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Although iron(III) oxide nanoparticles (IONPs) are widely used in diverse applications ranging from food to 
biomedicine, the effects of IONPs on different locations of gut microbiota and short-chain fatty acids (SCFAs) are 
unclear. So, a subacute repeated oral toxicity study on Sprague Dawley (SD) rats was performed, administering 
low (50 mg/kg·bw), medium (100 mg/kg·bw), and high (200 mg/kg·bw) doses of IONPs. In this study, we found that 
a high dose of IONPs increased animal weight, and 16S rRNA sequencing revealed that IONPs caused intestinal 
flora disorders in both the cecal digesta- and mucosa-associated microbiota. However, only high-dose IONP 
exposure changed the abundance and composition of the mucosa-associated microbiota. IONPs increased the 
relative abundances of Firmicutes, Ruminococcaceae_UCG-014, Ruminiclostridium_9, Romboutsia, and Bilophila 
and decreased the relative abundance of Bifidobacterium, and many of these microorganisms are associated with 
weight gain, obesity, inflammation, diabetes, and mucosal damage. Functional analysis showed that changes in 
the gut microbiota induced by a high dose of IONPs were mainly related to metabolism, infection, immune, and 
endocrine disease functions. IONPs significantly elevated the levels of valeric, isobutyric, and isovaleric acid, 
promoting the absorption of iron. This is the first description of intestinal microbiota dysbiosis in SD rats caused 
by IONPs, and the effects and mechanisms of action of IONPs on intestinal and host health need to be further 
studied and confirmed.
Key words : iron oxide nanoparticles, digesta-associated microbiota, mucosa-associated microbiota, short-chain 
fatty acids

INTRODUCTION

With the rapid development of nanotechnology in the last 
decade, iron(III) oxide nanoparticles (IONPs) have become 
widely used in food, medicine, construction, paints/coating, 
plastics, and other applications [1]. They are also frequently 
present in high quantities in food pigments used in chewing gums, 
edible ices, cheeses, flavored drinks, food supplements, and other 
products. Furthermore, along with the increasing opportunities 
for much broader public exposure of the human body to IONPs, 
more attention is being given to their potential risk to human 
health. In 1980, an acceptable daily intake of 0–0.5 mg/kg·body 
weight (bw)/day was established by the Joint FAO/WHO Expert 

Committee of Food Additives (JECFA). In the US, IONPs 
can only be used for the coloring of sausage casings, and their 
amounts are limited to 0.10% of the overall food weight [2].

To date, the toxic effects of IONPs have not been systematically 
established, as research on this subject is scarce, required data 
are unavailable, and past results have been contradictory. It is 
well known that the iron released from IONPs can contribute 
to Fenton’s reaction, generating reactive oxygen species (ROS) 
from H2O2 and superoxide, which causes oxidative stress and 
ultimately damages cells [3]. Some studies have shown that 
IONPs can induce cytotoxicity, genotoxicity, developmental 
toxicity, neurotoxicity, immunotoxicity, and other toxic effects 
[4, 5]. Subacute or subchronic oral IONP exposure resulted in 
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varying degrees of negative effects in Sprague Dawley (SD) rats 
in our previous studies of absorption, distribution, metabolism, 
and excretion (ADME), including accumulation in various organs 
and tissues; elevated serum, tissue, urine, and fecal iron and 
oxidative stress levels [6, 7]; and the potential to increase fasting 
blood glucose levels and impair rat liver lipid metabolism [8]. In 
fact, consumers are more frequently exposed to foods containing 
nanoparticles (NPs) than most people think, and when these NPs 
enter the gastrointestinal tract (GIT) through food intake, one of 
the concerns surrounding them is their potential to induce changes 
in the microbiome [9]. Silver, titanium dioxide (TiO2), and zinc 
NPs have been found to have adverse effects on gut microbiota 
[10, 11]. Most published studies have discussed that iron and 
iron oxide nanoparticles are more widely used for iron deficiency 
than traditional iron-based supplement treatments and indicated 
that they are nontoxic and do not change the gut microbiota, 
even promoting beneficial microbiota [9, 12]. In addition, it has 
been discussed that IONPs can generate toxic ROS and affect 
commensal microbes, such as Escherichia coli, Staphylococcus 
aureus, and Bacillus subtilis [13]. However, Medina-Reyes et 
al. [14] indicated that no studies have evaluated gut microbial 
alterations caused by IONPs or E172 after oral exposure. All of 
these findings aroused our interest in the effects of IONPs on gut 
microbiota.

The gut microbiota has coevolved with its host and is 
involved in digestion, nutrient extraction, energy supply, 
immune modulation, prevention of intestinal pathogens, and 
other processes and functions [15]. Disruption of the normal 
balance between the gut microbiota and the host may cause some 
gastrointestinal diseases, including colorectal cancer (CRC) 
[16] and inflammatory bowel disease (IBD) [17], and even the 
development of noninfectious chronic metabolic diseases, such 
as obesity [18], type 2 diabetes [19], nonalcoholic liver disease, 
cardiometabolic diseases, and malnutrition [20]. The major 
products from the microbial fermentation of fiber and resistant 
starch via colonic anaerobic bacteria in the gut are short-chain 
fatty acids (SCFAs), especially acetic, propionic, and butyric 
acids. SCFAs are present at the highest levels in the cecum 
and proximal colon (70–140 mM), while their concentrations 
decrease toward the distal colon (20–70 mM) and distal ileum 
(20–40 mM) [21]. SCFAs play an important role in maintaining 
gut and immune homeostasis and have been shown to have anti-
inflammatory, antitumorigenic, and antimicrobial properties and 
to alter gut integrity [18].

