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Orally administered gold nanoparticles e
protect against colitis by attenuating Toll-like
receptor 4- and reactive oxygen/nitrogen
species-mediated inflammatory responses

but could induce gut dysbiosis in mice
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Abstract

Background: Gold nanoparticles (AuNPs) are attracting interest as potential therapeutic agents to treat inflam-
matory diseases, but their anti-inflammatory mechanism of action is not clear yet. In addition, the effect of orally
administered AuNPs on gut microbiota has been overlooked so far. Here, we evaluated the therapeutic and gut
microbiota-modulating effects, as well as the anti-inflammatory paradigm, of AuNPs with three different coatings and
five difference sizes in experimental mouse colitis and RAW264.7 macrophages.

Results: Citrate- and polyvinylpyrrolidone (PVP)-stabilized 5-nm AuNPs (Au-5 nm/Citrate and Au-5 nm/PVP) and
tannic acid (TA)-stabilized 5-, 10-, 15-, 30- and 60-nm AuNPs were intragastrically administered to C57BL/6 mice daily
for 8 days during and after 5-day dextran sodium sulfate exposure. Clinical signs and colon histopathology revealed
more marked anti-colitis effects by oral administration of Au-5 nm/Citrate and Au-5 nm/PVP, when compared to TA-
stabilized AuNPs. Based on colonic myeloperoxidase activity, colonic and peripheral levels of interleukin-6 and tumor
necrosis factor-a, and peripheral counts of leukocyte and lymphocyte, Au-5 nm/Citrate and Au-5 nm/PVP attenuated
colonic and systemic inflammation more effectively than TA-stabilized AuNPs. High-throughput sequencing of fecal
16S rRNA indicated that AuNPs could induce gut dysbiosis in mice by decreasing the a-diversity, the Firmicutes/Bac-
teroidetes ratio, certain short-chain fatty acid-producing bacteria and Lactobacillus. Based on in vitro studies using
RAW264.7 cells and electron spin resonance oximetry, AuNPs inhibited lipopolysaccharide (LPS)-triggered inducible
nitric oxide (NO) synthase expression and NO production via reduction of Toll-like receptor 4 (TLR4), and attenuated
LPS-induced nuclear factor kappa beta activation and proinflammatory cytokine production via both TLR4 reduction
and catalytic detoxification of peroxynitrite and hydrogen peroxide.

Conclusions: AuNPs have promising potential as anti-inflammatory agents; however, their therapeutic applications
via the oral route may have a negative impact on the gut microbiota.
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Introduction

Gold is well known for its use in jewelry, utensils, and
monetary currency, but its therapeutic applications in
traditional medicines date back to 2500 BC [1]. Since the
1890s, gold has attracted a lot of attention in modern med-
icine as a therapeutic agent to treat many autoimmune,
infectious, and neoplastic diseases [2]. Gold(I) compounds
like sodium aurothiomalate (Myocrysin), aurothioglucose
(Solganol), and auranofin (Ridaura) are the most com-
monly used gold-based drugs; nevertheless, their adverse
side effects (e.g. skin rashes, leukopenia, thrombocytope-
nia and anemia) affect as many as 40% of patients [3]. For-
tunately, nanotechnology offers a safer and more effective
alternative, i.e. colloidal gold. When administered orally,
subcutaneously, or intra-articularly, gold nanoparticles
(AuNPs) were shown to be more effective and less toxic
than conventional gold(I) drugs in the treatment of rheu-
matoid arthritis in human and animal studies [4—6]. There-
fore, exploration of AuNPs in chrysotherapy is attracting
the attention of researchers in the field.

Inflammatory bowel disease (IBD), including ulcera-
tive colitis and Crohn’s disease, affects up to 0.5% of
the western population and is becoming increasingly
prevalent in newly industrialized countries [7]. IBD
is a relapsing and incurable disease that is featured by
chronic intestinal inflammation and displays a variety
of symptoms, such as persistent diarrhea, abdominal
pain, and fatigue. AuNPs have been shown to play an
anti-inflammatory role in mouse obesity, rat arthritis,
and rat focal cerebral ischemia—reperfusion [8—11], and
AuNPs can inhibit innate immune activation in mac-
rophages in vitro by attenuating nuclear factor kappa
beta (NF-kB), interferon-f/signal transducer and acti-
vator of transcription 1 (STAT1), and Toll-like receptor
9 signaling pathways [12-14]. The oral administration
of AuNPs exerts little toxicity [15, 16] and, with the
gastrointestinal tract as their initial point of contact,
AuNPs may have the potential to attenuate IBD.

The present study evaluated the anti-inflammatory
potential of citrate-, polyvinylpyrrolidone (PVP)-, and
tannic acid (TA)-stabilized AuNPs (5 to 60 nm diam-
eter) in vivo, when administered by oral gavage to a
C57BL/6 mouse model of dextran sodium sulphate
(DSS)-induced colitis, and in vitro, when incubated
with the murine macrophage cell line, RAW?264.7. The
effect of oral administration of AuNPs on mouse gut
microbiota was also examined in the in vivo study.

Results and discussion

Particle characterization

The core sizes of AuNPs were evaluated by transmission
electron microscopy (TEM) (Additional file 1: Figure S2),
and were found to correspond well with those declared

Page 2 of 18

Table 1 Particle size and zeta

nanoparticles (AuNPs)

potential of gold

AuNPs Size by DLS? Zeta potential®

Intensity-weighted

peak (nm)

Water DMEM+FBS Water DMEM +FBS
Au-5 nm/PVP 87104 921+14 02+07 02411
Au-5 nm/Cit- 8606 1732+£24 —-308+£27 —-35+£07

rate

Au-5 nm/TA 11609 900+15 —374£96 —-60+£04
Au-10 nm/TA 183+£17 884x14 —36.7£51 —58+08
Au-15 nm/TA 256£12 588%+12 —233£57 —62+06
Au-30 nm/TA 565+14 78141.1 —253+£17 —-58+£05
Au-60 nm/TA 89.8+£24 1085+25 —250£03 —6.1405

Data are presented as the mean =+ standard deviation of three replicates

DLS dynamic light scattering, DMEM Dulbecco’s modified Eagle medium, FBS
fetal bovine serum

2 The DLS measurement was performed at 1/40 OD of AuNPs

b The zeta potential was measured at 1/10 OD of AuNPs

by the manufacturers. The hydrodynamic size and zeta
potential of AuNPs dispersed in water and 10% fetal
bovine serum (FBS)-supplemented Dulbecco’s Modi-
fied Eagle medium (DMEM) are summarized in Table 1.
PVP-stabilized 5-nm AuNPs (Au-5 nm/PVP) showed a
near zero zeta potential in water, confirming that PVP is
a neutral coating that confers colloidal stability by steric
repulsion. Citrate and TA are anionic coatings that pre-
vent particle aggregation via electrosteric stabilization,
and this was confirmed by the strongly negative zeta
potentials of citrate- and TA-coated AuNPs in water
(Table 1).

Once in contact with gastrointestinal juices, blood,
lymph, or any other biological liquid, nanoparticles
encounter changes in surface chemistry owing to the
formation of a protein “corona” and alterations in pH
and salinity. When compared to water, the zeta poten-
tials for TA- and citrate-coated AuNPs were greatly
reduced when evaluated in 10% FBS-supplemented
DMEM, suggesting a charge shielding effect by serum
adsorption. In complete media, citrate-stabilized 5-nm
AuNPs (Au-5 nm/Citrate) yielded a hydrodynamic size
as high as 173.2 nm and was much higher than those of
Au-5 nm/PVP (92.1 nm) and TA-stabilized 5-nm AuNPs
(Au-5 nm/TA) (90.0 nm), suggesting that citrate-coated
AuNPs showed a greater extent of aggregation under
physiological salt conditions than AuNPs stabilized with
PVP or TA. Interestingly, the larger TA-coated AuNPs
seemed to aggregate to a lesser extent under physiologi-
cal salt conditions than in water, based on the observed
hydrodynamic size shifts in the complete media.
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A bacterial endotoxin test is usually required before
preclinical in vitro and in vivo studies of pharmaceuti-
cal formulations. The endotoxin levels in the commercial
preparations of AuNPs were below the limit of detection
(<0.005 EU/mL).

Effects of orally administered AuNPs on DSS-induced colitis
To assess their potential therapeutic efficacy on colitis,
AuNPs were administered by oral gavage to the DSS-
treated mice for 8 days (Fig. 1a). To ensure a fair compar-
ison of the activities of different sized AuNPs, we dosed
mice with nanoparticles at equivalent optical densities
(OD) of their surface plasmon resonance (SPR) peaks
so that the gold colloids possessed essentially equivalent
effective surface areas.

