case, the toxicity or beneficial effects seems to be related to the doses. Although
doses of ZnO NPs lower than 10 mg/kg in rats and 8–14 mg/kg in mice show beneficial
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effects in terms of glycemia, as we have previously described [67,69–71], doses of ZnO NPs
equal to or above 25 mg/kg induce ER stress and increased ROS and therefore elevate
plasma glucose in mice [83]. (Figure 1).

2.2. Implications in Lipid Metabolism

Lipids have three major roles: energy storage, cell membrane structure, and cell sig-
naling [47]. Triglycerides and cholesterol are the major lipids circulating in the blood.
Cholesterol guarantees the stability of cell membranes and the generation of indispensable
molecules, such as hormones and vitamin D. Triglycerides are necessary to maintain the
energy balance. With the aim of obtaining energy from lipids, triglycerides are metabolized
by hydrolysis, generating fatty acids and glycerol. Lipid metabolism is associated with
carbohydrate metabolism, as glycerol enters in glycolysis as Dihidroxiacetona-Posphate
(DHA-P), and the fatty acid metabolism (fatty acid oxidation or beta (β)-oxidation) pro-
duces the acetyl coenzyme A (Acetyl CoA), which enters the Krebs cycle and is employed
to produce ATP, as acetyl CoA derived from pyruvate. Additionally, products from glucose
(such as acetyl CoA) can be transformed into lipids. The energy obtained from triglyc-
erides duplicates the energy per unit mass than that obtained from carbohydrates and
proteins. As consequence, when glucose levels decrease, triglycerides are transformed in
acetyl CoA with the aim of generating ATP through aerobic respiration [84]. Additionally,
for modifications on carbohydrate metabolism, NPs can also induce lipid modifications
(Figure 2).

2.2.1. Therapeutic Use of NPs as Antiobesity Agents

Carbohydrate metabolism reprogramming can be used to attack cancer cells, and
lipid reprogramming can be a therapeutic approach against obesity. Therapies based
on nanotechnology have been studied as another option to defeat obesity, avoiding the
secondary side effects related to traditional therapies [85].

Desired Antiobesity NP Effect by Inflammation Modulation

Gold nanoparticles (AuNPs) are remarkable components for applications in biomedicine.
AuNPs have been broadly used for diagnostics, and their use as therapeutic NPs has been
increasing [86] thanks to their biocompatibility, low cytotoxicity, and cell regulatory effects,
including modulation of lipid metabolism [87–90]. It has been shown how 21 nm spherical
AuNPs intraperitoneally accumulate within the abdominal fat tissue and liver and cause a
significant reduction in fat and a downregulation of inflammatory signals (reduction in
tumor necrosis factor-α (TNFα) and interleukin-6 (IL-6) mRNA levels) without measurable
organ or cell toxicity in the liver and kidneys in healthy C57BL/6 male mice [87]. However,
this beneficial effect is not just restricted to healthy mice. AuNPs reduce hyperlipidemia and
improve glucose tolerance in mice fed a high-fat diet (HFD) [88] and in obese rodents [89,90].
After treatment with a high-fat diet with AuNPs, the body weight and retroperitoneal fat
mass of mice are reduced, plasma nonesterified fatty acid (NEFA) levels are reduced, high-
density lipoprotein cholesterol (HDL-C) levels are significantly elevated, and plasma lipid
metabolic markers are improved. Proinflammatory markers do not show any improvement
(reduction) in fat after AuNP treatment; however, they are reduced in the liver (TNFα
and toll-like receptor 4 (TLR-4)), and lipid metabolic markers are improved in fat [88].
Obese rats treated with 21 nm AuNPs ameliorate the lipid profile, atherogenic and coronary
indexes, liver markers, inflammatory markers, hormones, such as leptin, resistin, and
adiponectin, and restore the internal membrane, nuclei, and damaged cytoplasm [90]. The
underlying mechanism may be attributed to a reduction in proinflammatory cytokines in
fat and liver [88–90]. The impaired generation of proinflammatory molecules (so-called
“adipokines”) by adipose tissue has been related to the metabolic side effects of obesity [91];
therefore, AuNPs offer a new opportunity as a therapeutic agent for obesity by targeting
inflammation (Figure 2).
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Antiobesity NP Effect by Adipocyte Differentiation and Maturation Modulation

