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ABSTRACT

Although silver nanoparticles (AgNPs) are widely disseminated and show great potential in the biomedical field, there is a
recognized need to better understand their action at the metabolic and functional levels. In this work, we have used NMR
metabolomics, together with conventional clinical chemistry and histological examination, to characterize multi-organ and
systemic metabolic responses to AgNPs intravenously administered to mice at 8 mg/kg body weight (a dose not eliciting overt
toxicity). The major target organs of AgNPs accumulation, liver and spleen, showed the greatest metabolic changes, in a clear
2-stage response. In particular, the liver of dosed mice was found to switch from glycogenolysis and lipid storage, at 6 h
postinjection, to glycogenesis and lipolysis, at subsequent times up to 48 h. Moreover, metabolites related to antioxidative
defense, immunoregulation and detoxification seemed to play a crucial role in avoiding major hepatic damage. The spleen
showed several early changes, including depletion of several amino acids, possibly reflecting impairment of hemoglobin
recycling, while only a few differences remained at 48 h postinjection. In the heart, the metabolic shift towards TCA cycle
intensification and increased ATP production possibly reflected a beneficial adaptation to the presence of AgNPs. On the other
hand, the TCA cycle appeared to be down regulated in the lungs of injected mice, which showed signs of inflammation.
The kidneys showed the mildest metabolic response to AgNPs. Overall, this study has shown that NMR metabolomics is a
powerful tool to monitor in vivo metabolic responses to nanoparticles, revealing unforeseen effects.
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Silver nanoparticles (AgNPs) are one of the classes of nanomate-
rials with largest production and commercialization (Tran et al.,
2013). Due to their well-documented antimicrobial properties,
AgNPs are currently incorporated into numerous consumer
goods, including textiles, cosmetics and food packaging materi-
als, as well as in medical products, such as wound dressings,
implants and catheters (Ge et al., 2014). Moreover, new thera-
peutic applications are increasingly being explored based on
other interesting biological properties of AgNPs, such as antivi-
ral or anticancer activities (Wei et al., 2015). One of the

advantageous features of AgNPs is their ability to gradually re-
lease silver ions, in a controlled and tunable manner, enabling
long-term biological activity. Also, upon surface functionaliza-
tion, AgNPs can be designed to target specific cells or intracellu-
lar components, functioning as a reservoir of silver ions or other
bioactive species that can be selectively delivered. Thus, the po-
tential of AgNPs in the biomedical field is immense. On the
other hand, there is a recognized need to better define the po-
tential adverse effects of AgNPs to human health, and to under-
stand their mechanisms of action in eukaryotic cells and higher
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organisms. Numerous toxicity studies have been published over
the last years, using either in vitro cellular models or in vivo ani-
mal assays (Dubey et al., 2015; Kim and Ryu, 2013). The studies
in rodents like mice and rats have been particularly useful to
address the in vivo fate of AgNPs and their accumulation in dif-
ferent organs (eg, Dziendzikowska et al., 2012; Xue et al., 2012).
Some of these studies have also revealed toxic effects for
AgNPs, based mainly on serum biochemical parameters and
histopathological examination of main organs (eg, De Jong et al.,
2013; Recordati et al., 2016), or on genotoxicity assessments (Li
et al., 2014b). However, the organism’s response to subtoxic
doses of AgNPs at the metabolic and functional levels is still
largely unknown.

Assessing the metabolic profiles of tissues and/or biofluids
from animal models exposed to nanoparticles (NPs), through
NMR or MS-based metabolomics, is increasingly proving its
value for revealing unforeseen biological effects and helping to
understand the pathophysiological perturbations induced by
NPs (Duarte, 2011; Lv et al., 2015). In the case of AgNPs, in vivo
metabolomic studies have focused on the environmental im-
pact of these particles, using a terrestrial invertebrate earth-
worm (Li et al., 2015a) and a freshwater invertebrate (Li et al.,
2015b) as model organisms. However, to our knowledge, the ap-
plication of metabolomics to mammalian models with a view to
assess putative effects of AgNPs on human health, has been
confined to one study of rat urine (Hadrup et al., 2012).

In this work, we employ NMR metabolomics, together with
conventional clinical chemistry and histological examination,
to characterize the compositional changes of different organs
(liver, spleen, kidney, heart, and lung) and blood serum of mice
exposed to AgNPs. The main goal is to achieve an integrated
view of local and systemic metabolic adaptations to the pres-
ence of AgNPs and of their putative relation to common toxicity
readouts. Ultra-purified, 30 nm spherical AgNPs coated with
polyethyleneglycol (PEG) were used. PEG, which is approved for
human use in pharmaceutical products, is known to improve
NP colloidal stability (Luo et al., 2005) and to prevent protein
adsorption, thereby promoting extended circulation in the body
(Xu et al., 2007). The PEG-coated AgNPs were administered
through intravenous (i.v.) injection, which is the most relevant
route to simulate a medical-related exposure to humans.
Moreover, even if exposure occurs via nasal, oral, or dermal
routes, AgNPs may enter the bloodstream and reach different
organs (Davenport et al., 2015; Hadrup and Lam, 2014; Korani
et al., 2011), hence the added importance of the intravenous
route in regard to the safety of consumer and topical biomedical
products. Three time points following injection (6, 24, and 48 h)
were assessed, seeking to capture early effects of AgNPs expo-
sure. As previous studies have shown that AgNPs i.v. injected
into mice quickly disappear from the blood (within <1 h) and
distribute into body organs (Chen et al., 2016; Xue et al., 2012),
and based also on the premise that sub-toxic doses may affect
the metabolism at early response stages, as demonstrated
in vitro (Carrola et al., 2016a), we expect that this period provides
an adequate time window for our study. NMR spectroscopy was
the analytical platform elected for this assessment as it enables
the direct analysis of intact tissues in a rapid, nondestructive
way, providing qualitative and quantitative information on a
wide range of metabolites involved in central metabolism.

MATERIALS AND METHODS

Silver nanoparticles. Sterile, ultra-purified and endotoxin-free
AgNPs (Biopure AgNPs 1.0 mg/ml) with a core diameter of 30 nm

and a methoxy(polyethylene glycol)-thiol coating (m-PEG-SH
5 kDa) were purchased from Nanocomposix Europe (Prague,
Czech Republic). The specifications of the manufacturer (size,
morphology and hydrodynamic diameter) were verified accord-
ing to the procedures reported in our preceding work (Carrola
et al., 2016a). Moreover, the particle size distribution in saline
was assessed by dynamic light scattering (DLS).