The kidney is a major site for organ accumulation of
orally administrated AuNPs following their intestinal
absorption [17-19]. According to Choi et al., nanoparti-
cles should have final hydrodynamic diameters <5.5 nm
to be filtered from the kidney [20]. In this study, accord-
ing to their hydrodynamic sizes in DMEM medium
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supplemented with 10% FBS (Table 1), AuNPs were too
large to be excreted from the mouse body by the renal
route, so the accumulation of gold was determined in the
kidneys of mice to indirectly measure the bioavailability
of orally administrated AuNPs (Table 2). The kidneys of
mice in the Au-5 nm/PVP group had significantly greater
accumulations of gold than did the kidneys of mice in the
Au-5 nm/Citrate and Au-5 nm/TA groups (least signifi-
cant difference (LSD), P<0.05). A size-dependent accu-
mulation of gold was observed for TA-coated AuNPs,
with peak accumulation observed for TA-stabilized
15-nm AuNPs (Au-15 nm/TA) (LSD, P<0.05). These
results suggest a coating- and size-dependent bioavail-
ability for orally administered AuNPs.

The DSS control group had significantly lower mean
total food intake (29.1+1.3 g/mouse) during the entire
experiment than the normal control group (36.2+2.5 g/
mouse) (Dunnett’s, P<0.05), while the mean total food
intakes (g/mouse) of mice in the AuNPs groups were
similar to the normal controls (data not shown).

Figure 1b shows the kinetics of body weight during the
entire experiment. The DSS control group suffered from

Sample collection
(colon, serum, kidney)

Acclimation

|—| + 3% DSS
>

-3-2-1({1234567213

Sacrifice

+ Oral AuNPs

Ei(periment period (days)
|

Daily recording
(food intake, body weight, DAT)

DAI

Time (d)

a b 1104

% of initial body weight

P e
o
//
1054 ol
] S R IR N
/ 279 al T~
G REERE N
‘i E NN
100775 RN
—_ NG
® ~
\._,,'—.\. \*
95- N
\.
0 2 4 6 8
Time (d)
—e— DSS —=— Control

- —+ - Au-10nm/TA+DSS
Au-15nm/TA+DSS

- =% = Au-60nm/TA+DSS

Au-5nm/TA+DSS
Au-5nm/PVP+DSS

- > -~ Au-30nm/TA+DSS —¥— Au-5nm/Citrate+DSS
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Table 2 The accumulation of gold in the kidney after oral
administration of AuNPs in mice

AuNPs Approximate doses (ug/  Au contents in kidney
kg body weight/day) (pg/g wet weight)'

Au-5 nm/PVP 25 15864279

Au-5 nm/Citrate 25 1289+ 15.6¢

Au-5 nm/TA 25 119541919

Au-10 nm/TA 22 14354169

Au-15 nm/TA 20 26524 286°

Au-30 nm/TA 18 2393+19.8°

Au-60 nm/TA 15 121342834

T Values are means + standard deviations. Means in a column without a
common superscript letter (a, b, c and d) are statistically different (ANOVA
followed by LSD test, P<0.05)

significant weight loss compared to the normal control
group from day 2 (Dunnett’s, P<0.01). The AuNP-treated
animals had significantly less weight loss than the DSS
control-treated ones from day 3 (Dunnetts, P<0.01).
Au-5 nm/PVP and Au-5 nm/Citrate displayed superior
protecting activities than TA-coated AuNPs from day 6
(LSD, P<0.01). No significant size dependence in body
weight was observed for TA-coated AuNPs.

The Disease Activity Index (DAI) values were obtained
based on the pathological conditions of weight loss, loose
stool and fecal blood (Fig. 1c). The DSS treatment caused
a rise in DAI from day 2 (Dunnett’s, P<0.01), and this
was ameliorated by oral administration of PVP- and cit-
rate-coated 5-nm AuNPs from day 3 (Dunnett’s, P<0.01)
and TA-coated AuNPs from day 6 (Dunnett’s, P<0.01).
Au-5 nm/PVP and Au-5 nm/Citrate displayed remarka-
bly better protecting effects than TA-coated AuNPs from
day 4 (LSD, P<0.01). TA-coated AuNPs showed no sig-
nificant size dependence in DAL

Figure 2a, b show that the oral administration of AuNPs
improved the DSS-induced colon shortening (Dunnett’s,
P<0.05), with Au-5 nm/PVP and Au-5 nm/Citrate show-
ing higher amending effects than TA-coated AuNPs
(LSD, P<0.05). Histological analyses of hematoxylin and
eosin (H&E) stained colon tissue (Fig. 2d) revealed that
the oral administration of AuNPs ameliorated the DSS-
induced thinned and disordered mucosal structure and
decreased the area of inflammatory cell infiltration. By
using histological scoring, we found that Au-5 nm/PVP
and Au-5 nm/Citrate were more efficient in attenuating
DSS-induced histological lesions than TA-coated AuNPs
(LSD, P<0.05) (Fig. 2c). There was no significant size
dependence in colon length and histological score for
TA-coated AuNPs.

AuNPs, apparently, exerted their anti-colitis activi-
ties in a coating-rather than size-dependent manner,
based on the results observed for body weight changes,
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DAI, and colon histology. Importantly, TA-coated
AuNPs had less anti-colitis potential than PVP- and
citrate-coated ones. AuNPs were dosed at concentra-
tions of 1/25 OD, i.e. 2.8 mg gold/L or less, which were
neglectable compared to that of DSS (30 g/L) in drink-
ing water, so they were unlikely to interfere with DSS
to prevent colitis induction. Anti-inflammation and gut
microbiota modulation are typical anti-colitis mecha-
nisms, and they will be examined in the following parts
to elucidate the mechanism of action of AuNDPs.

Oral administration of AuNPs reduced colonic and systemic
inflammation

Myeloperoxidase (MPO) is present in large quantities
in neutrophils, and its activity is a widely used parame-
ter for evaluating inflammatory cell infiltration [21]. As
shown in Fig. 3a, compared to the normal control group,
the DSS control group had significantly increased colonic
MPO activity (Dunnett’s, P<0.001). In contrast, the oral
administration of AuNPs (Dunnett’s, P<0.001) sup-
pressed much of the MPO activity induced by DSS, with
Au-5 nm/PVP and Au-5 nm/Citrate showing enhanced
inhibitory effects compared to TA-coated AuNPs (LSD,
P<0.05).

The rate of glutathione consumption may increase dra-
matically in many chronic inflammatory diseases and is
associated with the role of glutathione in protecting cells
against oxidative injuries [22]. DSS induced an increase
in colonic total glutathione (tGSH, reduced plus oxidized
forms) levels (Dunnett’s, P<0.001), and this increase
was significantly inhibited by the oral administration of
AuNPs (Dunnett’s, P<0.05) (Fig. 3b).

Interleukin-6 (IL-6) and tumor necrosis factor-«
(TNF-a) are important mediators of colonic and sys-
temic inflammation in patients with IBD [23]. As shown
in Fig. 3c—{, the oral administration of AuNPs was effec-
tive in ameliorating the increased production of IL-6
and TNF-a by DSS in both colon and serum (Dunnett’s,
P<0.05). Au-5 nm/PVP and Au-5 nm/Citrate were more
efficient at attenuating colonic and serum levels of IL-6
and TNF-a than the TA-coated AuNPs (LSD, P<0.05).

Elevated levels of white blood cells are usually asso-
ciated with an inflammatory response. The number of
white blood cells was elevated in the DSS control group
(Dunnett’s, P<0.01) (Fig. 3g), suggesting that significant
systemic inflammation was caused by DSS treatment. The
increased number of white blood cells induced by DSS
was ameliorated by the oral administration of AuNPs
(Dunnett’s, P<0.05). Au-5 nm/PVP and Au-5 nm/Citrate
were more effective than the TA-coated AuNPs at sup-
pressing the increased number of white blood cells (LSD,
P<0.05).
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The results of biochemical and hematological param-
eters revealed a coating- rather than size-dependent anti-
inflammatory effect of AuNPs, with TA-coated AuNPs
displaying weaker anti-inflammatory efficacy than PVP-
and citrate-coated AuNPs. These findings aligned with
the results of the anti-colitis activities and demonstrate
that AuNPs attenuate DSS-induced colitis at least in part
via anti-inflammatory activities.

AuNPs altered gut microbiota profile in DSS-induced colitis
mice

The gut microbiota has been shown to play an impor-
tant role in the pathogenesis of IBD [24]. To investigate
the effect of oral administration of AuNPs on mouse gut
microbiota, high-throughput sequencing was employed
to analyze the bacterial diversity in fecal samples from
the groups of normal control, DSS control and Au-5 nm/
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TA. In total, 6327 Operational Taxonomic Units (OTUs)
were obtained from 1,175,085 sequences of the fecal
samples. A rarefaction analysis was performed to ascer-
tain a complete recovery of the bacterial families in these
samples (Additional file 1: Figure S3), and the rarefaction
curves reached a plateau, suggesting that most of the bac-
teria taxa present in the fecal samples were recovered.
The a-diversity (i.e. phylotype richness within each
sample) was measured by abundance-based coverage

estimator (ACE) (Fig. 4a). There was no significant dif-
ference in a-diversity between the normal control group
and the DSS control group. The Au-5 nm/TA group dis-
played a significantly lower a-diversity than the normal
control group (Wilcox, P<0.05) and the DSS control
group (Wilcox, P<0.05), suggesting that oral administra-
tion of AuNPs markedly decreased the species richness of
gut microbiota in mice. In fact, many studies consistently
report a reduced biodiversity in the fecal microbiome of
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patients with IBD [25], while the oral administration of
Au-5 nm/TA provided no benefit to the preservation of
gut microbiota diversity.

