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N
anomaterials are currently used in a
wide range of products with more
prospective applications; however,

people raised concerns about their safety
profiles. This is because nanomaterials have
novel physicochemical properties that can
interact with biological systems to generate
toxicity.1 To date,most studies have focused
on cytotoxicity of nanomaterials at high
concentrations that incur significant injuries
to cells in vitro and in animals; however, the
high dosage used is often not realistic and
fails to consider the potentially detrimental
effects on human health under chronic low-
dose exposure settings, such as everyday
and environmental exposure.2 Thus, re-
search is urgently needed to study the bio-
logical effects at sublethal or even nontoxic

concentrations. Nanosilver (nAg), a material
that is well-known for its antimicrobial prop-
erties, has been extensively used in a wide
range of biomedical and consumer pro-
ducts.3�6 Althoughmany studies have been
performed to investigate the cytotoxicity of
nAg under different settings,7�9 relatively
little study has been conducted to under-
stand the biological effects of nAg under
nontoxic concentrations, which likely pre-
cede the toxicological processes or can be
differentiated from cytotoxic effects but
could perturb cellular homeostasis.
Under normal conditions, cells maintain a

balanced energy homeostasis through con-
certedly regulated signaling and metabolic
pathways. Namely, there is a perfect equi-
librium between anabolism and catabolism
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ABSTRACT Due to its significant antimicrobial properties, nanosilver (nAg) has been

substantially used in a wide spectrum of areas. This has raised the concerns on the detrimental

effects on environment and human health. Although numerous studies have documented

nAg-mediated toxicity to cells or organisms, little attempt has been made to study the

biological impacts of nAg on cells at nontoxic concentrations, namely, the distinct biological

effects that can be separated from direct cytotoxicity. Here, we studied nAg-mediated effects

on energy metabolism in cells under sublethal exposure. Treatment of nAg at nontoxic

concentrations resulted in a decline of ATP synthesis and attenuation of respiratory chain

function in nontumor HEK293T cells and tumor cells with differential respiration rate,

including HepG2, HeLa, A498, and PC3 cells. Cellular energy homeostasis was switched from oxidative phosphorylation-based aerobic metabolism to

anaerobic glycolysis, which is an adaption process to satisfy the energy demand for cell survival. Nanospheres with smaller size showed greater capability to

alter cellular energy metabolism than those with larger size or nanoplates. Mechanistic investigation manifested that inhibition of PGC-1R by nAg was, at

least partially, accountable for the transition from oxidative phosphorylation to glycolysis. Additionally, altered expression of a few energy metabolism-

related genes (such as PFKFB3 and PDHA1) was also involved in the transition process. We further showed nAg-induced depolarization of mitochondrial

membrane potential and reduction of respiratory chain complex activity. Together, our combined results uncovered the mechanisms by which nAg induced

energy metabolism reprogramming in both tumor and nontumor cells under sublethal dosage.
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through a never-ending cycle.10 However, disruptions
of these pathways and signaling are likely associated
with various disorders, such as fat accumulation.11,12

Moreover, maintaining the internal energy homeosta-
sis will require cells and organisms to adapt (e.g., shift
between different modes) in response to external
stimuli;13�15 if they fail to do so, they may die.15 Mito-
chondria are the main organelle that is responsible for
energy homeostasis in mammalian cells.16 Mitochon-
dria govern energy production as the powerhouse
of the cell; that is, mitochondria are best known to
generate most adenosine triphosphate (ATP) used for
energy-consuming biological processes.16 Mitochon-
drial dysfunctions or damage of mitochondrial integ-
rity (such as membrane or genome) would lead to
severe impairments to energy metabolism, causing
many diseases including neurological disorders, myo-
pathy, and diabetes.17 In addition, studies suggest that
signaling transduction upon nanomaterial exposure
could be integrated or amplified at the mitochondria,
which can trigger oxidative stress and even cell
death.18 However, to the best of our knowledge, no
study has been conducted on nAg-induced changes in
cellular signaling transduction related to energy pro-
duction, including the potential adaptive shunt of
energy metabolism mode in cells in response to nAg
exposure.
Energy production in normal somatic cells predomi-

nantly employs oxidative phosphorylation-based me-
tabolism that occurs within active mitochondria,
whereas tumor cells could simultaneously turn on
glycolysis-based metabolism even in the presence of
high concentration of oxygen (known as the “Warburg
effect”).19 In this study, we aimed to scrutinize the
impact of nAg on cellular energy metabolism at sub-
lethal concentrations. To evaluate this aspect, we used
a panel of human cell lines, including nontumor human
embryonic kidney cell line HEK293T and tumor cell
lines with differential respiration rate,20 that is, human
cervical cancer cell line HeLa, human prostate cancer
cell line PC3, human hepatic carcinoma cell line HepG2,
and human renal carcinoma cell line A498. Respiration
rate is a determinant of oxygen consumption coupled
with CO2 production, which is indicative of the ac-
tivity of mitochondrial oxidative phosphorylation.21,22

Figure 1 shows the design of this study. We uncovered
that ATP production and the activity of mitochondrial
respiratory chain were compromised for all cell lines
upon sublethal nAg exposure. Cellular energy meta-
bolism was changed from oxidative phosphorylation
and fatty acid β-oxidation to glycolysis in nAg-treated
cells. HEK293T cells were slightly more susceptible to
this energymode shift compared to tumor cells. Similar
changes were found for nAg with different size or
shape. Mechanistic studies revealed that downregula-
tion of peroxisome proliferator-activated receptor γ

coactivator 1R (PGC-1R) is largely accountable for the

adaptive shunt in energy metabolism to glycolysis in
response to nAg treatment. Meanwhile, adaptive gene
expression of energy-related genes also contributed to
energy mode transition. Additionally, nAg impaired
mitochondrial membrane potential and electron trans-
fer along the respiratory chain complexes. Together,
this study identified a novel finding on nAg-induced
reprogramming of cellular energy metabolism.