Animal handling and sample collection. Male BALB/c mice (24–28 g)
were provided by the Instituto Gulbenkian de Ciência (Oeiras,
Portugal), and kept in a well-ventilated room with regulated
temperature (21�C 6 2�C), humidity (55% 6 10%) and 12-h light/
12-h dark cycle. Animals were fed with standard laboratory
food and acidified water ad libitum. All animal experiments were
carried out in the authorized Animal Facilities of the Faculty of
Pharmacy at the University of Lisbon, with permission of the lo-
cal animal ethical committee, and in accordance with the
Declaration of Helsinki, the EEC Directive (2010/63/UE) and
Portuguese law (DL 113/2013, Despacho no. 2880/2015), and all
related legislations for the humane care of animals in research.

For a preliminary biodistribution study, 4 mice were i.v.
injected in the tail vein with 0.2 ml of AgNPs in NaCl (0.154 M),
at 8 mg/kg of body weight (bw), while 2 control mice were
injected with 0.2 ml of NaCl (0.154 M), 1 h prior to sample collec-
tion. The dose of AgNPs was selected based on the concentra-
tion of the stock solution available (1 mg/ml) and the maximum
acceptable i.v. injection volume. The animals were anesthetized
and blood was collected by puncture from the orbital cavity.
Then, mice were sacrificed by cervical dislocation and the
organs of interest (liver, spleen, kidney, heart, muscle, and
lungs) were harvested, rinsed with cold KCl (0.154 M), dried for
excess of fluid and weighted. Concentration of silver in organs
and blood was determined by ICP-OES after acid digestion (ap-
proximately 50 mg/ml of tissue/blood boiled at 180 �C in 100 ml
perchloric acid for 2 h). For the toxicological study, 26 mice were
randomly assigned to 4 groups. The control group (n ¼ 9) was
administered in the tail vein with 0.2 ml of NaCl (0.154 M), 48 h
prior to sample collection. The remaining animals were admin-
istered in the tail vein with 0.2 ml of AgNPs (8 mg/kg bw) in NaCl
(0.154 M), and assigned to 3 experimental groups differing in ex-
posure time: 6 h (n ¼ 7), 24 h (n ¼ 5), and 48 h (n ¼ 5). At each
postinjection time, animals were weighted, anesthetized and
blood was collected by puncture from the orbital cavity.
Following sacrifice (performed as described earlier), the organs
were collected, rinsed with cold KCl (0.154 M), dried for excess of
fluid and weighted. Collected tissues were immediately frozen
in liquid nitrogen and stored at �80�C until High Resolution
Magic Angle Spinning (HRMAS) NMR analysis, or in a 10% (v/v)
neutral buffered formalin solution for histological studies. Due
to the limited blood volume retrievable from each mouse, blood
samples for hematology and clinical biochemistry were taken
from only 2 dosed mice of each experimental group (and from 4
controls), while the blood of remaining animals was processed
to obtain the serum for subsequent 1H NMR analysis.

Histopathology. Tissue fragments of control and dosed animals
were dehydrated in graded ethanol series, embedded in paraffin
wax, and sectioned (4–5 lm thick) using a Leitz microtome
model 1512 (Leica Biosystems, Wetzlar, Germany). Sections
were double stained with hematoxylin and eosin (HE) for light
microscopy. Observations and micrographs were conducted on
a digital camera (Olympus Camedia C-5060) coupled to a micro-
scope (Olympus BX41, Tokyo, Japan).
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Hematology and serum biochemistry. Hematologic analysis was
carried out on an ADVIA 120 Hematology System (Siemens,
Erlangen, Germany). Serum biochemical parameters were deter-
mined using an ADVIA Chemistry Systems (Bayer HealthCare,
New York, USA) analyser following the protocols defined in ap-
propriate kits. Due to the small number of samples available for
this analysis, the results were expressed as the lowest and high-
est value range and compared with the reference values
reported for mice (Martins et al., 2014).

Sample preparation for NMR. At the time of analysis, the frozen
tissues were washed with a few drops of D2O saline (0.9%) to re-
move excess blood, and about 40 mg of thawed cold tissue were
packed into 50 ml HRMAS rotors, containing 10 ll of D2O saline
with 0.25% 3-(trimethylsilyl)propionate sodium salt (TSP)-d4 to
provide a signal for lock (D2O) and for shimming (TSP). Serum
samples were thawed and homogenized using a vortex mixer.
Then, 400 ll of saline solution (NaCl 0.9% in 10% D2O) was added
to 200 ll of serum. After centrifugation (8000 rpm, 5 min, room
temperature), 550 ll of each sample were transferred to 5 mm
NMR tubes.

NMR spectroscopy. All NMR spectra were acquired on a Bruker
Avance DRX-500 spectrometer operating at 500.13 MHz for 1H
observation, and using a 4mm HRMAS probe for tissue analysis
and a 5 mm TXI probe for serum analysis. Tissue HRMAS NMR
spectra were recorded at 277 K with a spinning rate of 4 kHz. To
attenuate broad signals of macromolecules and improve the
detection of small metabolites, the T2-edited Carr-Purcell-
Meiboom-Gill spin-echo pulse sequence with water presatura-
tion (‘cpmgpr1d’ in Bruker library) was employed, using a total
spin echo time of 64 ms (n ¼ 80, s ¼ 400 ms). Typically, 256 transi-
ents were acquired with 32 k points, spectral width of 13 ppm,
relaxation delay of 4 s, and acquisition time of 2.5 s. Spectra
were processed with a line broadening of 0.3 Hz and zero-filling
factor of 2, manually phased and baseline corrected. Chemical
shifts were referenced internally to the alanine signal at d

1.48 ppm. For blood sera, 3 1D spectra were acquired: (1) stan-
dard 1D 1H spectrum with water suppression (“noesypr1d”) with
128 transients and mixing time of 0.1 s; (2) T2-edited spectrum
(“cpmgpr1d”) with 256 transients and total spin echo of 64 ms (n
¼ 80, s ¼ 400 ms); (3) diffusion-edited spectrum (‘ledbpgp2s1dpr’)
with 128 transients, 100 ms diffusion delay, and 0.1 s pulse-field
gradient. Serum spectra were acquired at 300 K, with 32 k
points, spectral width of 20 ppm, 4 s relaxation delay, and acqui-
sition time of 1.6 s. Spectral processing comprised exponential
multiplication with a line broadening of 0.3 Hz (standard 1D and
T2-edited) or 0.5 Hz (diffusion-edited), zero-filling to 64 k, man-
ual phasing and baseline correction. Chemical shifts were refer-
enced internally to the a-glucose signal at d 5.23 ppm.
Additionally, 2D homonuclear (TOCSY, J-resolved) and hetero-
nuclear (HSQC) spectra were recorded for selected samples to
help spectral assignment. The main acquisition and processing
parameters for these experiments are summarized in
Supplementary Table 1. Spectral assignments were based on
matching the recorded 1D and 2D NMR spectra to reference data
available in the Bruker Biorefcode database and other public
databases such as HMDB (Wishart et al., 2007), and further sup-
ported by statistical total correlation spectroscopy (Cloarec
et al., 2005).