Hyaluronic acid nanoparticles (HA-NPs) have been also postulated as potential ther-
apeutic agents for obesity and related metabolic anomalies (Figure 2). CD44 is a mul-
tifunctional membrane receptor and the major cell surface HA receptor, meaning that
HA-based NPs are able to directionally attack cells that overexpress CD44 [92,93]. Latterly,
it has been shown that CD44 is overexpressed in adipose tissue by HFD and that the
effective targeting by HA-NPs of adipose tissues is mediated by the interaction between
HA-NPs and CD44. 3T3-L1 preadipocytes treated with HA-NPs result in a dose-dependent
suppression of adipocyte differentiation and a maturation decrease proliferator-activated
receptor gamma (PPARγ) expression, CCAAT/enhancer-binding protein alpha (C/EBPα),
fatty acid-binding protein 4 (FABP4), and adiponectin (AdipoQ) and also reduce the lipid
accumulation by downregulating fatty acid synthase (FAS) and stearoyl-CoA desaturase-1
(SCD1). Treatment of diet-induced obese mice with HA-NPs (150 mg/kg) daily for 30 days,
in addition to these previously named effects, reduces body weight and epididymal fat
mass [93].

2.2.2. Toxicity of NPs in Relation to Lipid Metabolism and Adipocyte Differentiation
Undesired Effects of Therapeutic NPs

NPs have been associated with the differentiation of mesenchymal stem cells (MSCs),
which can differentiate to several cell lineages under specific in vitro conditions: ectodermal,
mesodermal (such as adipocytes, osteocytes, and chondrocytes), and endodermal [94–96];
however, the disruption of MSC differentiation leads to multiple degenerative diseases [96].

As we have previously described, AuNPs offer a new opportunity as a potential drug
to treat obesity [87–90]; however, understanding the interplay between nanomaterials and
cells is necessary for managing these interactions for applications in biomedicine, prevent-
ing undesirable effects. AuNPs induce the differentiation of MSCs toward osteoblast cells
over adipocyte cells. AuNPs interact with the cell membrane and bind to cytoplasmic pro-
teins, inducing mechanical stress and the activation of p38 mitogen-activated protein kinase
pathway (MAPK) signaling pathway, inducing an improved osteogenic transcriptional
profile and a downregulated adipogenic transcriptional profile [97] (Figure 2).

Another example of NPs able to downregulate the adipogenic differentiation of mes-
enchymal stem cells is the carboxylated single-walled carbon nanotubes (SWCNTs) and the
carboxylated multiwalled carbon nanotubes (MWCNTs). They can interact with cell mem-
brane and cytoplasmic proteins and through a Smad-dependent bone morphogenetic pro-
tein (BMP) signaling pathway inhibiting adipogenic differentiation of MSCs [98] (Figure 2).

Adipogenesis is maintained during the whole life of adipose tissue, with continual
differentiation of preadipocytes, indispensable cells to preserve tissue functions during
aging, and the alteration of MSC differentiation by NPs could lead to deleterious effects on
adipose aging [99].

Undesired Effects of Diagnostic NPs

Beyond the use of NPs for therapy, NPs can be used as tools for medical imaging. In
this context, quantum dots (QDs), colloidal semiconductor NPs with exceptional lumines-
cence features, are very attractive. Nevertheless, some QDs can induce damage to the cells,
particularly if their surface is not fully protected or if they degrade within the biological en-
vironment. The toxicity and implication in lipid metabolism of poorly fluorescent cadmium
telluride (CdTe) NPs, without zinc sulfide (ZnS) capping but with cysteamine coating, as
well as highly fluorescent CdSe/ZnS NPs, capped with ZnS and coated with cysteamine on
the surface, were analyzed using a primary mouse hypothalamic culture of glial cells. An
analysis of lipids revealed the accumulation of lipids in cytoplasmic lipid droplets (LDs)
by de novo lipid synthesis, which was dependent on signaling via phosphatidylinositol
3-kinase (PI3K)/erine/threonine protein kinase (AKT) and trophic factors. The effect on
LD accumulation was dose-dependent and much higher with uncoated CdTe QDs. The
reduction in the oxidation of fatty acids induced by NPs can explain the formation of LDs,
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which happens simultaneously with an increase in LDs. It is worth stressing that alterations
in the intracellular lipid metabolism occur without jeopardizing cellular viability. However,
it is not an insignificant alteration. Excess levels of cytoplasmic LDs in nonadipose cells are
considered harmful and may be related to several human pathologies, such as fatty liver,
obesity, atherosclerosis, and type 2 diabetes, and may take part in the progression of insulin
resistance and lipotoxic tissue damage [100] (Figure 2).