RESULTS AND DISCUSSION

In the current work, we first chose to use silver
nanospheres that have been demonstrated to have
great bioavailability and biocompatibility to mamma-
lian cells at low concentrations in our previous study.23

The transmission electron microscopy (TEM) imaging
revealed that silver nanoparticles were spherical and
homogeneously dispersed (Figure 2A), and the aver-
age diameter was 25 nm, as evidenced by a histo-
gram of measured size (Figure 2B). An absorption peak
was observed around 400 nm, as characterized by the
absorption spectrum analysis (Figure 2C). Hydrody-
namic diameter of nAg in complete culture medium
(supplemented with 10% fetal bovine serum, FBS) was
about 35 nm, much smaller than that in water
(approximately 76 nm) (Figure 2D), indicating that
nAg was well-dispersed in complete culture medium.
The zeta-potential analysis revealed that nAg particles
were negatively charged in both water and medium
(Figure 2D). In order to study nAg-induced effects on
energy metabolism, we deliberately endeavored to
select the sublethal dosage that will not induce overt
cytotoxicity. Therefore, we first surveyed cytotoxicity
of all cell lines upon exposure to nAg by performing
screening with a wide range of concentrations by
Alamar Blue assay. Alamar Blue assay is designed to
provide a rapid and sensitive measure of cytotoxicity,
and it is a favorable and reliable approach to evaluate
cytotoxicity of nanomaterials, especially for metal nano-
materials.24,25 As shown in Figure 3A, nAg at 10 μg/mL
inhibited HEK293T cell growth by approximately 15%
(P < 0.05), and the half-maximal inhibitory concentra-
tion (namely, IC50) was found around 30 μg/mL for
HEK293T cells after nAg exposure for 24 h (P < 0.05).
Conversely, nAgwith concentrations less than 10μg/mL
(such as at 2, 4, and 8 μg/mL) did not cause cytotoxicity
up to 24 h (Figure 3a, P > 0.05), and there was only a

Figure 1. Schematic showing the primary design of the
current study.
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slight decline of cell viability after 48 h exposure
(Supporting Information Figure S1). Therefore, we
selected sublethal nAg concentrations (2�8 μg/mL)
to study the biological effects in HEK293T cells that
showed minimal cytotoxicity. It is known that silver
nanoparticles could release Ag ions that predomi-
nantly (if not completely) account for the toxicity of
nAg to cells and microorganisms.9,26,27 We thus also

evaluated the possible cytotoxicity of Ag ions dissolved
from nAg to HEK293T cells. By assessing the rate of Ag
ion dissolution from nAg in culture medium, we found
that 9.3% of Ag could be dissolved into Agþ from nAg,
which is consistent with our previous result of <10%
dissolution of silver nanoparticles.23 As shown in
Figure 3B, Ag ions did not impair cell growth at the
maximal rate of dissolution (i.e., 0.8 μg/mL) and even at

Figure 2. Characterization of 25 nm silver nanoparticles. (A) Representative TEM image of nAg used in the current study. The
scale bar is 50 nm, and the original magnification is�400000. (B) Particle size distribution of nAg. (C) UV�visible absorption
spectra of nAg. Themaximumof absorbance is at 400 nm. (D) Hydrodynamic diameter and zeta-potentials of nAg at 8 μg/mL
in water and complete culture medium.

Figure 3. Cytotoxicity evaluation and apoptosis detection upon nAg exposure in HEK293T cells. (A) Cytotoxicity was
determined through the Alamar Blue assay in HEK293T cells upon exposure to nAg at various concentrations for 24 h (n = 6).
(B) Cytotoxicity was assessed with the Alamar Blue assay in HEK293T cells treated with Ag ions at different concentrations for
24 h (n = 6). (C) Representative FACS scatter plots of apoptosis for cells treated with 8 μg/mL nAg relative to untreated cells
using Annexin-V FITC and PI staining. Experiments were performed in biological triplicate (n = 3). (D) Western blot analysis of
caspase-3 activation in HEK293T cells upon exposure to nAg or 0.8 μg/mL AgNO3 for 24 h. Staurosporine was used as a
positive control to activate cleavage of caspase-3. The red arrow indicates cleaved caspase-3.
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a dose greater than 0.8 μg/mL, such as 1.4 μg/mL (P >
0.05). These results suggested that nAg did not elicit
toxicity to HEK293T cells at the concentrations used in
the current study, even after taking into consideration
released Ag ions. To confirm this finding, we evaluated
apoptosis of HEK293T cells upon 8 μg/mL nAg using
Annexin V-FITC (fluorescein isothiocyanate) and PI
(propidium iodide) staining with flow cytometry
(FACS) analysis. As shown in Figure 3C, there was only
a marginal increase of apoptotic cells upon nAg treat-
ment at 8 μg/mL for 24 h compared to untreated cells
(2.0% vs 5.6% for Annexin VþPIþ cells), which is con-
sistent with the results of cytotoxicity assessment
(Figure 3A). However, significantly greater cell death
was induced when cells were treated with nAg at
20 μg/mL (Figure S2), in agreement with the results
of cytotoxicity assay (Figure 3A). Moreover, Ag ions at
0.8 μg/mL did not induce cell death for HEK293T cells
(Figure S3), also in parallel to the cytotoxicity results
(Figure 3B). Activation of caspase-3 is a key event
during the late stage of apoptosis and cleaved cas-
pase-3, a central effector of caspase family, initiates the
programmed cell death.28 We assessed both full-
length caspase-3 and cleaved caspase-3 in nAg-treated
cells through Western blot analysis. Staurosporine,
a positive control, was used to induce activation of
caspase-3 as manifested by an increase of cleaved
caspase-3 (Figure 3D). In support of a little induction
of apoptosis as discussed above, we found that in-
deed low concentrations of nAg induced only a slight
increase in cleaved caspase-3, and the concentration of