Multivariate analysis and spectral integration. Spectra were aligned
using recursive segment-wise peak alignment (Veselkov et al.,
2009) to minimize chemical shift variations, normalized by

probabilistic quotient normalization (PQN) (Dieterle et al., 2006)
to account for dilution-independent effects on spectral area and
scaled to unit variance. Data matrices were built in Amix-
viewer (version 3.9.14, BrukerBiospin, Rheinstetten) using all
intensity values in the d 0.6–8.9 ppm region (excluding the sup-
pressed water signal) and multivariate analysis (MVA) was
performed in SIMCA-P11.5 (Umetrics, Umea, Sweden). Principal
component analysis (PCA) was used to identify trends, clusters
and outliers, followed by partial least square discriminant analysis
(PLS-DA) to assess class discrimination. A 7-fold internal cross-
validation was applied to assess the explained variance (R2) and
predictive power (Q2) of PLS-DA models. The corresponding load-
ings were obtained by multiplying the loading weight (w) by the
standard deviation of each variable, and were color-coded accord-
ing to variable importance to the projection (VIP).

To assess the magnitude of metabolite variations, selected
spectral peaks were integrated in Amix-viewer, and normalized
by the quotient computed from PQN. For each metabolite, the
magnitude of variation in AgNPs-exposed samples relatively to
controls was assessed by calculating the effect size (ES), adjusted
for small sample numbers, and respective standard error, accord-
ing to the equations provided in the literature (Berben et al., 2012).
The metabolic changes with absolute ES > 0.5 (and with standard
error < ES) were represented in a heatmap plot colored as a of %
variation with respect to controls, using the R-statistical soft-
ware. Additionally, the difference between the means of the 2
groups (control and dosed) was assessed using the 2-sample t test
(results reported at a confidence level of 95%).

RESULTS

Physicochemical Characterization of AgNPs
As shown by transmission electron microscopy (Supplementary
Figure 1a), AgNPs were approximately spherical in shape and
had a metallic core diameter of 26.8 6 5.3 nm. The hydrody-
namic diameter (Dh) measured by DLS was 62.1 6 0.5 nm, with a
polydispersity index (PdI) below 0.2, thus indicating reasonable
monodispersion. A zeta potential of �12.1 6 0.5 mV was found,
the slightly negative surface charge contributing for colloidal
stability, together with steric interactions between the polymer
molecules in the coating. When dispersed in saline (the carrier
solution used for injection), AgNPs kept their Dh at approxi-
mately the same value (60.1 6 4.6 nm), although with slightly
higher PdI (0.25–0.32) (Supplementary Figure 1b). This is consis-
tent with the high colloidal stability of these NPs, provided by
steric repulsions of PEG coated surfaces, as we have previously
reported in cell culture medium (Carrola et al., 2016b).

Preliminary Biodistribution Study
The results of silver quantification in mice blood and tissues at
1 h postinjection showed that AgNPs were circulating in the
bloodstream and had been readily taken up by the different tis-
sues (Supplementary Figure 2). The organs showing higher ac-
cumulation of silver were the liver, spleen and kidneys,
followed by the heart and lungs. Based on these results, these
organs (together with blood serum) were collected for NMR
analysis in the subsequent toxicological study at 6, 24, and 48 h
postinjection.

Animal Observation and Effect on Body and Organ Weights
A survival rate of 100% was observed in this study. No differen-
ces on general pattern behavior or bw were noted in AgNPs-
dosed mice during the whole experimental period. Relative
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organ weights are presented in Table 1. When compared with
controls, relative liver weights of dosed mice were found to be
significantly increased at 24 and 48 h postinjection. Relative kid-
ney weights increased as early as 6 h postinjection and
remained elevated at later time points. NP exposure did not af-
fect the relative weights of spleen and heart, while lung weights
were not determined because it was not possible to collect in-
tact lungs for all animals.

Histopathological Analysis of Tissues
Macroscopic observations at necropsy suggested apparently
normal regular anatomic structures in all organs of control and
AgNPs-dosed mice. However, histological observations (Figure
1) denoted some alterations in the organs of dosed mice, with
exception of heart tissue, which displayed apparently normal
features. The hepatic tissue of dosed mice showed degenerative
lesions, namely cytoplasmic vacuolation of hepatocytes, which
were particularly expressive at 24 h postinjection. Splenic sec-
tions of the same animals revealed a disorganized pattern of
pulps (vacuolation and cell depletion within the red pulp), at
both 24 and 48 h periods, these alterations being more promi-
nent at 48 h. On the other hand, renal sections showed no mi-
croscopic changes at 24 h, while at 48 h, degenerative changes
within the glomerulus were noted in dosed mice. In addition,
the lumen of most tubules were closed by sloughing of epithe-
lial cells. The histology findings of lungs revealed hemorrhage,
thickening of the alveolar wall, and alveolar cavities filled with
both erythrocytes and inflammatory cells, at 24 and 48 h
postinjection.

Hematology and Serum Biochemistry
The hematological and serum biochemical parameters obtained
for control and dosed mice are shown in Table 1. Comparison to
reference values available for mice and to experimental control
animals was performed to reveal variation trends upon AgNPs
exposure. Red blood cell and coagulation parameters of dosed
mice fell within normal values, whereas some changes were ap-
parent in the count of white blood cells, namely a decrease in
lymphocytes and an increase in neutrophils (leucocyte formula
inversion), compared with control animals. In regard to bio-
chemical parameters, serum enzymes, creatinine, bilirubin, and
glucose did not show relevant differences, while triglycerides
and high-density lipoprotein (HDL) cholesterol showed, respec-
tively, decreasing and increasing trends in dosed animals com-
pared with controls (especially at 24 h). Still, the final values
remained within reference intervals.