The unweighted unique fraction (UniFrac) metric,
which measures the phylogenetic distance (ranging from
0 to 1) between sets of taxa in a phylogenetic tree [26],
was used to estimate the intragroup similarity of gut
microbiota profile (Fig. 4b). No significant difference in
this metric was observed between the groups of normal
control and DSS control, suggesting an equivalent level
of community structural similarity in these groups. The
Au-5 nm/TA group presented greater unweighted Uni-
Frac distances than the normal control group (Wilcox,
P<0.05) and the DSS control group (Wilcox, P<0.05),
indicating that oral administration of AuNPs increased
the compositional dissimilarity of gut microbiota in mice.

The B-diversity (between sample diversity) was evalu-
ated by a principal component analysis (PCA) analysis
based upon unweighted UniFrac distances (Fig. 4c). The
three groups clustered separately, suggesting different
community structures of gut microbiota in these groups,
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although the Au-5 nm/TA group seemed to have a closer
phylogenetic relationship with the DSS control group
than with the normal control group. Firmicutes and Bac-
teroidetes are the two most abundant bacterial phyla in
human and mouse fecal microbiota, and decreased Fir-
micutes or increased Bacteroidetes has been associated
with aggravated intestinal inflammation in IBD [24].
The ratios of Firmicutes to Bacteroidetes (F/B) in the
Au-5 nm/TA group were significantly lower than those in
the DSS control group (Wilcox, P<0.05) and the normal
control group (Wilcox, P<0.05) (Fig. 4d), suggesting the
potential for a negative impact on gut bacteria by the oral
administration of AuNPs.

The linear discriminant analysis (LDA) effect size
(LEfSe) algorithm unveiled 6, 17, and 30 significantly
different taxa at different taxonomic levels between the
groups of normal control and DSS control, Au-5 nm/TA
and DSS control, and normal control and Au-5 nm/TA,
respectively (Fig. 5a—c). In comparison with the normal
control- and DSS control-treated animals, the Au-5 nm/
TA-treated mice displayed a reduction of Roseburia,
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Ruminococcaceae, and Odoribacter, which are short
chain fatty acid (SCFA)-producing bacteria present at
decreased abundance in IBD patients [27]. This again
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Compared to normal control animals, those taxa
altered by the DSS treatment were limited to the levels
of genus and species, and were not closely related in the

suggests a potential unfavorable effect resulting from
the oral administration of AuNPs on the gut bacterial
populations.

cladogram (Additional file 1: Figure S4). As shown in
Fig. 5d, e, the taxonomic branch of Lactobacillus gasseri-
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was underrepresented in the AuNP-treated mice com-
pared with both normal control and DSS control-treated
animals, indicating an adverse effect of oral administra-
tion of AuNPs against the beneficial genus Lactobacil-
lus. Within the phylum of Bacteroidetes, the taxonomic
branches of Bacteroidales-Bacteroidia-Bacteroidetes, and
Bacteroides acidifaciens-Bacteroidaceae-Bacteroides,
were overrepresented in the Au-5 nm/TA group com-
pared with the DSS control group and the normal control
group, respectively (Fig. 5d, e).

Since the oral administration of Au-5 nm/TA seemed to
unfavorably alter mouse gut microbiota by decreasing the
biodiversity and F/B ratio, as well as certain SCFA-pro-
ducing bacteria and Lactobacillus, we hypothesize that
AuNPs exerted anti-colitis activities through their anti-
inflammatory rather than gut microbiota-modulating
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TNF-a

Page 9 of 18

properties. There remains a lack of comprehensive
understanding of the anti-inflammatory mechanism of
AuNPs. To gain a better understanding of the mecha-
nisms, the RAW?264.7 cell line was utilized to depict
typical interaction scenarios between AuNPs and inflam-
matory responses.

Anti-inflammatory effects of AuNPs in lipopolysaccharides
(LPS)-activated RAW264.7 cells

To determine the highest non-cytotoxic concentrations
of AuNPs, the methylthiazolyldiphenyl-tetrazolium bro-
mide (MTT) test was performed 24 h after the treat-
ment of RAW264.7 cells with various concentrations
of AuNPs. At concentrations of 1/1000 OD or lower,
AuNPs caused no statistically significant changes in mac-
rophage viability (Fig. 6a, b). Au-5 nm/TA, Au-5 nm/
PVP and Au-5 nm/Citrate displayed significant cyto-
toxicity at the concentration of 1/500 OD (Dunnett’s,
P<0.05), while TA-stabilized 10-nm AuNPs (Au-10 nm/
TA) and Au-15 nm/TA showed cytotoxicity at concentra-
tions above 1/250 OD (Dunnett’s, P<0.05). TA-stabilized
30-nm and 60-nm AuNPs (Au-30 nm/TA and Au-60 nm/
TA) induced no cytotoxicity at a concentration as high
as 1/125 OD. These results suggest a size dependence in
cellular toxicity of these AuNPs. As previously reported
[28-30], AuNPs with sizes<10 nm are generally more
cytotoxic than those larger ones possibly due to their
abilities to enter the cell nucleus.

Inductively coupled plasma mass spectrometry (ICP-
MS) analysis of cells treated with 1/1000 OD of AuNPs
revealed an increased absorption of 5-nm AuNPs
coated with PVP compared to those coated with citrate
and TA (LSD, P<0.05) (Table 3). A size dependence in
cellular uptake of TA-coated AuNPs was observed with
Au-15 nm/TA and Au-30 nm/TA showing greater pro-
portions of absorption (LSD, P<0.05) (Table 3).

LPS is a primary bacterial toxin that is used to initiate
the inflammatory cascade leading to intestinal injury.

Table 3 The absorption of AuNPs by RAW264.7 cells

AuNPs Dose Absorptivity? Au contents (ng
(ng/107 per mg protein)’
cells)

Au-5 nm/PVP 2313 14.643.2%° 11.74£17%

Au-5 nm/Citrate 2313 11.642.6%¢ 9342.1b¢

Au-5 nm/TA 231.3 9.542.5%¢ 76418

Au-10 nm/TA 2023 12943.6%™ 9.1423

Au-15 nm/TA 187.0 20.1 £3.2%° 13.34+26°

Au-30 nm/TA 163.7 19.84+4.3%° 114+£23%

Au-60 nm/TA 1435 17.843.6%® 904 1.5b

! Values are means + standard deviations. Means in a column without a
common superscript letter (a, b and c) are statistically different (ANOVA followed
by LSD test, P<0.05)
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To evaluate the anti-inflammatory activities of AuNPs,
RAW?264.7 cells were pretreated with 1/1000 OD of the
particles for 5 h before stimulation with LPS and incu-
bation for another 20 h. LPS significantly increased
the production of nitric oxide (NO), IL-6 and TNF-«a
by the macrophages (Dunnett’s, P<0.001), and these
effects were markedly attenuated by pretreatments with
AuNPs (Dunnett’s, P<0.001) (Fig. 6c, d). All AuNPs
had similar activities in attenuating the LPS-stimulated
production of NO; however, the 5-nm AuNPs with
the three types of coatings displayed uniformly supe-
rior anti-inflammatory activities in suppressing the
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production of the proinflammatory cytokines of IL-6
and TNF-a, when compared to the larger-sized TA-
coated AuNPs (LSD, P<0.05).

AuNPs attenuated Toll-like receptor 4 (TLR4)- and reactive
oxygen/nitrogen species (ROS/RNS)-mediated
inflammatory signaling

NF-«B is a key transcription factor dictating the produc-
tion of proinflammatory cytokines, and its activation by
LPS stimulation for 1 h was examined using Western
blot analysis (Fig. 7a). Pretreatment of RAW264.7 cells
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with AuNPs for 5 h, resulted in significant inhibition of
the LPS-stimulated increase of NF-kB p65 protein (Dun-
nett’s, P<0.05). The 5-nm AuNPs with three different
coatings uniformly exhibited higher activities than the
larger TA-coated AuNPs (LSD, P<0.05), which aligned
well with the results of IL-6 and TNF-a in Fig. 6d. These
results suggest that AuNPs inhibited the expression of
proinflammatory cytokines through blocking NF-«B acti-
vation in RAW264.7 cells.

The results of Western blot analysis (Fig. 7b) showed
that the expression of inducible NO synthase (iNOS) was
increased by 24-h LPS stimulation (Dunnett’s, P<0.001),
and this was significantly reduced by the 5-h pretreat-
ments with AuNPs (Dunnett’s, P<0.05). Similar with the
results of NO production (Fig. 6¢), AuNPs with different
coatings and sizes showed equivalent activities to block
the LPS-induced expression of iNOS. These results sug-
gest that AuNPs attenuated NO production by down-
regulating the expression of iNOS in RAW?264.7 cells.