cleaved caspase-3 in cells treated with 8 μg/mL nAg
was slightly higher than that in cells treated with 2 and
4 μg/mL nAg (Figure 3D). Meantime, 0.8 μg/mL AgNO3

induced little increase of cleaved caspase-3, support-
ing the finding of no induction of apoptosis by Ag ions.
Using the same approach, we screened cytotoxicity of
nAg to HepG2, HeLa, A498, and PC3 cells, and similar
sublethal concentrations (2�8 μg/mL) were identified
for these cell lines (Figure S4). Previous studies have
demonstrated that nAg has substantial capability to
cross cellular membrane and biological barriers,
whereas Ag ions have very limited ability to reach
inside cells.23,29,30 It is thus reasonable to assume that
nAg could elicit distinct biological effects once inside
cells, irrespective of released Ag ions outside of cells.
These results together indicated that no significant
cytotoxicity was incurred to HEK293T, HepG2, HeLa,
A498, and PC3 cells by nAg at sublethal concentrations,
which was independent of nAg dissolution. Nonethe-
less, it is still possible that nAg could induce other
biological effects on cells which have not been recog-
nized yet but warrant future investigation. We here
embarked on potential effects of nAg at low concen-
trations on cellular energy metabolism.
To evaluate the possible changes in energy state of

cells, we measured cellular ATP levels after nAg ex-
posure. As indicated in Figure 4A, ATP levels were
reduced approximately by 40, 55,and 60% in HEK293T
cells incubated with nAg treatment for 24 h at 2, 4, and
8 μg/mL, respectively, compared to control (P < 0.05).
In contrast, 0.8 μg/mL Ag ions induced slightly

Figure 4. Cellular energy metabolism in HEK293T cells in response to nAg treatment. (A) Relative cellular ATP levels in cells
upon nAg or Agþ treatment for 24 h. Bioluminescent intensity reflecting cellular ATP concentration was assayed with a
microplate reader (n = 4). The levels of pyruvate (B), lactate (C), triglyceride (D),and cholesterol (E) in HEK293T cells treated
with nAg or AgNO3 for 24 h (n = 3�4). The concentration for AgNO3 is 0.8 μg/mL.
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increased cellular ATP synthesis. Consistent with our
results, other types of nanomaterials such as zinc oxide
and silicon nanoparticles were also reported to inhibit
the ATP production,31�33 devoid of clear molecular
mechanisms. Since oxidative phosphorylation is the
predominant source of energy in differentiated cells,34

we postulate that nAg treatment could inhibit oxida-
tive phosphorylation. To validate this hypothesis, we
examined the activities of oxidative phosphorylation
including glucose and lipid metabolism in cells upon
nAg exposure. As shown in Figure 4B, pyruvate content
was increased by 15% in HEK293T cells treated with
4 μg/mL nAg for 24 h,and >35% increase was found in
cells upon 8 μg/mL nAg, in comparison with untreated
cells (P < 0.05). Similarly, lactate concentration was also
increased in nAg-treated cells, especially about 35%
increase at 8 μg/mL (P < 0.05) compared to the control
(Figure 4C). Ag ions at 0.8 μg/mL had little effect on
pyruvate and lactate levels (Figure 4B,C). These results
suggested that glycolysis was enhanced in HEK293T
cells in response to nAg. Glycolysis is performed in the
cytoplasm, whereas oxidation of lipid (mostly through
β-oxidation) occurs in mitochondria. We then assessed
the levels of triglyceride and cholesterol in HEK293T
cells upon nAg exposure. The triglyceride level was
increased by about 30% in cells upon nAg treatment at
2 and 4 μg/mL for 24 h and was further increased by
more than 2-fold in cells treated with 8 μg/mL com-
pared to the control (Figure 4D, P < 0.05). Similar to the
increase of triglyceride, there was also nearly 3-fold
increase of cholesterol content in 8 μg/mL exposed
cells compared to untreated cells (Figure 4E, P < 0.05).
Ag ions did not significantly alter the concentrations of
triglyceride and cholesterol compared to nAg treat-
ment (Figure 4D,E). These results revealed that nAg
hampered oxidative phosphorylation and lipid meta-
bolism in mitochondria, and to compensate for the
energy shortage, nAg concurrently switched on glyco-
lysis in HEK293T cells. Most strikingly, we found rather
similar changes in all tumor cells upon nAg treatment
at sublethal concentrations (Figure 5). There was a
significant decline in ATP production associated with
an increase of pyruvate and lactate concentrations and
simultaneous intracellular triglyceride and cholesterol
accumulation in nAg-treated HepG2, HeLa, A498,and
PC3 cells compared to untreated cells or Ag ion-treated
cells (Figure 5). In short, we identified a significant
shunt of energy metabolism mode to glycolysis in
tumor and nontumor cells with distinct respiration rate
upon treatment with sublethal nAg. HEK293 cells
are originally derived from human embryonic kidney
cells. These cells are not tumor cells per se and not
malignant and, in fact, are widely used as nontumor
cells in a wide spectrum of research fields. When
compared to tumor cells, HEK293T cells appeared
to be more susceptible to nAg-induced energy
mode shift, underpinning the differences in energy

metabolism mode between tumor cells (oxidative
phosphorylation plus glycolysis) and nontumor cells
(predominantly oxidative phosphorylation).20