Alterations in the Metabolome of Animal Tissues
Figure 2 shows typical 1H NMR spectra (d 4.9–0.5 ppm sub-
region) of the different tissues analyzed. The complete spectral
assignment of all tissue profiles is presented in Supplementary
Table 2. In total, near 60 compounds were identified, including
several amino acids and derivatives, organic acids, choline com-
pounds, nitrogenous bases, and nucleosides/nucleotides. Lipid
signals arising mainly from fatty acyl chains and the glycerol
backbone in triglycerides were also clearly detected in some tis-
sues (especially in liver and, to a lesser extent, in kidney and
lung). The liver profile was further characterized by prominent
glucose signals and the presence of glycogen, uridine diphos-
phate (UDP)-glucose and adenine, not detected in the other
organs. Kidney and lung were especially rich in glycine, choline-
containing compounds and taurine, the latter also being

Table 1. Relative Organ Weights, Hematological, and Serum Biochemical Parameters for Control and Dosed Mice (6, 24, and 48 h Postinjection)

Relative Organ Weighta (g/100 g bw) Control (n¼ 9) Dosed 6 h (n¼ 7) Dosed 24 h (n¼ 5) Dosed 48 h (n¼ 5)

Liver 5.36 6 0.16 5.60 6 0.57 5.69 6 0.40* 6.05 6 0.30*
Spleen 0.34 6 0.04 0.37 6 0.04 0.39 6 0.03 0.44 6 0.03
Kidney 1.49 6 0.19 1.64 6 0.04* 1.66 6 0.07* 1.60 6 0.04*
Heart 0.52 6 0.03 0.51 6 0.02 0.51 6 0.03 0.45 6 0.02
Lung n.a. n.a. n.a. n.a.
Hematological Parameters Referenceb Control (n 5 4) Dosed 6 h (n 5 2) Dosed 24 h (n 5 2) Dosed 48 h (n 5 2)
Red blood cells (�106/mm3) 8.98–10.66 10.53–10.16 9.99, 10.16 9.95, 10.68 10.16, 10.66
Hematocrit (%) 45.8–54.8 51.2–54.3 49.8, 52.5 50, 53.9 50.8, 51.7
Mean corpuscular volume (lm3) 45.8–54.8 50.4–51.5 49.7, 50.0 50.3, 50.5 47.7, 49.4
Mean corpuscular Hemoglobin (pg) 13.8–15.0 15.5–16.1 15.5, 16.1 14.4, 15.8 15.5, 15.8
Leucocyte formula inversion No No Yes Yes Yes/No
Serum biochemical parameters Referenceb Control (n 5 4) Dosed 6 h (n 5 2) Dosed 24 h (n 5 2) Dosed 48 h (n 5 2)
Creatinine (mg/dl) 0.2–0.8 0.11–0.21 0.10 0.18 0.14, 0.20
Bilirubin (mg/dl) n.a. 0.04–0.19 0.15, 0.23 0.13, 0.16 0.08, 0.10
Glucose (mg/dl) 75–140 62–152 91, 111 64, 104 110, 143
Triglycerides (mg/dl) 26–175 140–232 87, 96 100, 119 149, 153
Total cholesterol (mg/dl) 40–200 95–112 102, 107 115, 132 108, 109
HDL cholesterol (mg/dl) >40 43.7–64.2 50.7, 66.7 70.8, 75.1 59.2, 63.4
AST (U/l) 64.0–112 110–207 152, 180 133, 172 110, 142
ALT (U/l) 31–62 31–54 31, 38 45, 52 36, 40
ALP (U/l) 36–196 37.5–49.1 46.7, 64.7 42.6, 54.7 20.7, 36.7
GGT (U/l) 0–5 1–4 2, 3 2, 4 1, 2
LDH (U/l) n.a. 640–3665 2472, 3773 2577, 2856 2901, 2920

AST, aspartate aminotransferase, ALT, alanine aminotransferase, ALP, alkaline phosphatase, GGT, c-glutamyl transferase, LDH, lactate dehydrogenase; n.a. not

available.
aRelative organ weights expressed as mean 6 1.96 � SE (95% CI).
bReference values for mice.

*Statistically significant differences in relation to control animals (F-test) are indicated for the significance level of 0.05.
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abundantly present in heart. The spectra of heart further
showed intense signals of creatine and lactate. The spleen pro-
file was characterized by dominant signals of choline, glycero-
phosphocholine, betaine and myo-inositol, showing a unique
contribution of hypoxanthine in the low field region.

In order to assess the effects of AgNPs on the metabolome of
the different tissues, MVA was applied to their 1H NMR profiles.
The PCA scores scatter plots obtained (Supplementary Figure 3,
left) revealed some grouping trends, especially for liver, heart,
and lung, where one of the dosed groups (24 h for lung and 48 h

for liver and heart) separated from controls. Then, at a first
stage, PLS-DA was applied to discriminate between control and
dosed samples (considering all exposure times together). In the
resulting scores plots (Supplementary Figure 3, right), the 2
groups were reasonably separated, resulting in models with
good predictive power for liver and kidney (Q2 0.61 and 0.47, re-
spectively), while for spleen, heart and lung, sample discrimina-
tion was less robust (Q2 0.2–0.4), as summarized in Table 2. As
suggested in some PCA and PLS-DA scores plots, exposure time
could have a strong influence on the metabolic profiles, thus,

Figure 1. Histopathological changes in mice organs upon exposure to AgNPs. Representative light microphotographs of HE staining of liver, spleen, kidney, heart, and

lung tissues: (A) control liver; (B) liver at 24 h postinjection, showing cytoplasmic vacuolation (arrows). CV, centrolobular vein; (C) liver at 48 h postinjection; (D) control

spleen showing an organized pattern of both white (WP) and red pulp (RP); (E,F) splenic sections at 48 h postinjection, showing vacuolation and cell depletion within

RP; (G) kidney glomerulus from a control mouse; (H) kidney glomerulus at 48 h postinjection, showing dilatation of Bowman’s capsule, although the capillary network

displays regular features; (I) control renal medullar features; (J) obstruction of lumen within renal tubules; (L) heart at 48 h postinjection, displaying normal features;

(M) control lung parenchyma; (N) lung at 48 h postinjection, displaying a congested parenchyma. Original magnifications A–C,F–H: �400; D,E,I–L,N: �200; M: �100.
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the next stage consisted of building PLS-DA models (control vs
dosed) for each time point. Figure 3 shows the results obtained
for liver, namely the scores plots and loadings, at each time
point. Equivalent results for the other organs are shown in
Supplementary Figures 4–7. Within each tissue type, the varying
Q2 values for the different models corroborate the importance of
exposure time, with lower Q2 values generally being obtained
for the 6 h models (Table 2). The thorough analysis of loadings
profiles, to highlight the main metabolites contributing for sam-
ple discrimination, was then complemented with the quantita-
tive assessment of variations through spectral integration. The
results were summarized in the form of heatmaps, color-coded
as a function of % variation, where only the metabolites with
absolute ES > 0.5, accepted as representative of a medium-large
effect (Berben et al., 2012), were included (Figure 4).