LPS is recognized by macrophages via the TLR4/
myeloid differentiation factor 2 (MD-2) receptor com-
plex on the cell surface. Cell surface membrane and cell
lysate levels of TLR4 protein were determined using
flow cytometry and Western blot analysis, respectively.
As shown in Fig. 7c, d, the treatment of RAW?264.7 cells
with AuNPs for 5 h greatly decreased the levels of TLR4
protein in cell lysates and membranes surfaces (Dun-
nett’s, P<0.001), suggesting that AuNPs desensitized
RAW?264.7 cells to LPS. There were no differences in
the reduction of TLR4 protein between AuNPs of dif-
ferent coatings or different sizes, which was similar to
the findings for iNOS expression and NO production.
These results suggest that AuNPs exerted their anti-
inflammatory effects at least in part via modulation of
the LPS/TLR4 signaling pathway.

NO and superoxide are simultaneously produced in
LPS-activated macrophages, and they readily react to
form a strong oxidant, peroxynitrite [31]. As shown in
Fig. 8a, the 5-h pretreatment of RAW264.7 cells with
the AuNPs significantly attenuated the arise in dichlo-
rodihydrofluorescein (DCF) fluorescence in response
to 1-h LPS stimulation (Dunnett’s, P<0.05) and sug-
gested that AuNPs prevented the LPS-induced burst of
intracellular peroxynitrite. The three different coated
5-nm AuNPs were uniformly superior in suppressing
the formation of peroxynitrite, when compared to the
larger TA-coated AuNPs (LSD, P<0.05). These results
contrasted with the results for TLR4 protein reduction
(Fig. 7c, d); thus, the attenuation of the LPS/TLR4 sign-
aling cannot completely explain the prevention of LPS-
mediated oxidative burst by AuNPs.

The disproportionation of peroxynitrite into the weak
oxidants, O, and nitrite, occurs under physiological
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conditions as a detoxification mechanism [32]. Peroxyni-
trite has a half-life over 1 s under physiological conditions
[33], so it is stable enough to diffuse into endosomes for
microbial killing, as well as interacting with the endo-
cytosed AuNPs. The results of electron spin resonance
(ESR) oximetry in vitro (Fig. 8¢, d) showed that AuNPs
catalyzed peroxynitrite disproportionation in a size-
and coating-dependent manner. The catalytic activi-
ties of 5-nm AuNPs with three coatings were uniformly
higher than those of Au-15 nm/TA, Au-30 nm/TA and
Au-60 nm/TA, which was in accordance with the pre-
vention of LPS-induced oxidative burst (Fig. 8a), NF-xB
activation (Fig. 7a), and cytokine production (Fig. 6d)
by AuNPs. These results suggest that the catalytic
detoxification of peroxynitrite may account for the size-
dependency of anti-inflammatory activities of AuNPs in
LPS-stimulated macrophages.

When superoxide is generated without the simultane-
ous production of NO during macrophage respiratory
burst that is elicited by certain non-LPS stimuli, such
as phorbol 12-myristate 13-acetate (PMA), the short-
lived radical readily transforms into hydrogen peroxide,
which is a relatively stable and highly diffusible oxidant
regulating inflammatory activation [34]. AuNPs can cata-
lyze hydrogen peroxide disproportionation under physi-
ological conditions [35], which confers their antioxidant
properties. As shown in Fig. 8b, the 5-h pretreatment of
macrophages with AuNPs effectively prevented the arise
in DCEF fluorescence in response to PMA stimulation for
1 h (Dunnett’s, P<0.001), suggesting that AuNPs could
suppress the PMA-induced oxidative burst. In addition,
Au-5 nm/TA and Au-5 nm/Citrate were shown to dis-
play significantly greater antioxidative activities than the
other AuNPs (LSD, P<0.05). The results of ESR oximetry
showed that Au-5 nm/TA and Au-5 nm/Citrate exhibited
better catalase-mimetic activities than Au-5 nm/PVP,
Au-15 nm/TA, Au-30 nm/TA and Au-60 nm/TA in vitro
(Fig. 8e, f). Thus, it appears that AuNPs may play an anti-
inflammatory role in non-LPS-activated macrophages by
catalyzing the detoxification of hydrogen peroxide.

From the above results one can infer that AuNPs atten-
uate the inflammatory responses via reduction of the LPS
receptor and catalytic detoxification of peroxynitrite and
hydrogen peroxide. The inhibition of LPS-induced NO
production and iNOS expression by AuNPs may depend
on TLR4 protein reduction alone, while the attenuation
of proinflammatory cytokine production and NF-«xB
activation by AuNPs appear to associate with both TLR4
protein reduction and ROS/RNS detoxification.

Summary
The 5-nm AuNPs coated with PVP and citrate were more
efficient than the TA-coated AuNP as anti-colitis and
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anti-inflammatory agents in a mouse model of ulcerative
colitis in this study, which can be explained by the differ-
ences in their bioavailabilities and peroxynitrite-detoxify-
ing activities. Au-5 nm/PVP had a higher bioavailability
than Au-5 nm/TA and Au-5 nm/Citrate in both mice
and macrophages, while Au-5 nm/Citrate had a greater
peroxynitrite-detoxifying activity than Au-5 nm/TA and
Au-5 nm/PVP in vitro.

PVP is a kind of amphiphilic biopolymer, while TA
and citrate are hydrophilic organics; therefore, Au-5 nm/
PVP should possess higher surface hydrophobicity than
Au-5 nm/TA and Au-5 nm/Citrate. Surface hydrophobic-
ity is a critical factor governing cell-nanoparticle interac-
tions, and its effect is even stronger than that of surface
charge [36]. Nanoparticles with more hydrophobicity are
generally internalized better by mammalian cells due to
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their higher affinity for the cell membrane [37]. There-
fore, the higher surface hydrophobicity of Au-5 nm/
PVP particles may explain their enhanced absorption in
mice and macrophages compared to Au-5 nm/TA and
Au-5 nm/Citrate.

Among the differently sized TA-coated AuNDs,
Au-15 nm/TA had the highest bioavailability in mice
and macrophages. Schleh et al. reported similar results
that oral administration of AuNPs in the size range of
5-200 nm were most bioavailable at the size of 18 nm
in rats [17]. AuNPs enter cells primarily via receptor-
mediated endocytosis (RME) pathways [28]. The opti-
mal particle size for RME is theoretically at 54—60 nm in
diameter for spherical particles [38]. Au-15 nm/TA gave
the smallest hydrodynamic size of 58.8 nm in 10% FBS-
supplemented DMEM, and thus seem to have an aggre-
gate size most suitable for RME in biological fluids. This
might explain the reason for the highest bioavailability of
Au-15 nm/TA among TA-coated AuNPs. However, we
observed no size effect in the anti-colitis and anti-inflam-
matory activities of TA-coated AuNPs.

A reduction of cell surface TLR4 protein by AuNPs
in macrophages has never been shown before, and this
might be the result of co-endocytosis of AuNPs with
membrane TLR4. Husebye et al. found that upon bind-
ing to LPS, the TLR4/MD-2 complex on the cell mem-
brane of macrophages would be endocytosed via RME
and subsequently degraded in late endosomes/lysosomes
as the rapid mechanism of LPS desensitization [39]. Liu
et al. reported that LPS stimulation promptly accelerated
the endocytic uptake of AuNPs by RAW264.7 cells [40].
Tsai et al. discovered that the AuNP-treatment induced
a rapid translocation of membrane TLRY into the phago-
somes in Raw264.7 cells [13]. We thus hypothesize that
AuNPs were internalized by macrophages and this was
accompanied by an endocytic translocation of membrane
TLR4 leading to the rapid LPS desensitization.

AuNPs were found as a novel peroxynitrite decomposi-
tion catalyst in this study. Peroxynitrite is a relatively sta-
ble, diffusible, and highly reactive oxidant contributing to
a host of pathologies, so peroxynitrite decomposition cat-
alysts, which mainly fall into three categories including
iron/manganese metalloporphyrin, bis(hydroxyphenyl)
dipyrromethenes and metallocorroles, have attracted
growing interest in the treatment of disease [41]. To the
best of our knowledge, metallic nanoparticles have not
been shown to have a peroxynitrite decomposing activity.
Our results might inspire potential clinical applications
of noble metal nanoparticles in peroxynitrite-associated
pathologies such as inflammatory and neurodegenerative
diseases, type I diabetes, and myocardial infarction.

After ingestion, nanoparticles reach the intestine
and encounter the gut microbiome. The interactions
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of nanoparticles with the gut microbiome may induce
a number of effects that have consequences on human
health. Recently, the interactions of silver, titanium diox-
ide, silica dioxide, zinc oxide, and carbon nanoparticles
with gut microbiota in vivo have been reported, however,
few studies have focused on the effects of AuNPs on gut
microbial profiles [42, 43]. This study demonstrated that
AuNPs reduced the F/B ratio and probiotic Lactobacil-
lus abundances, which is in line with the results of silver
nanoparticles as reported by Chen et al. [43]. Hydrogen
peroxide production by probiotic bacteria has been sup-
posed to contribute to the maintenance of a normal and
homeostatic microbiota [44]. Considering their catalase-
mimetic activities, AuNPs might induce gut dysbiosis by
catalyzing intraluminal hydrogen peroxide decomposi-
tion. Additional studies are needed to further evaluate
the mechanism for AuNPs to decrease Lactobacillus in
the gut microbiome.