Undesired Effects of NPs Used in Food and Personal Care Products

In addition to the use of NPs for therapy and diagnosis, NPs are also used, as we have
previously described, as additives. Titanium dioxide (TiO2) NP (E171) is an authorized
additive used in foods and pharmaceutical and personal care products [74]. It has been
described as an antimicrobial compound due to the bacterial killing by oxidative stress
because of the generation of reactive oxygen species [101,102]. This effect is not limited
to prokaryotes; in eukaryotic cells, it is able to induce oxidative stress and consequently
alter the lipid metabolism [103]. Daily ingestion of 29 nm of spherical and anatase crys-
tals titanium dioxide (TiO2) NPs for 90 days by Sprague–Dawley rats altered the lipid
metabolism in a dose-dependent manner and derived an oxidative stress induction. The
alterations of the lipid metabolism include a reduction in triglycerides in blood and signifi-
cant changes in the lipidomic signature in the serum, including a significant alteration of
the glycerophospholipid metabolism pathway. TiO2 NPs also induced the accumulation
of the lipid peroxidation product (MDA) and downregulated the antioxidant enzyme
SOD, indicating that the redox balance was disrupted [103]. Previous studies revealed the
accumulation of lipid intermediates, and low levels of triglycerides generated oxidative
stress, inflammation, and cell damage [104] that could produce a positive feedback and a
maintenance of lipid metabolism alterations (Figure 2).

AgNPs are well known for their interesting antimicrobial properties and are widely
used in different areas. However, there are growing concerns on the side effects for the
environment and human health. A study by Chen et al. explains how AgNPs coated with
polyvinylpyrrolidone under sublethal concentrations might incur an adaptive shunt of
the energy metabolism mode to glycolysis, accompanied by a significant decrease in the
lipid metabolism. AgNPs disrupt several metabolism-related genes, among them, PGC-1a,
suppressing fatty acid oxidation, inhibiting the metabolism of fatty acids to acetyl-coA,
and consequently reducing the initial substrate of the Krebs cycle. PGC-1a induces the
upregulation of genes related to gluconeogenesis and fatty acid oxidation, drives choles-
terol metabolism through the activation of LXRa (liver X receptor alpha), and improves
mitochondrial biogenesis and activation of Cyp7A1 (cholesterol 7alpha-hydroxylase) ex-
pression. An analysis of the targeted genes by PGC-1a reveals a significant decline in mRNA
levels on the genes involved in fatty acid oxidation in a dose-dependent manner, including
ACAA1 (acetyl-CoA acyltransferase 1), ACAA2 (acetyl-CoA acyltransferase 2), HADHA
(hydroxyacyl-CoA dehydrogenase), and ECH1 (enoyl-coenzyme A hydratase 1). There-
fore, AgNP-treated HepG2, HeLa, A498, PC3, and HEK293T cells compared to untreated
cells significantly decrease ATP production associated with an increase in intracellular
triglyceride and cholesterol accumulations in a dose-dependent manner. The lack of ATP
production could oblige the cells to reprogram energy metabolism, increasing glycolysis.
Different AgNP sizes (20 to 45 nm) and shapes (spherical and plate-like) have shown similar
alterations on the cellular energy metabolism, as manifested by triglyceride and cholesterol
accumulations; however, smaller AgNPs induced a stronger effect, probably due to being
more prone to enter cells [52] (Figure 2).
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Figure 2. Effect of NPs in lipid metabolism. Role of NPs in different tissues (brain, liver, fat, and
MSCs). Red lines are negative stimuli (decrease in metabolite or enzyme activity), and green lines are
positive stimuli (increase in metabolite or enzyme activity). (a) QDs activate the PI3K/Akt pathway,
blocking fatty acid oxidation, resulting in accumulation of lipid droplets in glial cells. (b) AuNPs
reduce fat and inflammation in liver and fat, tissue improving blood parameters. On the other
hand, AgNPs produce ROS and reduce SOD, leading to MDA accumulation and reduction in blood
triglycerides. (c) AuNPs, WCNTs, and HA-NPs by modulation of TAK, BMP, and PPAR pathways,
respectively, reduce the differentiation of MSCs to adipocytes. (d) In eukaryotic cells, AgNPs inhibit
PGC1a reducing the fatty acid oxidation and redirecting the energy production to glycolysis. Figure
was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative
Commons Attribution 3.0 unported license [52,87–90,92,93,97,98,100,103,104].