When compared with controls, dosed animals showed sev-
eral alterations in the metabolic profile of liver, readily
highlighted in the PLS-DA loadings (Figure 3) and confirmed
through univariate analysis of signal integrals. At 6 h post-
injection, glucose, glycogen, hypotaurine, and betaine were de-
creased (blue patches in the heatmap of Figure 4A), whereas
lipids, cholesterol, choline compounds, and ascorbate were in-
creased (yellow/orange patches in Figure 4A). Interestingly,
some of these variations were reversed for longer exposures,
namely the changes in glycogen and glucose (increased in 24-
and 48 h-exposed mice) and in lipids (decreased in 24- and 48 h-
exposed animals). Moreover, a number of changes not detected
at 6 h were additionally seen at 24/48 h, namely the increases in
uridine di/triphosphate (UDP/UTP), glutamine, reduced glutathi-
one (GSH) and taurine.

The spleen metabolic composition also showed marked
alterations upon AgNPs exposure (Supplementary Figs. 4 and
4B). Early effects seen at 6 h postinjection were mainly reflected
on the levels of several amino acids (glycine, alanine, lysine,
branched chain, and aromatic amino acids), GSH, ascorbate, ac-
etate and malonate, all decreased compared with controls. At
24 h postinjection, additional significant decreases were seen
for glutamine and myo-inositol, while trimethylamine strongly
increased. A trend for increased oxidized glutathione (GSSG)

was also suggested in the PLS-DA loadings (Supplementary
Figure 4, middle plot), although this could not be quantified due
to severe overlap. Notably, several of these changes were atten-
uated or disappeared at 48 h postinjection, while others
remained. Additionally, a significant increase in splenic glucose
was seen at this later time point.

Within the organs assessed, the kidney was the least af-
fected by AgNPs exposure. Indeed, within the metabolites sug-
gested to be altered through PLS-DA loadings inspection
(Supplementary Figure 5), only 4 showed statistically significant
differences between control and dosed animals (Figure 4C).
Hypotaurine, acetate and trimethylamine were decreased at 6 h
postinjection, while an additional decrease in phosphocholine
was seen at 48 h. The 24 h kidney profile of dosed animals was
very similar to controls.

The impact of AgNPs on mice heart was mainly seen at 48 h
postinjection, while only a few shorter-term effects were
detected (Supplementary Figs. 6 and 4D). When compared with
the control profile, 48 h-exposed heart showed: decreased levels
of polyunsaturated fatty acids, lactate, succinate and malonate
and increased levels of fumarate and ATP.

Finally, the metabolic profile of lung tissue was hardly
changed at 6 h postinjection, in accordance with the negative Q2

value of the corresponding PLS-DA model, and showed the
strongest shift in relation to control animals at 48 h post-
injection (Supplementary Figs. 7 and 4E). The main variations
were decreases in lactate and succinate, together with increases
in alanine, glutamate, and creatine.

Alterations in the Metabolome of Blood Serum
Given the high degree of spectral overlap between serum mac-
romolecular components (eg, lipoproteins, glycoproteins) and
small metabolites, the analysis of the serum metabolome has
been conducted using T2-edited spectra to assess the variations
in small metabolites and diffusion-edited spectra to

Figure 2. Typical 1H T2-edited HRMAS NMR spectra of control tissues (d 0.5–

4.9 ppm): (A) liver; (B) spleen; (C) kidney; (D) heart; (E) lung. Some assignments

are indicated (complete list in Supplementary Table 2). Abbreviations: BCAA

branched chain amino acids, Bet betaine, Cho choline, Chol cholesterol, Cr crea-

tine, Glc glucose, GPC glycerophosphocholine, m-Ino myo-inositol, PC phospho-

choline; 3 letter codes used for amino acids.

Table 2. Summary of PLS-DA Parameters (R2X and R2Y Expressing
Explained Variance and Q2 Expressing Predictive Power) of Models
Built for Discriminating Samples From Control and Dosed Mice,
Considering: (1) All Postinjection Periods in the Dosed Class, (2) Each
Period at a Time

(1) (2)

Tissue R2X R2Y Q2 R2X R2Y Q2

Liver 0.41 0.81 0.61 6 h 0.40 0.91 0.53
24 h 0.43 0.90 0.53
48 h 0.52 0.95 0.77

Spleen 0.22 0.93 0.34 6 h 0.25 0.97 0.22
24 h 0.33 0.97 0.65
48 h 0.26 0.97 0.41

Kidney 0.23 0.92 0.47 6 h 0.31 0.95 0.49
24 h 0.29 0.97 0.60
48 h 0.33 0.97 0.58

Heart 0.24 0.86 0.21 6 h 0.28 0.98 0.41
24 h 0.28 0.97 0.43
48 h 0.36 0.96 0.57

Lung 0.24 0.93 0.39 6 h 0.26 0.98 �0.11
24 h 0.35 0.98 0.64
48 h 0.35 0.98 0.58

Seruma 0.24/0.26 0.98/0.97 0.72/0.64 6 h 0.35/0.35 0.99/0.99 0.71/0.71
24 h 0.44/0.48 0.99/0.99 0.86/0.85
48 h 0.46/0.38 0.99/0.99 0.82/0.79

aValues for models built with T2-edited/diffusion-edited spectra.
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characterize the macromolecular profile. Typical serum spectra
(standard, T2-edited and diffusion-edited) are shown in
Supplementary Figure 8 and signal assignment is reported in
Supplementary Table 2.