Since nAg could be engulfed by cells through en-
docytosis and nanospheres have enforced bioavail-
ability in cells relative to nanoparticles with other
shapes,35�37 to see if these findings could be ex-
panded to nAg with different size and shape, we
included 20 and 40 nm spherical nAg and 45 nm
plate-like nAg with same surface coating as 25 nm
sphere-like nAg used above (Figure 6A). We also used
sublethal concentrations in cell exposure for thesenano-
materials after surveying their cytotoxicity (Figure S5).
Consistent with the results with 25 nm nAg, 20 and
40 nm spherical nAg and 45 nm plate-like nAg could
similarly alter cellular energy metabolism, as mani-
fested by reduced ATP, increased pyruvate and lactate
content, and intracellular triglyceride and cholesterol
accumulation (Figure 6B). Among these nAg particles
with different size and shape, 20 and 25 nm nano-
spheres exhibited a greater ability to alter cellular
energy metabolism than 40 nm nanospheres and
45 nm nanoplates, especially at 2 and 4 μg/mL. It is a
reminder that smaller nAg particles might be more
prone to enter into cells.35�37 In agreement with these
results, we recently demonstrated that nAg particles
with smaller size showed greater effects on inhibiting
globin expression in erythroid cells than those with
larger size, and nAg particles with spherical shape

Figure 5. Influence of nAg on cellular energymetabolism in
various cells. Relative changes of ATP, pyruvate, lactate,
triglyceride, and cholesterol to the control were shown in
arrows after cells were treated with nAg at different con-
centrations for 24 h (n = 3�4). Arrows represent increase or
decrease in content, as 1 arrow, ∼20%; 2 arrows, ∼40%; 3
arrows, ∼60%; and 4 arrows, >60%. Dash (;) indicates no
significant change. Letter (a) refers to PC3 cells, and letter
(b) indicates HEK293T, HeLa, HepG2, and A498 cells.
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revealed enhanced capability to suppress globin ex-
pression compared to those in plate shape.23

We next studied the molecular bases underlying the
energy mode change in response to nAg. Since small-
sized nAg showed greater effects on driving energy
mode shift than those with larger size or in plate shape
and HEK293T appeared to be more sensitive to nAg-
conducted energy mode change as discussed above,
we embarked on the molecular mechanisms using
HEK293T cells and 25 nm sphere-like nAg in the follow-
ing experiments. PGC-1R, a transcriptional coactivator,
essentially orchestrates energy metabolism in a con-
certed way by interacting with and modulating the
basal transcriptional machinery of most nuclear recep-
tors and a few transcriptional factors that are energy-
related.38 PGC-1R translocates from cytoplasm into the
nucleus upon energy status alterations, which in turn
reprograms energy metabolism by promoting expres-
sion of nuclear-encoded mitochondrial proteins.38

Previous studies have shown that PGC-1R regulates
fundamental metabolic pathways, including fatty
acid oxidation,39mitochondrial oxidative phosphoryla-
tion,40 gluconeogenesis,41 and ROS metabolism.42 For
example, PGC-1R is activated to promote expression of
genes involved in gluconeogenesis and fatty acid
oxidation in hepatocytes upon fasting.41,43 Similarly,
forced expression of PGC-1R in muscle robustly en-
hances mitochondrial biogenesis, coupled to a shunt

of energy dependence on fatty acids.43,44 Additionally,
PGC-1R also modulates cholesterol metabolism by
serving as a coactivator of LXRR (liver X receptor alpha)
and activating Cyp7A1 (cholesterol 7alpha-hydroxylase)
expression.45�47 Therefore, PGC-1R is recognized as the
central regulator of mitochondrial energy transduction.
However, whether nAg could exert effects on PGC-1R
remains unexplored.We then examined the influence of
nAg treatment on PGC-1R concentration. The qRT-PCR
analysis revealedadose-dependent decreaseof PGC-1R
mRNA level in cells treatedwith nAg at 2, 4, and 8 μg/mL
for 24 h compared to control cells (P < 0.05), and nAg at
8 μg/mL showed the greatest inhibition on PGC-1R
expression with about 45% decline compared to the
control (Figure 7A, P < 0.05). Similar to the alteration of
the mRNA level, the protein concentration of PGC-1R
was also greatly diminished in cells after nAg exposure
for 24 h, compared with the control (Figure 7B). The
reductionof PGC-1R is consistentwith the accumulation
of triglyceride and cholesterol in nAg-treated cells as
described in Figure 5. We further surveyed the adaptive
responses of PGC-1R target genes involved in oxidative
phosphorylation and fatty acid oxidation. The qRT-PCR
results revealed a significant decline of mRNA levels
of oxidative phosphorylation-related genes including
COX7B (cytochrome c oxidase subunit VIIb), SDHA (suc-
cinate dehydrogenase complex A), UQCRC1 (ubiqinol-
cytochrome c reductase core protein), and ATP5O