Conclusions

In conclusion, the attenuation of colonic and systemic
inflammation should be the key underlying mechanism
for the anti-colitis effect of oral administration of AuNPs
in mice. Specifically, oral administration of AuNPs unfa-
vorably altered mouse gut microbiota. AuNPs could exert
anti-inflammatory effect in macrophages by reduction of
the cell surface LPS receptor and catalytic detoxification
of peroxynitrite and hydrogen peroxide. AuNPs can serve
as a new paradigm for treating IBD and other ROS/RNS-
associated diseases, but precautions are needed to over-
come their potentially negative impact on gut microbiota.

Methods

Source and characterization of AuUNPs

Au-5nm/TA, Au-10 nm/TA, Au-15 nm/TA, Au-30 nm/
TA and Au-60 nm/TA were provided in 0.1 mM phos-
phate buffered saline by CytoDiagnostics (Burling-
ton, Canada), and were quantified by using the OD
at their SPR wavelengths. As per manufacturer, the
stock solutions (OD=1) of Au-5 nm/TA, Au-10 nm/
TA, Au-15 nm/TA, Au-30 nm/TA and Au-60 nm/TA
contained 69.4, 60.7, 56.1, 49.1, and 43.0 ug gold/mL,
respectively. Au-5 nm/Citrate and Au-5 nm/PVP were
supplied in water at the concentration of 1 mg/mL by
nanoComposix, Inc. (CA, USA). The endotoxin levels in
these commercial preparations were determined using
the Pierce LAL Chromogenic Endotoxin Quantitation
Kit (Thermo Scientific, CA, USA) as per manufactur-
er’s recommendations. Particle size was characterized
by DLS, using a Malvern Zetasizer Nano ZS instru-
ment (Herrenberg, Germany) equipped with a 633 nm
He—Ne laser at 25 °C, and by TEM, using a JEOL JEM
2100 FEG instrument (Tokyo, Japan) at an accelerating
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voltage of 200 kV. Zeta potential was measured in pre-
rinsed folded capillary cells on the Malvern Zetasizer
Nano ZS instrument at 25 °C.

Reagents

MTT, hydrogen peroxide, peroxynitrite, phenylmeth-
anesulfonyl fluoride (PMSF), o-dianisidine dihydro-
chloride, LPS from Escherichia coli O55:B5, tGSH
assay kit, and protease inhibitor cocktail and radioim-
munoprecipitation assay (RIPA) lysis buffer were pur-
chased from Sigma-Aldrich Co. (Shanghai, China).
DSS, molecular weight 36-50 kDa, was provided by
Yisheng Biotechnology Co., Ltd. (Shanghai, China). The
Pierce BCA protein assay kit, 2/,7/-DCF diacetate, the
enhanced chemiluminescence (ECL) detection kit, and
sandwich enzyme-linked immunosorbent assay (ELISA)
kits for mouse IL-6 and TNF-a, DMEM, Dulbecco’s
phosphate-buffered saline (DPBS) and Hank’s balanced
salt solution (HBSS) were obtained from ThermoFisher
Scientific (CA, USA). PMA, rabbit anti-mouse NF-kB
p65 polyclonal antibody (ab32536), horseradish per-
oxidase (HRP)-conjugated goat anti-mouse IgG sec-
ondary antibody (ab6789), HRP-conjugated goat
anti-rabbit IgG secondary antibody (ab205718), and
mouse monoclonal anti-B-actin antibody (ab6276) were
purchased from Abcam (Shanghai, China). 4-Hydroxy-
2,2,6,6-tetramethylpiperidine-1-15N-oxyl ~ (**N-PDT)
was supplied by Cambridge Isotope Laboratories, Inc.
(Andover, MA). Mouse monoclonal anti-TLR4 anti-
body (sc-293072), Alexa Fluor® 647-conjugated anti-
TLR4 antibody (sc-293072 AF647), and Alexa Fluor®
647-conjugated mouse isotype control IgG,; (sc-24636)
were purchased from Santa Cruz Biotechnology
(Shanghai, China). Rabbit monoclonal anti-iNOS anti-
body (13120S) were provided by Cell Signaling Tech-
nology (Shanghai, China). FBS was purchased from
ExCell Bio (Shanghai, China). Other reagents used were
of analytical grade and commercially available.

Animals

Male C57BL/6 mice (7-8 weeks old, weighing
21.54+1.80 g) were purchased from Lukang Pharmaceu-
tical Co. (Shandong, China). Animals were maintained
in individual cages in an air-conditioned room (20—
24 °C, 55-65% humidity) under a lighting regime of 12 h
light:12 h dark. The mice had ad libitum access to a pel-
letized rodent chow (TROPHIC Animal Feed High-Tech
Co., Ltd., Nantong, China) throughout the course of the
experiments. Deionized water was used as drinking water.
All experiments were performed ethically in accordance
with the principles of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and
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were approved by the Committee on the Ethics of Animal
Experiments of Ocean University of China.

Induction of colitis and treatment protocol

The DSS model is a well-established model for the
induction of colitis and has been used as a screen-
ing tool for new drugs and to investigate their mecha-
nism of action [45]. Following a 3-day acclimation
period, mice were randomly divided into nine treat-
ment groups (8 mice/group), comprising normal control,
DSS control, DSS+ Au-5 nm/Citrate, DSS + Au-5 nm/
PVP, DSS+Au-5 nm/TA, DSS+Au-10 nm/TA,
DSS+Au-15 nm/TA, DSS+Au-30 nm/TA, and
DSS + Au-60 nm/TA groups. The normal control group
had ad libitum access to drinking water for 8 days
(Fig. 1a). Experimental colitis was induced by the admin-
istration of 3% (w/v) DSS in the drinking water of mice
with ad libitum access for 5 days, which was then fol-
lowed by ad libitum access to regular drinking water for
the remaining 3 days. All groups of mice received daily
intragastric intubations for 8 days, consisting of 200 pL
drinking water for the normal and DSS control groups
and 200 pL of 1/25 OD of the specified AuNPs for the
gold-treated groups. The oral gavage dosages of AuNPs
corresponded to 0.55, 0.55, 0.55, 0.49, 0.45, 0.39, and
0.34 pg gold/animal and were approximately equivalent
to 25, 25, 25, 22, 20, 18, and 15 pg gold/kg bodyweight,
for the Au-5 nm/Citrate, Au-5 nm/PVP, Au-5 nm/
TA, Au-10 nm/TA, Au-15 nm/TA, Au-30 nm/TA or
Au-60 nm/TA groups of mice, respectively.

Evaluation of colitis

Food intake and individual animal body weights were
recorded daily, and all mice were observed daily for clini-
cal symptoms of colitis, including stool consistency and
fecal blood [46]. Stool consistency was scored as follows:
0=normal; 1 =moist/sticky stool; 2 =soft stool; 3 =diar-
rhea. Fecal blood was scored as follows: 0=no blood;
1=-evidence of blood in stool or around anus; 2 =severe
bleeding. Weight loss was scored as follows: 0=no loss;
1=1-5%; 2=5-10%. To evaluate the severity of colitis,
DAI was calculated as the sum of the scores of stool con-
sistency, fecal blood, and body weight loss.

Animal sacrifice and necropsy

At the end of the study, fecal samples were collected and
stored at —80 °C until gut microbiota compositional
analysis. Blood was collected by eyeball enucleation for
hematology and for serum cytokine level evaluations.
Serum samples were prepared for cytokine production
by allowing the whole blood to clot for about 30 min
at room temperature followed by centrifugation of the
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clotted blood at 3000 rpm for 15 min at 4 °C. The blood
samples for hematological analysis were immediately col-
lected into tubes containing ethylenediamine tetra-acetic
acid (EDTA), and white blood cells and lymphocytes in
the samples were analyzed on a XN-9000 hematology
analyzer (Sysmex, Kobe, Japan), with all hemolyzed or
clotted samples discarded before analysis.

Animals were sacrificed after exsanguination. The
colon was removed intact from the abdominal cavity, and
the length of each colon from the ileo-cecal junction to
the anus were measured at rest, without stretching. The
proximal colon was then cut into small pieces (~1 cm
long) for histological and biochemical analysis. Both kid-
neys were harvested and heated to dryness before being
refluxed at 90 °C in aqua regia for 24 h. The gold concen-
trations in the digested kidney samples were measured by
ICP-MS (Agilent Technologies, Beijing, China).