The separation between the sera of control and dosed ani-
mals was apparent in the scores plots obtained by PCA and PLS-
DA of all samples (Supplementary Figure 9), having been further
explored by considering each postinjection period at a time,
similarly to the approach used for tissues. The resulting PLS-DA
scores and loadings (Figure 5) suggested important time-
dependent changes in both macromolecules and small metabo-
lites, the magnitude and significance of which were verified
through spectral integration (Figure 4F). The macromolecular
profiles of dosed mice showed decreased levels of very low-
density lipoprotein (VLDL) and increased levels of HDL and
glycoproteins, compared with controls. In terms of small metab-
olites, there were several time-dependent changes in glucose,
organic acids (including significant decreases of lactate and

pyruvate at 48 h postinjection), amino acids (including signifi-
cant increases in lysine), creatine and phosphocreatine (signifi-
cantly increased in the serum of 6 and 24 h dosed animals),
among others (Figure 4F).

DISCUSSION

In this study, we have assessed the biological effects of AgNPs
intravenously administered to mice through an integrated ap-
proach which combined conventional toxicity readouts (clinical
chemistry and histopathology) with metabolic profiling (metab-
olomics) of major target organs and blood serum. The dose of
AgNPs administered to mice (8 mg/kg bw) falls within the dose
range previously tested on intravenously injected mice/rats
without eliciting overt toxicity (De Jong et al., 2013;
Dziendzikowska et al., 2012; Tiwari et al., 2011; Xue et al., 2012).
Moreover, other in vivo studies have shown AgNPs to have bio-
logical activity, such as antiviral (Xiang et al., 2013) and

Figure 3. Scores scatter plots (left) and LV1 loadings (right) resulting from PLS-DA of 1H T2-edited NMR spectra of liver tissues from control and AgNPs-dosed mice at:

(A) 6 h, (B) 24 h, and (C) 48 h postinjection. Loadings are colored according to VIP (vide online version) and some assignments are indicated. Abbreviations: Asc, ascor-

bate; Cho, choline; Glc, glucose; GPC, glycerophosphocholine; GSH, glutathione; PC, phosphocholine; Tau, taurine.

428 | TOXICOLOGICAL SCIENCES, 2017, Vol. 159, No. 2

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/159/2/422/4036056 by guest on 25 April 2024

Deleted Text: -
Deleted Text: to 
Deleted Text: -
Deleted Text: h
Deleted Text: -
Deleted Text: Discussion
Deleted Text: ; Dziendzikowska <italic>et<?A3B2 show $146#?>al.</italic>, 2012; De Jong <italic>et<?A3B2 show $146#?>al.</italic>, 2013


anticancer activity (Swanner et al., 2015), at similar or lower dos-
ages (1–5 mg/kg bw), thus confirming the relevance of the dose
used in this study. It is also important to note that, according to
the guidelines for dosage conversion from animals to humans
(Reagan-Shaw et al., 2007), the equivalent human dose is
0.65 mg/kg bw, corresponding to 38.9 mg AgNPs in an adult sub-
ject of 60 kg. Serum silver levels in humans exposed to burn
dressings containing AgNPs were reported to be in the 50–500
mg/l range (Moiemen et al., 2011; Vlachou et al., 2007), corre-
sponding to 0.2–2.2 mg Ag in an adult subject with 60 kg (esti-
mated blood volume of 4.5 l). Hence, the dose used in our study
is also relevant in the context of human exposure to AgNPs-
containing products.

Under the experimental conditions considered, the NP-
dosed mice showed normal behavior and no evidence of gross
toxicity. Hematological analysis showed a transient inversion of
the leucocyte formula, possibly reflecting an inflammatory

reaction, but all other parameters were similar to control ani-
mals. Serum biochemistry further showed trends for altered
levels of triglycerides and HDL cholesterol, while the levels of
enzymes commonly used as indicators of hepatobiliary toxicity
(Ozer et al., 2008) were similar in control and treated mice. At
the histopathological level, with the exception of heart, which
displayed normal microanatomic features, the other organs
were moderately affected upon AgNPs exposure, exhibiting
mild degenerative changes. One of such alterations was the cy-
toplasmic vacuolation of hepatocytes; interestingly, it has been
reported that nonlipid, glycogen-filled cytoplasmic vacuolation,
accompanied by an increase in total hepatic glycogen, could be
a beneficial adaptation of hepatocytes towards a toxic insult
(Nayak et al., 1996). In this study, NMR analysis of liver tissue
has indeed provided evidence for glycogen accumulation at 24
and 48 h postinjection. This information, together with the ab-
sence of elevated serum markers of hepatotoxicity, suggests

Figure 4. Heatmap showing the metabolic variations in the organs and serum of AgNPs-dosed mice, at 6, 24, and 48 h postinjection, in relation to controls: (A) liver; (B)

spleen; (C) kidney; (D) heart; (E) lung; (F) blood serum. The scale is color-coded as a function of the % variation, from maximum decrease (dark blue) to maximum in-

crease (dark red) (vide online version). The criterium for including a metabolite in the heatmap was absolute ES> 0.5 (and SE < ES). Statistically significant differences

are indicated (*p < .05, **p < .01). Abbreviations: ATP, adenosine triphosphate; Cr, creatine; DMG, dimethylglycine; DMS, dimethylsulfone; FA, fatty acids; GPC, glycero-

phosphocholine; GSH, reduced glutathione; HDL, high-density lipoproteins; HTAU, hypotaurine; m-Ino, myo-inositol; PC, phosphocholine; PCr, phosphocreatine; PUFA,

polyunsaturated fatty acids; TMA, trimethylamine; UDP/UTP, uridine di/triphosphate; VLDL, very low-density lipoproteins; 3 letter code used for amino acids.
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Figure 5. Scores scatter plots (left) and LV1 loadings (right) resulting from PLS-DA of 1H T2-edited (A–C) and of diffusion-edited (D–F) NMR spectra of blood serum from

control and AgNPs-dosed mice at: (A,D) 6 h; (B), (E) 24 h; (C,F) 48 h postinjection. Loadings are colored according to VIP (vide online version) and some assignments are

indicated. Abbreviations: HDL, high-density lipoproteins; TMA, trimethylamine; VLDL, very low-density lipoproteins; 3 letter code used for amino acids.
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that the hepatic histopathological changes observed were tran-
sient and did not reflect persistent liver injury. Overall, the lack
of marked changes in blood parameters and histological fea-
tures is in line with previous reports showing that AgNPs could
be well tolerated when injected into mice or rats at doses <

10 mg/kg bw (Tiwari et al., 2011; Xue et al., 2012).
Metabolic profiling of animal tissues and serum allowed the

changes in local and systemic metabolism to be monitored
upon AgNPs exposure. Liver and spleen were the organs where
AgNPs had the greatest metabolic impact, as indicated by the
higher number and magnitude of variations relative to controls
(Figure 4). This is consistent with these organs being the major
sites of AgNPs accumulation following i.v. injection, as recur-
rently reported in the literature (Chrastina and Schnitzer, 2010;
Recordati et al., 2016; Wang et al., 2013; Xue et al., 2012), and
based also on our silver biodistribution results (Supplementary
Figure 2).