Figure 6. Alterations of energy metabolism upon nAg with distinct size and shape. (A) Representative TEM images of nAg
with different size and shape. The scale bar is 50 nm, and the original magnification is�400000. (B) Determination of energy
metabolism reflected by the relative alterations of ATP, pyruvate, lactate, triglyceride, and cholesterol to the control after
HEK293T cells were treated with nAg at different concentrations for 24 h (n = 3�4). Arrows represent increase or decrease in
content, as 1 arrow,∼20%; 2 arrows,∼40%; 3 arrows,∼60%; and 4 arrows, >60%. Dash (;) indicates no significant change.
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(ATP synthase, O subunit) in nAg-treated cells at 4 and
8μg/mL compared to the control, particularly at 8μg/mL
nAg (Figure 7C, P < 0.05). Further qRT-PCR analysis
indicated that nontoxic nAg also reduced the mRNA
levels of genes involved in fatty acid oxidation in a dose-
dependent manner, including ACAA1 (acetyl-CoA acyl-
transferase 1), ACAA2 (acetyl-CoA acyltransferase 2),
HADHA (hydroxyacyl-CoA dehydrogenase), and ECH1
(enoyl-coenzyme A hydratase 1) (Figure 7D, P < 0.05).
These results suggested that nAg exposure compro-
mised oxidative phosphorylation and fatty acid oxida-
tion through robust inhibition of PGC-1R and PGC-1R
target genes.
PFKFB3 (phosphofructokinase-2/fructose-2,6-bis-

phosphatase), a strong activator in glycolysis, has high-
er kinase activity than other PFKFB isoenzymes.48 It
synthesizes fructose-2,6-bisphosphate and serves as
an allosteric activator of 6-phosphofructo-1-kinase, a
rate-limiting enzyme of glycolysis. Considering en-
hanced glycolysis upon nAg treatment, we determined
the mRNA level of PFKFB3 in nAg-treated cells. The
level of PFKFB3 mRNA was greatly increased by more
than 3.5-fold in nAg-treated cells at 8 μg/mL, relative to
untreated cells (Figure 8A, P < 0.05). The induction of
PFKFB3 by nAg treatment is presumably secondary to
the deficit in energy supply in nAg-treated cells, which
agrees with an adaptive mechanism that switches on
glycolysis to meet energy demand.49 Similar to our
finding, PFKFB3 has been shown to be induced to
enhance glycolysis in order to compensate energy
shortage in cancer cells.48 In addition, we also looked

into the changes of pyruvate dehydrogenase (PDH), a
key enzyme that catalyzes pyruvate to acetyl-coen-
zyme A.50 As shown in Figure 8B, the mRNA expression
of PDHA1 was decreased by nAg treatment, especially
in cells treatedwith 4 and 8 μg/mL nAg, comparedwith
untreated cells (P < 0.05). The detailed mechanism
responsible for nAg-mediated inhibition of PDHA1

Figure 7. Levels of PGC-1R and its targets upon nAg exposure. (A) qRT-PCR analysis of PGC-1R expression in HEK293T cells
exposed to nAg for 24 h (n = 4). (B) PGC-1R protein levels in HEK293T cells after treatment with nAg for 24 h. (C) Expression
changes of genes involved in oxidative phosphorylation in HEK293T cells exposed to nAg for 24 h, as characterized by qRT-
PCR analysis (n = 4). (D) Alterations of genes related to fatty acid oxidation in HEK293T cells after 24 h treatment, as reflected
by qRT-PCR analysis (n = 4).

Figure 8. Gene expression related to glycolysis and TCA
upon treatment with nAg. Relative levels of (A) PFKFB3 and
(B) PDHA1 mRNAs in HEK293T cells upon nAg for 24 h, as
determined by qRT-PCR (n = 4).
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needs further investigation. Nevertheless, this finding
suggested that PDH reduction certainly contributed to
the overall inhibition of oxidative phosphorylation by
nAg, in parallel to its crucial role in initiating tricarboxylic
acid cycle (TCA) and oxidative phosphorylation.51�53

Mitochondria are the main factory of cellular ATP
production in mammalian cells through oxidation of
glucose and fatty acids. Electron transfer via redox
reactions yields proton gradient across the mitochon-
drial inner membrane, which subsequently drives ATP
synthesis. Dysfunction or perturbation of electron
transfer or redox reactions would reduce ATP produc-
tion and render cells to reprogram energymetabolism.
Given the results of ATP reduction and attenuation of
oxidative phosphorylation upon nAg as described
above, we postulated that there could be direct im-
pairment of mitochondria-centered energy transduc-
tion. We thereafter looked into nAg's intracellular
localization, mitochondrial membrane potential and
respiratory chain complex activity. Significant mass of
nAg was found inside cells through TEM (Figure 9),
similar to previous results.54 It is possible that the
intracellular presence of nAg would directly or indir-
ectly affect mitochondria, as reported by a previous
study.36 Nonetheless, there is still a lack of evidence
demonstrating the association between biological ef-
fects and Ag's direct mitochondrial perturbation.
A recent study on patients with burns showed that
fibroblasts deep under burned skin could have nAg
uptake released from Acticoat (a nanocrystalline silver
dressing), and nAg was located close to the outer
membrane of mitochondria.55 Mitochondrial disrup-
tion includes reduction of the membrane potential
and subsequent disorders of the oxidation�reduction
system linked to energy metabolism. To this end, we
closely looked at alterations of mitochondrial mem-
brane potential. 5,50,6,60-Tetrachloro-1,10,3,30-tetra-
ethylbenzimidalyl carbocyanine iodide (JC-1) dye is
used to selectively stain mitochondria as an indicator
of mitochondrial membrane potential.56,57 JC-1 exists
in two different forms inside mitochondria. When the
membrane potential is high, JC-1 is in aggregated form
emitting red fluorescence, and when membrane po-
tential dissipates, JC-1 in monomer form emitting
green fluorescence, reflecting depolarized membrane
potential. In other words, JC-1 forms complexes known
as J-aggregates showing red fluorescence in intact
mitochondria with high potential, whereas JC-1 tends
to retain a monomeric form displaying the original
green fluorescence in unhealthy or wounded mito-
chondria with lowpotential. Accordingly, the transition
of fluorescence from red to green (i.e., increased green
to red fluorescence) indicates a decrease of mitochon-
drial membrane potential.58 We assessed these two
colors in cells upon nAg through confocal microscopy.
As shown in Figure 10A, an increase of green fluores-
cence (the top panel) was induced in cells treated with