Histopathology

For H&E staining, the proximal colonic tissues were fixed
in 10% neutral buffered formaldehyde, desiccated, and
embedded in paraffin. The paraffin embedded tissues
were cut into thin sections (5 pm) and stained with H&E
for histologic evaluations, using an OLYMPUS BX41
light microscope (Japan). Six randomly selected fields for
each sample were imaged, and the histologic lesions in
each field were scored, as described by Laroui et al., by an
experienced pathologist from the Department of Clinical
Laboratory at the Affiliated Hospital of Qingdao Univer-
sity [46]. A mean score of 6 fields was used as the histo-
logic score for each mouse.

MPO assay

The colonic MPO activity was measured according to the
procedures described by Rodriguez-Palacios et al. [47].
Pre-weighed proximal colonic samples (stored for<48 h
at —80 °C) were placed in a microfuge tube that con-
tained 20 volumes of ice-cold potassium phosphate
buffer (50 mM, pH 6.0) with 0.5% cetyltrimethylammo-
nium bromide. The tissue was homogenized with ceramic
beads, using a Bioprep-6 Homogenizer (Allsheng Instru-
ments CO., Ltd, Hangzhou, China), and the homogen-
ate was centrifuged at 4 °C for 5 min at 12,500 rpm. Ten
microliter of the supernatant were loaded in each well
of a pre-chilled ELISA plate, and 200 uL of the active
substrate solution containing 0.2 mg/mL o-dianisidine
hydrochloride and 0.001% hydrogen peroxide were then
added to each well. The absorbance at 450 nm was read
immediately and every 30 s afterwards for 5 min with a
Synergy H4 hybrid microplate reader (Bio-Tek, Winooski,
VT, USA) set to 28 °C. One unit of MPO activity was cal-
culated as: MPO activity=AA450+0.5-+0.0113 = 0.05;
where AA450 was the average of AA4503 ., (the
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absorbance difference from time 0 to 30 s) and AA450,,¢,_
130) (the absorbance difference from time 30 to 60 s);
0.0113 is the MPO constant; 0.5 is for the time interval
(i.e. 0.5 min), and 0.05 is the dilution factor of sample:
CTAB lysis buffer (i.e. 50 mg:1 mL).

Quantification of tGSH in colon tissues

Pre-weighed proximal colonic samples were added to
10 volumes of the 5% 5-sulfosalicylic acid solution, and
then the homogenization was carried out in a homog-
enizer tube containing ceramic beads using a Bioprep-6
Homogenizer. The homogenate was centrifuged at
10,000 rpm for 5 min at 4 °C, and the supernatant was
used as the tissue extract. The level of tGSH in the tissue
extract was determined using the tGSH assay kit as per
the manufacturer’s instructions.

Cytokine assay in serum and colon tissue

Pre-weighed proximal colonic samples were added
to 25 volumes of RIPA lysis buffer containing PMSF
(I mM) and protease and phosphatase inhibitor cock-
tails, and then the homogenization was carried out in
a homogenizer tube containing ceramic beads using a
Bioprep-6 Homogenizer. The homogenate was centri-
fuged (10,000 rpm, 5 min, 4 °C), and the supernatant
was used as the tissue extract. The concentrations of IL-6
and TNF-a in tissue extracts and serum samples were
determined using ELISA Kkits as per the manufacturer’s
instructions.

Gut microbiota analysis

Considering the cost, a total of 15 fecal samples were ran-
domly chosen from the normal control group (n=>5), the
DSS control group (n=>5), and the Au-5 nm/TA group
(n=5) for gut microbiota analysis. Total bacterial DNA
was extracted using the QIAamp DNA Stool Mini Kit
(Qiagen, Hilden, Germany) as per the manufacturer’s
instructions. The integrity, purity, fragment size and
concentration of the extracted DNA were determined
by 1% agarose gel electrophoresis. The primers 515F (5'-
GTGYCAGCMGCCGCGGTAA-3’) and 907R (5'-CCY
CAATTCMTTTRAGTTT-3') were used to amplify the
V4-V5 regions of 16S rRNA gene. The 16S rRNA tag-
encoded high-throughput sequencing was performed
on an Illumina HiSeq 2500 high-throughput sequencer
(Ilumina, San Diego, USA) at Novogene Bioinformat-
ics Technology Co., Ltd. (Beijing, China). Paired-end
reads were assigned to samples based on their unique
barcode, and were truncated by eliminating the barcode
and primer sequence. The paired-end reads were merged
using FLASH. Quality filtering of the raw sequenc-
ing data was carried out to get high-quality clean tags,
which were then analyzed with the QIIME (Quantitative
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Insights into Microbial Ecology) software package using
default settings [48]. Sets of sequences with 97% similar-
ity were assigned as an OTU using UPARSE pipeline, and
a representative sequence for each OUT was employed
to annotate the taxonomic information in Mothur with
the SILVA SSU Ref database [49, 50]. The «-diversity
metric ACE, as well as PCA of B-diversity utilizing the
unweighted UniFrac, was calculated by QIIME software
and displayed using R software. The LEfSe method was
employed to compare taxa at species or higher levels
among groups [51].

Cellular experiments

RAW264.7 cells were originally obtained from the Cell
Bank of the Chinese Academy of Sciences (Shang-
hai, China) and were maintained routinely in DMEM
medium supplemented with 10% FBS at 37 °C in a 5%
CO, atmosphere. To evaluate cellular toxicity, cells were
seeded at a density of 1 x 10° cells/well in 96-well plates
and cultured for 24 h in complete media. The cells were
rinsed three times with DPBS and incubated in complete
media with and without AuNPs for another 24 h. Cell via-
bility was measured by the MTT assay. Briefly, the cells
were incubated with 0.5 mg/mL MTT in fresh medium
for 4 h, and the resulted formazan crystals were dissolved
with DMSO, followed by measuring the absorbance at
570 nm on a Synergy H4 hybrid microplate reader.

To assay the production of cytokines and NO,
RAW?264.7 cells seeded into a 48-well plate (5.0 x 10°
per well) were cultured for 24 h in complete media. Cells
were incubated in complete media with and without
AuNPs (OD =0.001) for 5 h. Cells were rinsed with DPBS
before the cells were incubated for 20 h in media supple-
mented with or without LPS (1 pg/mL). The cell culture
supernatant was then harvested and stored at —20 °C
before analysis.

To measure NO production, the nitrite levels in cell
culture supernatants were colorimetrically determined
using Griess reagent. Briefly, the culture supernatant
(100 pL) was mixed with an equal volume of freshly
prepared Griess reagent (1% sulphanilamide, 0.1%
N-1-naphthyl ethylenediamine, and 5% phosphoric
acid) for 10 min in a 96-well plate, and the absorb-
ance at 540 nm was then measured on a plate reader
(Bio-Tek, Winooski, VT, USA). Nitrite concentration
was calculated from a sodium nitrite standard curve.
The concentrations of IL-6 and TNF-a cell in culture
supernatants were determined using ELISA kits as per
the manufacturer’s instructions.

To determine the production of ROS/RNS, cells were
seeded into 48-well plates (5.0 x 10° per well) and cul-
tured for 48 h. The cells were incubated with or with-
out AuNPs (OD =0.001) for 5 h, rinsed, and incubated
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for 1 h in media supplemented with or without LPS
(1 pg/mL) or PMA (1.25 ug/mL). The cells were then
exposed to 2/,7'-DCF diacetate (20 pM), for 30 min to
allow the dye to diffuse into the cells. The excess dye
was removed, and cells were washed twice with DPBS
prior to measurement of absorbance with a Synergy
H4 hybrid microplate reader set at 485-nm excitation
and 535-nm emission.

Flow cytometry and Western blotting were per-
formed to measure TLR4 protein levels. For these
experiments, RAW?264.7 cells were seeded into 6-well
plates (1.0 x 10° per well) and were cultured for 48 h in
complete media. The cells were rinsed and incubated
with or without AuNPs (OD =0.001) for 5 h. For flow
cytometry, cells were rinsed and detached with EDTA.
The cells were then incubated with Alexa Fluor®
647-conjugated anti-TLR4 or the matched isotype
control IgG, (1 pg/10° cells) for 30 min on ice, washed
and analyzed on a BD Accuri C6 flow cytometer (BD
Biosciences, Beijing, China). For Western blotting,
cells were rinsed and lysed in RIPA buffer containing
PMSF (1 mM) and protease and phosphatase inhibitor
cocktails at 4 °C for 30 min, and after centrifugation at
13,000 r/min for 15 min at 4 °C, the supernatant was
used as whole cell lysate for further analysis.

For Western blotting analysis of NF-kB p65 and
iNOS, RAW264.7 cells were rinsed and stimulated
with or without LPS (1 pg/mL) for 1 h (NF-kB p65) or
24 h (iNOS). Cells were then lysed in RIPA buffer con-
taining PMSF (1 mM) and protease and phosphatase
inhibitor cocktails at 4 °C for 30 min, and after cen-
trifugation at 13,000 r/min for 15 min at 4 °C, the
supernatant was used as whole cell lysate for further
analysis.

To measure the uptake of AuNPs, cells seeded into
6-well plates (1.0 x 10° per well) were cultured for 24 h
before incubation with or without AuNPs (OD =0.001)
for another 24 h. The cells were then washed three
times and digested with aqua regia at room tempera-
ture for 6 h. The gold concentrations in the cellular
digests were determine by ICP-MS.