The hepatic variations related to lipids and carbohydrate
metabolism indicated a 2-stage response (Figs. 4A and 6). At the
earlier time postinjection (6 h), the observed decreases in glyco-
gen and glucose, together with increases in total lipids and cho-
lesterol, suggested upregulated glycogenolysis and lipid
synthesis/storage in the liver of treated mice. Concomitantly,
serum glucose was increased and VLDL lipoproteins were de-
creased, suggesting that lipids were preferentially stored in hep-
atocytes rather than being transported into the blood.
Interestingly, glycogen depletion together with lipid accumula-
tion, hereby observed as an early response to AgNPs, have been
previously reported as major ultrastructural hepatocytic altera-
tions related to AgNPs toxicity, possibly involving impairment
of glycogen synthesis and of lipid catabolism and/or transport
(Almansour et al., 2016). Moreover, decreased hepatic glucose

and glycogen levels have often been linked to the toxicity in-
duced by other types of NPs, namely manganese NPs (Li et al.,
2014a; Jinquan et al., 2013), ultrasmall iron oxide particles (Feng
et al., 2011), carbon nanotubes (Lin et al., 2013) and silica NPs (Lu
et al., 2011, 2015). In this study, however, these effects appeared
to be transient, since at longer postinjection times (24 and 48 h),
the liver of treated mice showed elevated levels of glucose and
glycogen (as well of UDP/UTP, needed for glycogen synthesis),
and decreased amounts of total lipids (fatty acids, triglycerides
and cholesterol). Along with decreased blood glucose levels,
these findings suggest a metabolic shift towards glycogenesis,
accompanied by lipolysis and fatty acid oxidation, which in
turn may relate to decreased seric VLDL. On the other hand, se-
rum HDL was found significantly increased at 24 h, as already
indicated by serum biochemical assays, possibly reflecting in-
creased reverse transport of cholesterol back into the liver.

The hepatic metabolic profile of treated mice additionally
showed increased levels of choline compounds, right from the
early postinjection time. Besides their role as membrane struc-
tural and signaling components, these molecules have been
postulated as immune response regulators (Thompson et al.,
1999). Hence, as noted in a previous report of exposure to MnO
NPs (Jinquan et al., 2013), their increase may relate to the phago-
cytic removal of damaged liver cells. Also, antioxidative defense
mechanisms appeared to be activated upon AgNPs exposure, as
suggested by the increased levels of several antioxidant mole-
cules (GSH, ascorbate and taurine) in the liver of treated mice,
especially at 48 h postinjection. This agrees with the reported
inverse correlation between liver GSH levels and the dose of
AgNPs injected into rats (El Mahdy et al., 2015), thus supporting
the hypothesis of a protective response elicited by low levels of
oxidative stress. Accordingly, we have observed up-regulated

Figure 6. Schematic representation of glucose and lipid metabolism in liver and blood serum: the pathways suggested to be upregulated upon AgNPs exposure are indi-

cated by the arrows in orange for 6 h postinjection and in blue for 24/48 h postinjection (vide online version).
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GSH synthesis in vitro, to cope with the generation of reactive
oxygen species, both in human keratinocytes (Carrola et al.,
2016a,b) and in liver cells (unpublished results). Finally, the var-
iations in the levels of betaine, which may function as a methyl
donor, are consistent with the importance of methylation reac-
tions in proper liver function and detoxification reactions
(Alirezaei et al., 2014), as also noted by Li and co-authors in their
study of MnO NPs (Jinquan et al., 2013). The levels of other mole-
cules with ability to carry and donate methyl groups (dimethyl-
glycine, dimethylsulfone, trimethylamine) were also found
altered in the serum. Taken together, our results suggest that
liver metabolism played a crucial role in coping with the pres-
ence of AgNPs in the organism, possibly contributing to avoid
major damages. This agrees with a recent study of low-dose
subchronic (1 mg/kg bw over 1 month) exposure of rats to
AgNPs, whereby alterations in hepatic mitochondria appeared
to be accompanied by liver compensatory efforts to maintain
energy production (Teodoro et al., 2016).

The spleen is a peripheral lymphoid organ with several func-
tions in red blood cell homeostasis, the immune system, and, as
recently recognized, in metabolism and the endocrine system
(Tarantino et al., 2013). Upon AgNPs exposure, splenic metabolic
composition varied in a clear time-dependent way, with the
highest number of alterations being observed at 6 and 24 h,
while only a few differences remained at 48 h postinjection
(Figure 4B). One of the most striking features of the short-term
response (6 h) was the depletion of several amino acids (includ-
ing branched chain and aromatic amino acids). The spleen is
normally rich in amino acids due to its role in hemoglobin recy-
cling from senescent red blood cells; hence, the observed de-
crease in amino acid levels may reflect an impairment of this
splenic function. Interestingly, an analogous result was
reported in rats exposed to the fungal T2-toxin via oral gavage
(Wan et al., 2015). Other early effects in the spleen of AgNPs-
treated mice were decreased levels of ascorbate and GSH, sug-
gesting the onset of oxidative stress, similarly to what has been
reported in the spleen of rats exposed to X-ray radiation (Jang
et al., 2016). Additionally, at 6 h postinjection, there was a non-
significant increase in glycerophosphocholine, suggesting some
degree of membrane disruption, and the levels of acetate and
malonate were decreased in comparison to control mice. At 24
and/or 48 h postinjection, most amino acids recovered their nor-
mal levels, and so did ascorbate, GSH, glycerophosphocholine
and acetate, indicating rescue from early perturbations in he-
moglobin recycling, oxidative balance and lipid metabolism. At
the same time, new changes emerged, namely decreased gluta-
mine, myo-inositol, choline, and phosphocholine, together with
increased trimethylamine and glucose. Given that splenic histo-
logical alterations were more prominent at later time points,
these changes may be postulated to reflect adverse outcomes,
although the clarification of this issue would require further in-
vestigation over an extended period of time. The strong increase
in trimethylamine is especially intriguing as, to our knowledge,
this metabolite, which can be formed from choline by gut bacte-
rial enzymes (Zeisel et al., 1989), has not been previously related
to spleen metabolic composition and function.