nAg, especially for 8 μg/mL nAg, relative to the un-
treated cells. In contrast to green color, a reduction of
red fluorescence was observed for cells upon nAg
treatment, particularly for cells treated with 8 μg/mL
nAg, compared to control cells (the middle panel in
Figure 10A). In themerged images, we could findmore
striking differences between nAg-treated cells and
untreated cells, with a dose-dependent drop of red
fluorescence and concurrent increase of green fluor-
esce for nAg-treated cells, as shown in the bottom
panel of Figure 10A, indicating decomposition of red
fluorescent J-aggregates into green fluorescent mono-
mer. There were no significant changes for both colors
in cells upon treatment with 0.8 μg/mL Ag ions, com-
pared to control cells (Figure 10A). To substantiate
these findings, we confirmed the increase of green
fluorescence through FACS analysis. Compared to the
control, a remarkable peak shift was found in 8 μg/mL
nAg-exposed cells relative to untreated cells (63% vs

90%), demonstrating the increase of green fluorescent
intensity (Figure 10B, P < 0.05), consistent with the re-
sults obtained with confocal microscopy as described
above. No significant increase in green fluorescent
intensity was observed in cells treated with Ag ions
compared to untreated cells (Figure S6). Furthermore,
we quantified the fluorescent intensity of the two
colors with a microplate reader. The ratio of green
fluorescent intensity to red fluorescent intensity was
increased in nAg-treated cells compared to untreated
cells (P < 0.05), especially in cells treated with 8 μg/mL
(approximately 4-fold increase) and also clearly in a
dose-dependent manner from 2 to 8 μg/mL (Figure 10C,
P < 0.05). An increased ratio of the green/red fluores-
cence intensity is diagnostic of mitochondrial depolar-
ization.59,60 Moreover, reduction of oxidative phosphor-
ylation could be due to suppression of themitochondrial
respiratory chain complexes.61�63 We thus evaluated
the activity of succinate dehydrogenase (SDH), that is,
respiratory enzyme complex II, which is the only
enzyme participating in both TCA and the electron
transport chain. After 24 h exposure, nAg at 4 μg/mL
repressed SDH activity by 25%, and nAg at 8 μg/mL
further reduced SDH activity by more than 60%,
compared to that in control cells (Figure 10D, P < 0.05).

Figure 9. Localization of nAg in cells through TEM. Repre-
sentative TEM images show intracellular localization of nAg
in HEK293T cells after treatment with 8 μg/mL nAg for 24 h.
Original magnification, �60000.
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No significant alteration in SDH activity was found
in AgNO3-treated cells compared to untreated cells
(Figure 10D). This observation suggested a repression
of glucose metabolism through TCA and oxidative
phosphorylation and also confirmed the above finding
of a mode transition from aerobic to anaerobic meta-
bolism in cells upon sublethal nAg exposure. There-
fore, these results together demonstrated that nAg
greatly reduced mitochondrial membrane potential
and respiratory chain complex activity.
Previous studies also suggested that nAg could trig-

ger generation of intracellular ROS.64�66 In the mean-
time, it has been established that the mitochondrial
respiratory chain itself is vulnerable to the attacks of
ROS, which may oxidize sulphydryl groups of enzymes
in the respiratory chain.63,67,68 In line with these re-
ports, Hussain and colleagues revealed that nAg treat-
ment weakened the activity of the mitochondrial
respiratory chain by promoting ROS production in rat
liver cells.69 On the basis of these findings, we hypothe-
sized that nAg-mediated inhibition of oxidative phos-
phorylation could be also attributable to ROS accu-
mulation in our study. To test this hypothesis, we
assayed intracellular ROS levels in cells after nAg
treatment over the time course from 30 min to 6 h.
Hydrogen peroxide (H2O2) served as a positive control
to kindle ROS production (Figure 11, P < 0.05). Never-
theless, no significant ROS was induced in HEK293T

cells treated with nAg at 2�8 μg/mL over the time
course, compared to the control (Figure 11, P > 0.05). In
addition, there was minimal ROS induction in cells
upon Ag ion exposure (Figure 11). To this end, we
concluded that nAg-conducted inhibition of mito-
chondrial respiratory chain was independent of ROS
production.
Our recent work demonstrated that nAg provides

“Trojan horse” effects through which silver nanoparti-
cles and silver ions simultaneously exist inside cells; in
other words, there is a combination of nAg particles
and Ag ions inside cells.23 Electrons are transferred in
a finely tuned way between electron donors and