Western blotting

The protein concentration in whole cell lysate was
measured using the Pierce BCA protein assay kit as per
the manufacturer’s instructions. After cell lysate sam-
ples were denatured in SDS-loading buffer, they were
separated by SDS—PAGE gel electrophoresis and blot-
ted onto a PVDF membrane. After being blocked for
1 h at room temperature with TBST [10 mM tris (pH
7.5), 150 mM NaCl, and 0.05% Tween 20] contain-
ing 5% fat-free dried milk, the membrane was incu-
bated with anti-TLR4 (1:200 dilution), anti-NF-xB p65
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(1:8000 dilution), anti-f-actin (1:5000 dilution), or
iNOS (1:200 dilution) overnight at 4 °C. Immune com-
plexes were incubated for 1 h at room temperature with
HRP-conjugated secondary antibodies (1:5000 dilu-
tion), and were then washed with TBST for three times
before being visualized using an ECL detection kit on
a Tanon-5200 Multi image analyzer (Tanon Science &
Technology Co., Ltd., Shanghai, China).

ESR oximetry

ESR oximetry with spin label ">’N-PDT was used to
determine the catalase and peroxynitrite decompo-
sition activity of AuNPs. The reaction mixture con-
tains 0.2 mM ®N-PDT, 5 mM hydrogen peroxide, and
AuNPs (OD=0.8) for catalase activity, and 0.2 mM
I5>N-PDT, 11 mM peroxynitrite, and AuNPs (OD =0.1)
for peroxynitrite decomposition. ESR spectra recording
began 1 min after sample mixing on a Bruker EMX ESR
spectrometer with the following settings: 1 mW micro-
wave power, 0.05 G field modulation, and 2 G scan
range. The concentration of O, produced in the reac-
tion was estimated using the peak to peak line width of
the °N-PDT lower field ESR line according to Liu et al.
(Additional file 1: Figure S1) [52].

Statistical analysis

Statistical analyses were performed with SPSS software
version 19.0 (SPSS, Inc., Chicago, USA) and Origin-
Pro 7.0 software (OriginLab Co., Northampton, USA).
One-way analysis of variance (ANOVA) or Wilcoxon
signed-rank test was used to compare the mean differ-
ences. Dunnett’s test (two-tailed) was used for post hoc
pairwise comparisons to the normal control or the DSS
control. LSD test was used for post hoc pairwise com-
parisons between DSS-treated groups. Significant dif-
ferences were defined at probability values (P-values) of
P<0.05, P<0.01 and P<0.001.

Additional file

Additional file 1. Figure S1. The linear relationship between line width
of ESR spectra and O, concentration in solutions. Figure S2. Transmis-
sion electron microscopy images of AuNPs. Figure S3. Rarefaction curves
calculated for each sample. Figure S4. Taxonomic cladogram generated
from LEfSe analysis showing significant difference in microbiota profile of
the groups of normal control and DSS control.

Abbreviations

ACE: abundance-based coverage estimator; DAI: Disease Activity Index;

DCF: dichlorodihydrofluorescein; ESR: electron spin resonance; F/B: ratio of
firmicutes to bacteroidetes; ICP-MS: inductively coupled plasma mass spec-
trometry; IL-6: interleukin-6; iNOS: inducible nitric oxide synthase; LEfSe: linear

Page 17 of 18

discriminant analysis effect size; LPS: lipopolysaccharides; LSD: least significant
difference; MTT: methylthiazolyldiphenyl-tetrazolium bromide; MPO: myelop-
eroxidase; OD: optical density; NF-kB: nuclear factor kappa beta; NO: nitric
oxide; OUT: Operational Taxonomic Units; PCA: principal component analysis;
SCFA: short chain fatty acid; SPR: surface plasmon resonance; TA: tannic acid;
TEM: transmission electron microscopy; tGSH: total glutathione; TLR4: Toll-like
receptor 4; TNF-a: tumor necrosis factor-a; UniFrac: unique fraction.

Authors’ contributions

SZ and XJ performed the experiments. SZ, XJ, SD, YM, and GF analyzed the
data. HW, XJ, MDB and JJY wrote the manuscript. HW, JJY and MZ organized
the study. All authors read and approved the final manuscript.

Author details

! College of Food Science and Engineering, Ocean University of China, 5
Yushan Road, Qingdao 266003, Shandong, China. ? Division of Analytical
Chemistry, Office of Regulatory Science, Center for Food Safety and Applied
Nutrition, U.S. Food and Drug Administration, College Park, MD 20740,

USA. 3 Division of Biochemical Toxicology, National Center for Toxicologi-

cal Research, U.S. Food and Drug Administration, Jefferson 72079, AR, USA.

“ Department of Clinical Laboratory, The Affiliated Hospital of Qingdao Univer-
sity, Qingdao 266003, Shandong, China.

Acknowledgements

This article is not an official US Food and Drug Administration (FDA) guidance
or policy statement. No official support or endorsement by the US FDA is
intended or should be inferred.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Not applicable.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

This work was supported by the National Natural Science Foundation of
China (No. 31601406), the Natural Science Foundation of Shandong Province
of China (No. ZR2016CB30), the Applied Basic Research Project of Qingdao
of China (No. 16-5-1-16-jch), and a regulatory science grant under the FDA
Nanotechnology CORES Program.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 16 August 2018 Accepted: 25 October 2018
Published online: 01 November 2018

References

1. Zhao H, Ning Y. China’s ancient gold drugs. Gold Bull. 2001;34(1):24-9.

2. Berners-Price SJ, Filipovska A. Gold compounds as therapeutic agents for
human diseases. Metallomics. 2011;3(9):863-73.

3. Eisler R. Chrysotherapy: a synoptic review. Inflamm Res.
2003;52(12):487-501.

4. Brown CL, Whitehouse MW, Tiekink ERT, Bushell GR. Colloidal metallic
gold is not bio-inert. Inflammopharmacology. 2008;16(3):133-7.

5. Himmel APB. Management of rheumatoid arthritis: rationale for the use
of colloidal metallic gold. J Nutr Environ Med. 1997;7(4):295-305.

6. Tsai CY, Shiau AL, Chen SY, Chen YH, Cheng PC, Chang MY, et al. Ameliora-
tion of collagen-induced arthritis in rats by nanogold. Arthritis Rheum.
2007;56(2):544.


https://doi.org/10.1186/s12951-018-0415-5

Zhu et al. J Nanobiotechnol

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2018) 16:86

Kaplan GG. The global burden of IBD: from 2015 to 2025. Nat Rev Gastro-
enterol Hepatol. 2015;12(12):720-7.

Liu ZX, Shen YJ, Wu YC, Yang YJ, Wu J, Zhou P, et al. An intrinsic therapy of
gold nanoparticles in focal cerebral ischemia-reperfusion injury in rats. J
Biomed Nanotechnol. 2013;9(6):1017-28.

Chen H, Dorrigan A, Saad S, Hare DJ, Cortie MB, Valenzuela SM. In vivo
study of spherical gold nanoparticles: inflammatory effects and distribu-
tion in mice. PLoS ONE. 2013;8:2.

Leonaviciene L, Kirdaite G, Bradunaite R, Vaitkiene D, Vasiliauskas A, Zabu-
lyte D, et al. Effect of gold nanoparticles in the treatment of established
collagen arthritis in rats. Med Lith. 2012;48(2):91-101.

. Chen H, Ng JPM, Tan Y, McGrath K, Bishop DP, Oliver B, et al. Gold

nanoparticles improve metabolic profile of mice fed a high-fat diet. J
Nanobiotechnol. 2018;16:11.

Ma JS, Kim WJ, Kim JJ, Kim TJ, Ye SK, Song MD, et al. Gold nanoparti-

cles attenuate LPS-induced NO production through the inhibition

of NF-kB and IFN-f3/STAT1 pathways in RAW264.7 cells. Nitric Oxide.
2010;23(3):214-9.

Tsai CY, Lu SL, Hu CW, Yeh CS, Lee GB, Lei HY. Size-dependent attenua-
tion of TLR9 signaling by gold nanoparticles in macrophages. J Immunol.
2012;188(1):68-76.

James LRA, Xu ZQ, Sluyter R, Hawksworth EL, Kelso C, Lai B, et al. An
investigation into the interactions of gold nanoparticles and anti-arthritic
drugs with macrophages, and their reactivity towards thioredoxin reduc-
tase. J Inorg Biochem. 2015;142:28-38.

Jo MR, Bae SH, Go MR, Kim HJ, Hwang YG, Choi SJ. Toxicity and biokinetics
of colloidal gold nanoparticles. Nanomaterials-Basel. 2015;5(2):835-50.
Zhang X-D, Wu H-Y, Wu D, Wang Y-Y, Chang J-H, Zhai Z-B, et al. Toxicologic
effects of gold nanoparticles in vivo by different administration routes. Int
JNanomed. 2010;5:771-81.