AgNPs appeared to have moderate effects on the renal meta-
bolic profile, with decreases being registered for choline com-
pounds, hypotaurine, acetate and trimethylamine (Figure 4C). It
is possible that these changes reflect disturbances in the osmo-
regulatory and excretory functions of the kidneys, similarly to
the results reported for renal tissue of rats exposed to ultrasmall
paramagnetic iron oxide particles (Feng et al., 2011). However,
changes in other putative nephrotoxicity markers (Boudonck

et al., 2009; Griffin et al., 2000) were not detected, supporting the
low impact of AgNPs on renal cell metabolism. One possible rea-
son for this would be the low accumulation of AgNPs in the kid-
neys. Indeed, while the presence of AgNPs in the kidneys as
early as 1 h postinjection (Supplementary Figure 2) suggests re-
nal clearance to be an important excretion route for AgNPs, in
accordance with other works (Dziendzikowska et al., 2012; Wang
et al., 2013), it has been reported that, at longer postinjection
times, the concentrations of AgNPs in the kidneys are much
lower than those found in the liver, spleen, or lungs (Chrastina
and Schnitzer, 2010; Recordati et al., 2016; Chen et al., 2016).
Moreover, the high resilience of kidney mitochondria to dam-
age, shown recently in AgNPs-exposed rats (Teodoro et al.,
2016), may also account for the lack of major renal metabolic
changes.

The heart metabolic profile showed changes in metabolites
involved in energy metabolism, especially at 48 h postinjection
(Figure 4D). At 6 h postinjection the only relevant variation was
a significant decrease in malonate. This metabolite is a compet-
itive inhibitor of the enzyme succinate dehydrogenase (SDH)
which catalyzes the conversion of succinate into fumarate in
the TCA cycle (Potter and Dubois, 1943). Notably, malonate de-
pletion at early exposure time seemed to have a determinant ef-
fect on heart metabolism at subsequent times, as indicated by
decreased succinate and increased fumarate, possibly due to
less inhibited SDH. This could have implied upregulation of the
TCA cycle activity, as indeed corroborated by decreased lactate
(pyruvate channeled into TCA rather than being converted to
lactate), decreased fatty acids (used to produce acetyl-coA) and
increased ATP production. Thus, based also on the observation
that the heart of treated mice did not show histopathological
alterations, we may hypothesize that the metabolic adaptation
described earlier was an efficient protective mechanism, al-
though the relation between AgNPs and the triggering of malo-
nate depletion remains to be clarified.

The lungs of treated mice displayed changes in total lipids
and choline compounds (Figure 4E), which, although not reach-
ing statistical relevance, may relate to possible alterations in
pulmonary surfactant composition and turnover, as observed
before under the influence of cytokines released during inflam-
mation (Akella and Deshpande, 2013). Additionally, the exposed
lung tissue showed significant elevation of creatine, right from
6 h postinjection, as well as of alanine and glutamate (24/48 h),
together with significantly reduced levels of lactate and succi-
nate at 48 h postinjection. Creatine is a key intermediate in en-
ergy transfer processes, its increase often being associated with
high energy demand. Also, high creatine levels have been pos-
tulated to have cytoprotective effects toward oxidative agents
(Young et al., 2010) and inflammation (Khanna and Madan,
1978). Thus, the creatine increase may eventually relate to the
observed histopathological signs of AgNPs-induced inflamma-
tory reactions in the lung. Interestingly, creatine and phospho-
creatine were also found significantly increased in the blood
serum of treated mice. The remaining pulmonary changes sug-
gest downregulation of glycolysis (decreased lactate) and of the
TCA cycle (decrease in succinate and increases in the TCA sub-
strates alanine and glutamate), likely reflecting AgNPs-induced
impairment of metabolic activity in inflamed lungs. However, to
determine if these changes are transient or sustained in time,
further studies at longer postinjection periods would be needed.

The composition of blood serum reflects the metabolic activ-
ity of the various organs, making it difficult to determine the
specific origin of each seric metabolite or of its variation.
Globally, upon AgNPs exposure, the serum metabolome showed
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time-dependent changes in both macromolecular components
(lipoproteins and glycoproteins, the latter being significantly in-
creased at 48 h postinjection) and small metabolites, such as
amino acids and derivatives, organic acids, methylated com-
pounds and allantoin (Figure 4F). Allantoin is a diureide of
glyoxylic acid resulting from the free radical-induced oxidation
of uric acid, the terminal product of purine metabolism
(Wishart et al., 2007). Thus, its increased levels in serum may re-
late to oxidative stress, a well-established process in AgNPs-
mediated toxicity (Dubey et al., 2015; Kim and Ryu, 2013), also
supported by some of our findings in tissues, as discussed
earlier.

CONCLUSIONS

This study has provided insight into the metabolic adaptations
undergone by various mice organs in response to AgNPs admin-
istered intravenously, at a dose not causing overt toxicity. Liver
and spleen, the major target organs of AgNPs accumulation,
showed a 2-stage response, where early metabolic changes sug-
gestive of some functional impairments were followed by acti-
vation of protective mechanisms and organ recovery. This was
particularly evident in the liver, where the upregulation of gly-
cogenesis and lipolysis, together with increases in metabolites
related to antioxidative defense, immunoregulation and detoxi-
fication, seemed to play a crucial role in avoiding major func-
tional damage. The spleen also recovered from initial
disturbances in amino acid, lipid and oxidative metabolism, al-
though a number of other metabolite changes emerging at later
time points, where histological alterations were more promi-
nent, could eventually reflect some adverse effects. In the heart,
the metabolic shift towards intensification of the TCA cycle and
increased ATP production possibly reflected a beneficial adapta-
tion that allowed this organ to cope with the presence of AgNPs.
On the other hand, the TCA cycle appeared to be down regu-
lated in the lungs of injected mice, which showed signs of in-
flammation. As for the kidneys, they showed the mildest
metabolic response to AgNPs, with apparent moderate distur-
bances in osmoregulatory and excretory functions. Overall, this
study has shown that intermediary metabolism not only
responded sensitively to the presence of AgNPs, in an organ-
specific and time-dependent way, as it played vital roles in pro-
tecting cells and mitigating toxic effects. The potential role of
metabolism in governing toxicity opens new prospects for the
development of strategies allowing for an improved control
over cellular responses to NPs. Finally, it may be concluded that
NMR metabolomics is a powerful tool to monitor multi-organ
metabolic adaptations upon in vivo exposure to NPs, showing
the ability to reveal unforeseen effects and to provide important
mechanistic insights, not accessible through conventional tox-
icity assessments.
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