J. Funct. Biomater. 2023, 14, 274 13 of 18

3. Conclusions

NPs have unique intrinsic properties that make them useful tools for a wide range
of applications in biomedicine, including diagnosis, treatment, and theragnosis [2]. Addi-
tionally, recent progress has been made in the field of drug delivery systems, developing
nanocarriers capable to release their cargo in a site- and time-specific way, showing interest-
ing advantages for the novel treatments. These nanocarriers need to be sensitive to external
(light, ultrasound, and magnetic field) or internal (pH, redox, and enzyme) stimuli, for their
cargo release [105]. Therefore, even though NPs have been used in the clinical setting since
the early1990s, the tremendous potential for developing novel disease-specific treatments
with reduced side effects (due to their controlled release) has to be accompanied with
increasing concerns about their biosafety; this has reduced the number of NPs approved
for diagnosis to only one type, namely iron oxide NPs [2,3,21–27].

Focusing on cancer, tumor cells have special features; specifically, metabolic abnormal-
ities are a hallmark of cancer. One of the metabolic features of cancer cells is the increased
glucose uptake and consumption via aerobic glycolysis, which can be exploited to specifi-
cally target cancer cells. The use of NPs can be directly directed to reduce glucose uptake,
decreasing ATP generation. Additionally, to direct metabolic carbohydrate reprogramming,
NPs can induce the generation of ROS modifying the glucose metabolic pathways, indi-
rectly reducing the energy production. The alteration of lipid metabolism is another way to
target cancer cells; lipid metabolism produces metabolites implicated in glycolysis and the
Krebs cycle to produce ATP. Therefore, alteration of the lipid metabolism could indirectly
reduce the ATP production. NPs can disrupt lipid metabolism and consequently attack
cancer cells.

Nevertheless, more extensive studies are needed; many of these NPs were designed to
treat or diagnose diseases, especially cancer, or have been used as additives in food or the
self-care industry, but the possibility of undesirable secondary effects should be considered.
In vivo experiments would be necessary to test the “real” effect of the nanoparticles in
the whole organism avoiding missing relevant information about the biosecurity of the
tested NPs. A clear example of how NPs can disrupt several metabolic pathways is also
derived from the production of ROS. Several NPs have been related to ROS production,
which can increase glycemia, which can ultimately promote oncogenesis, tumor resistance,
and diabetes.

Initial studies used to focus on a selected target; nevertheless, more extensive studies
are needed to understand their role in the metabolism of other compounds, avoiding
missing relevant information about the biosecurity of the tested NPs.

The preclinical development of novel nanotechnology-formulated drugs is challenging,
mainly due to the need for a deep physicochemical characterization of the compounds for
higher safety and efficacy. With more information coming from those studies, the design
and development of other pharmaceutical products might be different.