Figure 10. Mitochondrial membrane potential and SDH activity in cells upon nAg. (A) Representative images of two colors
(green and red) and merged colors in cells with JC-1 staining examined by confocal microscopy. HEK293T cells were treated
with nAg or Ag ions at 0.8 μg/mL for 24 h followed by staining. Original magnification, �200. (B) Flow cytometry analysis of
green color after JC-1 staining in nAg-treated cells for 24h. Experimentswere performed in biological triplicate (n=3). (C) Ratios
of two colors (green/red) in cells uponnAg for 24h. Fluorescent intensitywas quantifiedwithamicroplate reader (n=6). (D) SDH
activitywas assessed inHEK293T cells uponexposure to nAgor 0.8μg/mLAgNO3 for 24h. SDHactivitywas determined through
detection of the reduction of DCPIP (2,6-dichlorophenolindophenol) dye at 600 nm with a microplate reader (n = 4).

Figure 11. Intracellular ROS production upon nAg. Relative
intracellular ROS production over the time course. DCF
fluorescent intensities were monitored in HEK293T cells
treated with various concentrations of nAg or 0.8 μg/mL
Ag ions (n = 6). H2O2 was used as positive control.
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electron acceptors along the respiratory chain com-
plexes, which drives protons to move from the mito-
chondrial matrix into the intermembrane space and
thus generates a proton gradient across the inner
mitochondrial membrane, where released energy is
converted into ATP. Ag ions have great capability to
attract electrons, which will likely disturb electron
transfer along mitochondrial respiratory chain.70 In
the meantime, nAg particles per se may potentially
perturb electron flow across the respiratory chain
complexes.63 Therefore, it is possible that nAg particles
and Ag ions could jointly attenuate electron transfer
complexes and ATP synthesis. Although no similar
finding on nAg has been reported before, a recent
study demonstrated that graphene could disrupt elec-
tron transfer with decrease in ATP production, suggest-
ing that this could be a potential mechanism.71

CONCLUSIONS

This study delineates the mechanisms of nAg-
induced reprogramming of energy metabolism in
HEK293T cells and tumor cells with differential respira-
tion rate (i.e., HepG2, HeLa, A498, and PC3) under
sublethal concentrations. nAg at nontoxic concentra-
tions incurs adaptive responses that shift from oxida-
tive phosphorylation-based aerobic metabolism to
anaerobic glycolysis to satisfy the energy demand.

Importantly, this phenomenon is independent of nAg's
direct cytotoxic effects. HEK293T cells are slightly more
susceptible to nAg-induced energy mode shift than
tumor cells. The detailed mechanisms responsible for
these changes involve nAg-mediated suppression of
PGC-1R and alterations of several energy metabolism-
related genes (including PFKFB3 and PDHA1), which
force the cells to reprogram energy metabolism by
switching from oxidative phosphorylation and fatty
acid oxidation to glycolysis under nAg exposure. The
subsequent energy metabolism-related gene expres-
sion changes suppress glucose metabolism (including
TCA cycle and oxidative phosphorylation) and lipid
metabolism (such as β-oxidation). In addition, nAg
compromises mitochondrial membrane potential and
electron transfer along the respiratory chain com-
plexes.Whenmitochondrial oxidative phosphorylation
is inhibited, glycolysis is switched on to compensate for
the decrease in ATP production to satisfy basal energy
demand for cell survival. Taken together, as illustrated
in Figure 12, this study deciphers the mechanisms by
which nanosilver incurs an adaptive shunt of energy
metabolism mode to glycolysis in both tumor and
nontumor cells under sublethal exposure. This study
will shed light on our understanding on nAg's anti-
microbial properties, nAg-mediated cytotoxicity, and
its potential adverse health effects.

MATERIALS AND METHODS

Characterization of nAg Particles. nAg particles coated with
polyvinylpyrrolidone were either purchased from Shanghai
Huzheng Nanotechnology Co., Ltd., China, or nanoComposix,

Inc., USA. Stock nAg solutions were kept at 4 �C in the dark.

Diluted nAg particles were characterized by TEM (Hitachi

H-7500, Japan). The absorption spectrum was determined with

a UV�vis spectrometry (Beckman Coulter, USA). Hydrodynamic

Figure 12. Schematic diagram illustrating the molecular bases underlying nAg-conducted reprograming of energy
metabolism under sublethal exposure.
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diameter and zeta-potential were assayed using a Zetasizer
(Malvern Nano series, Malvern, UK).

Cell Culture and Mitochondria Isolation. All cell lines were pur-
chased from the Shanghai Cell Bank of Type Culture Collection
of Chinese Academy of Sciences. Human embryonic kidney cell
line HEK293T, human cervical cancer cell line HeLa, human
prostate cancer cell line PC3, human hepatic carcinoma cell line
HepG2, and human renal carcinoma cell line A498 were routi-
nely cultured in recommended medium (Hyclone/Gibco) sup-
plemented with 10% FBS (Gibco) and 100 U/mL penicillin�
streptomycin (Hyclone) at 37 �C within humidified atmosphere
with 5% CO2. As to the mitochondria isolation, cells were first
treated with nAg or Agþ, and 4.0 � 107 cells per sample were
collected into tubes. Mitochondria were then isolated using a
mitochondria isolation kit for cultured cells according to the
protocol provided by the manufacturer (Abcam).