Schleh C, Semmler-Behnke M, Lipka J, Wenk A, Hirn' S, Schaffler M, et al.
Size and surface charge of gold nanoparticles determine absorption
across intestinal barriers and accumulation in secondary target organs
after oral administration. Nanotoxicology. 2012;6(1):36-46.

Simpson CA, Salleng KJ, Cliffel DE, Feldheim DL. In vivo toxicity, bio-
distribution, and clearance of glutathione-coated gold nanoparticles.
Nanomedicine. 2013;9(2):257-63.

Bednarski M, Dudek M, Knutelska J, Nowinski L, Sapa J, Zygmunt M, et al.
The influence of the route of administration of gold nanoparticles on
their tissue distribution and basic biochemical parameters: in vivo stud-
ies. Pharmacol Rep. 2015,67(3):405-9.

Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Ipe BI, et al. Renal clearance
of quantum dots. Nat Biotechnol. 2007;25(10):1165-70.
Rodriguez-Palacios A, Aladyshkina N, Cominelli F. Stereomicroscopy and
3D-target myeloperoxidase intestinal phenotyping following a fecal

flora homogenization protocol. Protocol Exchange. 2015. https://doi.
org/10.1038/protex.2015.065.

Moura FA, de Andrade KQ, dos Santos JCF, Araujo ORP, Goulart MOF.
Antioxidant therapy for treatment of inflammatory bowel disease: does it
work? Redox Biol. 2015;6:617-39.

Xiao YT, Yan WH, Cao Y, Yan JK, Cai W. Neutralization of IL-6 and TNF-alpha
ameliorates intestinal permeability in DSS-induced colitis. Cytokine.
2016;83:189-92.

Clemente JC, Manasson J, Scher JU. The role of the gut microbiome in
systemic inflammatory disease. BMJ. 2018;360:j5145.

Kostic AD, Xavier RJ, Gevers D. The microbiome in inflammatory

bowel disease: current status and the future ahead. Gastroenterology.
2014;146(6):1489-99.

Lozupone C, Knight R. UniFrac: a new phylogenetic method for compar-
ing microbial communities. Appl Environ Microb. 2005;71(12):8228-35.
Morgan XC, Tickle TL, Sokol H, Gevers D, Devaney KL, Ward DV, et al.
Dysfunction of the intestinal microbiome in inflammatory bowel disease
and treatment. Genome Biol. 2012;13(9):R79.

Alkilany AM, Murphy CJ. Toxicity and cellular uptake of gold nanoparti-
cles: what we have learned so far? J Nanopart Res. 2010;12(7):2313-33.
Huo S, Jin S, Ma X, Xue X, Yang K, Kumar A, et al. Ultrasmall gold nanopar-
ticles as carriers for nucleus-based gene therapy due to size-dependent
nuclear entry. ACS Nano. 2014;8(6):5852-62.

Gu Y-J, Cheng J, Lin C-C, Lam YW, Cheng SH, Wong W-T. Nuclear penetra-
tion of surface functionalized gold nanoparticles. Toxicol Appl Pharmacol.
2009;237(2):196-204.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 18 of 18

Ischiropoulos H, Zhu L, Beckman JS. Peroxynitrite formation from mac-
rophage-derived nitric-oxide. Arch Biochem Biophys. 1992,298(2):446-51.
Coddington JW, Hurst JK, Lymar SV. Hydroxy! radical forma-

tion during peroxynitrous acid decomposition. J Am Chem Soc.
1999;121(11):2438-43.

Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA. Apparent
hydroxyl radical production by peroxynitrite—implications for endothe-
lial injury from nitric-oxide and superoxide. Proc Natl Acad Sci USA.
1990;87(4):1620-4.

Reth M. Hydrogen peroxide as second messenger in lymphocyte activa-
tion. Nat Immunol. 2002;3(12):1129-34.

He W, Zhou Y-T, Wamer WG, Hu X, Wu X, Zheng Z, et al. Intrinsic catalytic
activity of Au nanoparticles with respect to hydrogen peroxide decom-
position and superoxide scavenging. Biomaterials. 2013;34(3):765-73.
Manshian BB, Moyano DF, Corthout N, Munck S, Himmelreich U, Rotello
VM, et al. High-content imaging and gene expression analysis to study
cell-nanomaterial interactions: the effect of surface hydrophobicity.
Biomaterials. 2014;35(37):9941-50.

Anderson CR, Gnopo YD, Gambinossi F, Mylon SE, Ferri JK. Modulation of
cell responses to Ag-(MeO,MA-co-OEGMA): effects of nanoparticle sur-
face hydrophobicity and serum proteins on cellular uptake and toxicity. J
Biomed Mater Res A. 2018;106(4):1061-71.

Gao H, Shi W, Freund LB. Mechanics of receptor-mediated endocytosis.
Proc Natl Acad Sci USA. 2005;102(27):9469-74.

Husebye H, Halaas O, Stenmark H, Tunheim G, Sandanger O, Bogen B,

et al. Endocytic pathways regulate Toll-like receptor 4 signaling and link
innate and adaptive immunity. EMBO J. 2006;25(4):683-92.

Liu ZM, LiWQ, Wang F, Sun CY,Wang L, Wang J, et al. Enhancement

of lipopolysaccharide-induced nitric oxide and interleukin-6 produc-
tion by PEGylated gold nanoparticles in RAW264.7 cells. Nanoscale.
2012;4(22):7135-42.

Slosky LM, Vanderah TW. Therapeutic potential of peroxynitrite
decomposition catalysts: a patent review. Expert Opin Ther Pattern.
2015;25(4):443-66.

. Mercier-Bonin M, Despax B, Raynaud P, Houdeau E, Thomas M. Mucus

and microbiota as emerging players in gut nanotoxicology: the example
of dietary silver and titanium dioxide nanoparticles. Crit Rev Food Sci
Nutr. 2016. https://doi.org/10.1080/10408398.2016.1243088.

Chen H, Zhao R, Wang B, Cai C, Zheng L, Wang H, et al. The effects of
orally administered Ag, TiO, and SiO, nanoparticles on gut microbiota
composition and colitis induction in mice. Nanolmpact. 2017;8:80-8.
Hertzberger R, Arents J, Dekker HL, Pridmore RD, Gysler C, Kleerebezem
M, et al. H,0, production in species of the lactobacillus acidophilus
group: a central role for a novel nadh-dependent flavin reductase. Appl
Environ Microb. 2014,80(7):2229-39.

Chassaing B, Aitken JD, Malleshappa M, Vijay-Kumar M. Dextran

sulfate sodium (DSS)-induced colitis in mice. Curr Protocols Immunol.
2014;104:15-25.

Laroui H, Ingersoll SA, Liu HC, Baker MT, Ayyadurai S, Charania MA, et al.
Dextran sodium sulfate (DSS) induces colitis in mice by forming nano-
lipocomplexes with medium-chain-length fatty acids in the colon. PLoS
ONE. 2012;7:3.

Rosado B, Nehra V, Sandborn W. Retrospective review of the role of intra-
venous iron replacement therapy in treatment of anemia in patients with
inflammatory bowel disease. Gastroenterology. 2003;124(4):A524.
Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, et al. QIIME allows analysis of high-throughput community sequenc-
ing data. Nat Methods. 2010;7(5):335-6.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microb. 2007;73(16):5261-7.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2013;41(D1):D590-6.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al.
Metagenomic biomarker discovery and explanation. Genome Biol.
2011;12(6):R60.

Liu'Y, Wu HH, Li M, Yin JJ, Nie ZH. pH dependent catalytic activities of
platinum nanoparticles with respect to the decomposition of hydrogen
peroxide and scavenging of superoxide and singlet oxygen. Nanoscale.
2014,6(20):11904-10.


https://doi.org/10.1038/protex.2015.065
https://doi.org/10.1038/protex.2015.065
https://doi.org/10.1080/10408398.2016.1243088

	Orally administered gold nanoparticles protect against colitis by attenuating Toll-like receptor 4- and reactive oxygennitrogen species-mediated inflammatory responses but could induce gut dysbiosis in mice
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Results and discussion
	Particle characterization
	Effects of orally administered AuNPs on DSS-induced colitis
	Oral administration of AuNPs reduced colonic and systemic inflammation
	AuNPs altered gut microbiota profile in DSS-induced colitis mice
	Anti-inflammatory effects of AuNPs in lipopolysaccharides (LPS)-activated RAW264.7 cells
	AuNPs attenuated Toll-like receptor 4 (TLR4)- and reactive oxygennitrogen species (ROSRNS)-mediated inflammatory signaling
	Summary

	Conclusions
	Methods
	Source and characterization of AuNPs
	Reagents
	Animals
	Induction of colitis and treatment protocol
	Evaluation of colitis
	Animal sacrifice and necropsy
	Histopathology
	MPO assay
	Quantification of tGSH in colon tissues
	Cytokine assay in serum and colon tissue
	Gut microbiota analysis
	Cellular experiments
	Western blotting
	ESR oximetry
	Statistical analysis

	Authors’ contributions
	References