Nevertheless, NP translation into the clinical setting is particularly complex, because of
(l) the biochemically sophistication of the strategies and (ll) the lack of worldwide-accepted
protocols to test the NPs before the initiation of a clinical trial. The continuous production
of new materials lacking in safety information, makes it difficult to harmonize procedures
or regulatory guides to perform preclinical tests [106,107]. Consequently, there is a need
for the development of accepted and specific guidelines including the identification of the
possible metabolic alterations of NPs (related to their size, composition, etc.) and their
interaction with the immune system, independent of their application.

Other factors to take into consideration for new, NP-based therapies in clinical tri-
als could be the inclusion of genomic heterogeneity, commensal diversity, sexual dimor-
phism, and biological aging on the studies, which have been largely ignored in traditional
nanomedicine experiments [108].

This would increase our knowledge, leading to safer use and reduced toxicity of NPs,
thereby increasing the number of available NPs for diagnosis, treatment, and theragnosis
of human diseases.



J. Funct. Biomater. 2023, 14, 274 14 of 18

Author Contributions: Conceptualization and writing—original draft and preparation, A.M.-P.; re-
view and editing, P.M.-D. All authors have read and agreed to the published version of the manuscript.

Funding: We gratefully acknowledge the financial support from the ERC Advance Grant CADENCE
(grant no. ERC-2016-ADG-762684). This research was partially supported by the Instituto de Salud
Carlos III (ISCIII) (PI19/01007 and DTS21/00130) and by the Fondo Europeo de Desarrollo Regional
(Feder) “Una manera de hacer Europa”. We also thank CIBER-BBN, an initiative funded by the
VI National R&D&i Plan 2008–2011 financed by the Instituto de Salud Carlos III (ISCIII) with the
assistance of the European Regional Development Fund.

Data Availability Statement: No new data were created.

Acknowledgments: The authors thank Jesús Santamaría for the support on this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jeevanandam, J.; Barhoum, A.; Chan, Y.S.; Dufresne, A.; Danquah, M.K. Review on nanoparticles and nanostructured materials:

History, sources, toxicity and regulations. Beilstein J. Nanotechnol. 2018, 9, 1050–1074. [CrossRef]
2. Chen, N.; Wang, H.; Huang, Q.; Li, J.; Yan, J.; He, D.; Fan, C.; Song, H. Long-Term Effects of Nanoparticles on Nutrition and

Metabolism. Small 2014, 10, 3603–3611. [CrossRef] [PubMed]
3. Li, J.; Chang, X.; Chen, X.; Gu, Z.; Zhao, F.; Chai, Z.; Zhao, Y. Toxicity of inorganic nanomaterials in biomedical imaging. Biotechnol.

Adv. 2014, 32, 727–743. Epub 2014 Jan 2. [CrossRef] [PubMed]
4. Buzea, C.; Pacheco, I.I.; Robbie, K. Nanomaterials and nanoparticles: Sources and toxicity. Biointerphases 2007, 2, MR17–MR172.

[CrossRef] [PubMed]
5. Buzea, C.; Pacheco, I. Nanomaterial and Nanoparticle: Origin and Activity. In Nanoscience and Plant-Soil Systems. Soil Biology;

Ghorbanpour, M., Manika, K., Varma, A., Eds.; Springer: Cham, Switzerland, 2017; Volume 48, p. 71.
6. Griffin, S.; Masood, M.I.; Nasim, M.J.; Sarfraz, M.; Ebokaiwe, A.P.; Schäfer, K.-H.; Keck, C.M.; Jacob, C. Natural Nanoparticles: A

Particular Matter Inspired by Nature. Antioxidants 2017, 7, 3. [CrossRef]
7. Lee, J.E.; Lee, N.; Kim, T.; Kim, J.; Hyeon, T. Multifunctional Mesoporous Silica Nanocomposite Nanoparticles for Theranostic

Applications. Accounts Chem. Res. 2011, 44, 893–902. [CrossRef]
8. Jana, N.R.; Ray, S.C. Chapter 3—Graphene-Based Carbon Nanoparticles for Bioimaging Applications. In Applications of Graphene

and Graphene-Oxide Based Nanomaterials Micro and Nano Technologies; Elsevier: Amsterdam, The Netherlands, 2015; pp. 57–84.
[CrossRef]
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