Cytotoxicity Assessment. Alamar Blue assay was carried out to
examine cytotoxicity upon treatment with nAg and AgNO3.
Cells were seeded in 96-well plates and then treatedwith nAg or
Ag ions at different concentrations. After treatment, resazurin
(Sigma) was added into complete culture media at a final
concentration of 10% (v/v), and cells were cultured for addi-
tional 2 h. Thereafter, cells were washed with phosphate-
buffered saline (PBS) three times, and fluorescence intensity
measurement was subject to the detection at an excitation
wavelength of 530 nm with an emission wavelength of 590 nm
using a microplate reader.

Apoptosis Detection by Flow Cytometry. Cells after nAg or Ag ion
treatment were collected and washed twice with PBS. There-
after, cells were stained with 5 μL of Annexin-V FITC and 5 μL of
PI for 15 min following the instructions form the manufacturer
(BD Biosciences), followed by flow cytometry analysis as de-
scribed previously.72

Real-Time RT-PCR Analysis. Total RNAs were extracted from
cells post-treatment with Trizol reagent according to the man-
ufacturer's instructions (Invitrogen). With respect to reverse
transcription, 2 μg of total RNAs was reverse-transcribed into
cDNA with M-MLV reverse transcriptase (Promega). Gene ex-
pression levels were evaluated using SYBR Green qPCR master
mix (Promega) on Mx3005P qPCR machine (Stratagene).
GAPDH was used as an internal control. All primer sequences
for PCR analysis are presented in Table S1.

Western Blot Analysis. Western blot analysis was carried out as
previously described.73 Cells after washing with cold PBS were
lysed in RIPA lysis buffer supplemented with protease inhibitor
cocktail (Roche). Protein concentration was assayed with a
Lowry protein concentration detection kit (Solarbio Biotech-
nology). The same amount of proteins for different samples
were subject to 8�10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred to nitro-
cellulose membranes. Antibodies were against GAPDH (1:1000,
Santa Cruz Biotechnology), caspase-3 (1:500, Cell Signaling
Technology), and PGC-1R (1:200, Bioss).

Localization of nAg Inside Cells by TEM. Ultrathin sections of cells
were examined by TEM to reveal localization of nAg. Cells were
treated with 8 μg/mL nAg for 24 h andwere washed three times
with PBS. Thereafter, cells were collected and fixed in 2.5%
glutaraldehyde for 2 h, and fixed cells were washed three times
with PBS. Postfixation staining was performed using 1% os-
mium tetroxide for 1 h at room temperature. Furthermore, cells
were dehydrated in gradient ethanol solution and treated twice
with propylene oxide for 30 min followed by treatment with
propylene oxide, Spurr's low viscosity resin (1:1), for 18 h. Cells
were further treated with pure resin for 24 h and embedded in
beem capsules containing pure resin. Resin blocks were har-
dened at 70 �C for 2 days. Sections (70 nm) were cut and stained
with 1% lead citrate and 0.5%uranyl acetate and then examined
under JEOL JEM 2010F.

Measurement of Mitochondrial Membrane Potential. JC-1 dye
(Invitrogen) was used to measure the membrane potential of
mitochondria. Two colors were monitored at 529 nm for green
and at 590 nm for red. For different purposes of detection, cells
were seeded in 6-well plates or 96-well plates. After treatment
for 24 h, cells were cultured in fresh medium containing JC-1 at
final concentration of 1.5 μM for 20 min at 37 �C. Finally, cells

were washed three times and were then subjected to the
analyses of confocal microscopy, flow cytometry, and micro-
plate reader for the measurement of fluorescence intensities.

Determination of ATP Production. Cells were inoculated in
24-well plates and treated with nAg or Ag ions for 24 h. Cells
were then washed with cold PBS and collected into lysis buffer.
The intracellular ATP levels were determined by the biolumi-
nescent intensity using the ATP assay kit according to manu-
facturer's instructions (Beyotime).

Mitochondrial SDH Activity. Mitochondria were isolated from
cells after treatment with nAg or Ag ions for 24 h. SDH activity
was assessed using the complex II enzyme activity microplate
assay kit according to the instructions from the manufacturer
(Abcam).

Intracellular ROS Level. Cells were cultured into 96-well plates
and exposed to nAg or Ag ions over the time course following
the protocol as described in our recent study.74 Dichloro-
fluorescein diacetate (DCF-DA, Sigma) was added at a final
concentration of 10 μM in the dark for 30 min before examina-
tion. Cells were then washed with PBS three times, and DCF
fluorescence was then monitored using a microplate reader.
The excitation and emission wavelength were 488 and 525 nm,
respectively, and 0.1% H2O2 was used as a positive control to
induce ROS in cells.

Cellular Pyruvate, Lactate, Triglyceride, and Cholesterol Concentra-
tions. Cells were seeded in 6-well plates and were then exposed
to nAg or Ag ions for 24 h. Cells were collected and washed
twice with PBS and then lysed with 1% Triton X-100 for 40 min.
After centrifugation, supernatants were used for the detection
of pyruvate, lactate, triglyceride, and cholesterol according to
manufacturer's instructions (JianchengBioengineering Institution).
Protein concentrationswere determined for normalization of each
sample.

Quantification of Western Blot. The intensity of autoradiogram
in Western blots was quantified with a software ImageJ (NIH,
http://rsbweb.nih.gov/ij/). Specific bands were normalized to
the corresponding loading control.

Statistical Analysis. Statistical analysis was performed using
the SPSS 13.0 software. The difference of experimental data
between two groups was assessed using independent t test.
The significance of mean difference among groups relative to
the control was determined by one-way ANOVA test. Data were
shown in mean ( standard error. Statistical significance was
determined at P < 0.05.
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