Changes in diet can rapidly affect the composition of gut 
microbiota and in turn the relative amounts of the different 
SCFAs produced, eventually affecting human health. Presently, 
studies on gut microbiota have mainly been performed with 
samples collected from feces and intestinal content, while studies 
on changes in mucosal microbiota are lacking; in proximity to 
the epithelium, microbes present within the mucosa exert a 
greater effect on the host than digesta microbes [22]. Substantial 
differences between the digesta- and mucosa-associated gut 
microbiota have been revealed [23], and digesta- and mucosa-
associated gut microbiota may respond differently to dietary 
changes. However, how IONPs may influence intestinal health, 
function, and microbiota and the production of SCFAs remains 
largely unexplored, and it is important to assess any possible 
hazards of IONPs associated with ingestion. As far as we know, 

we are the first to identify the potential hazards of IONPs in 
relation to the gut microbiota and SCFAs and explored the 
responses of different locations of the intestine to IONPs, and this 
study provides important insight concerning assessment of the 
impacts of IONPs on gut microbiota.

MATERIALS AND METHODS

Chemicals and reagents

Origin and characteristics of the IONPs

The IONPs used in this study were purchased from Shanghai 
Supermicro Nano Technology. Co. Ltd. (Shanghai, China); they 
were reddish brown and 99.9% pure. The purchased IONPs were 
characterized with respect to particle size, hydrodynamic size, and 
surface properties in a previous study [8]. After being analyzed 
by transmission electron microscopy (TEM; Tecnai F30, FEI 
Company, Hillsboro, OR, USA), the IONPs were determined to 
be rod-shaped, and the particle size was mainly distributed at 70 
± 10 nm. Dynamic light scattering (DLS) measurements showed 
that the hydrodynamic size of IONPs was approximately 176.8 
± 11 nm. The surface potential of the IONPs, as measured by 
zeta potential (Zetasizer Nano ZS, Malvern Panalytical, Malvern, 
UK), was +25 mV at pH 7.

Other chemicals and reagents
Hydroxypropyl methylcellulose (HPMC) was purchased from 

Shanghai Yuanye Biological Technology. Co. Ltd. (Shanghai, 
China). A DNeasy PowerSoil Kit and QIAamp 96 PowerFecal 
QIAcube HT Kit were purchased from QIAGEN (Hilden, 
Germany). A Qubit dsDNA Assay Kit was purchased from 
Thermo Fisher Scientific (Waltham, MA, USA). Takara Ex Taq 
was purchased from Takara (Kusatsu, Japan). HPLC-grade SCFA 
standards were purchased from MilliporeSigma (Burlington, 
MA, USA). HPLC-grade pyridine, propanol, and hexane were 
purchased from CNW (Munich, Germany). Analysis-grade 
NaOH and Na2SO4 were purchased from Sinopharm (China 
National Pharmaceutical Group Corporation, Beijing, China). 
Physiological saline was purchased from Sichuan Kelun Industry 
Group Co. Ltd. (Sichuan, China).

Subacute repeated oral toxicity study

Animal study design

Five-week-old male SD rats were obtained from Beijing Vital 
River Laboratory Animal Technology Co., Ltd. (SCXK 2016-
0011) and kept at 22 ± 2°C and 50 ± 10% relative humidity with 
a light-dark cycle of 12 hr. After 5 days of adaptive feeding, six 
rats were assigned to each of the control group (group C, 0.5% 
HMPC solution) and 3 different IONP-treated groups, the low-
dose (group L, 50 mg/kg·bw), middle-dose (group M, 100 mg/
kg·bw), and high-dose groups (group H, 200 mg/kg·bw), by 
a body weight stratification and randomization method. The 
experimental doses were based on the oral intake dose for E172 
estimated by the JECFA in 1980 with a 100-fold uncertainty 
factor [2]. Oral administration was performed once a day for 
28 consecutive days, and the dosage was adjusted according to 
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weekly weighing results. All animal experiments followed the 
guidance of the Ethical Committee for Research on Laboratory 
Animals of Sichuan University.

General observations and hematological and biochemical 
analyses

All rats were observed for changes in skin, eyes, posture, 
ingestion, behaviors, bowel movement, morbidity, and mortality. 
Body weights were measured and recorded on test days 0, 3, 7, 
14, 21, and 28. At the end of the experiment, surviving animals 
were fasted overnight for 12 hr. Before necropsy, all animals 
were weighed and anesthetized by intraperitoneal administration 
of 10% chloral hydrate. Then, whole blood was collected into 
both ethylene diamine tetraacetic acid (EDTA)-containing 
and nonheparinized tubes for hematological and biochemical 
analyses.

Histological analyses
After the blood samples were collected, the liver, kidneys, brain, 

lungs, heart, spleen, and thymus were excised and weighed. The 
cecum was separated, fixed in 4% formalin for 48 hr, embedded 
in paraffin, and sectioned with a rotary microtome (MICROM 
International GmbH, Hessen, Germany). Random tissue sections 
(5 µm) of the cecum were stained with hematoxylin and eosin 
(HE) and observed with an optical microscope (BA210 Digital, 
Motic, Fujian, China). Prussian blue staining was used to observe 
iron accumulation in cecal tissue. The above tissue was stained 
using 10% potassium ferrocyanide and 20% hydrochloric acid for 
20 min. Iron staining was observed with an optical microscope 
(BA210 Digital, Motic, Fujian, China).

16S rRNA sequencing and data analysis
The cecal intestinal segment was cut, and the digesta 

were extruded with sterile forceps and transferred to a sterile 
cryopreservation tube. The segment was then rinsed in 
phosphate-buffered saline (PBS) three times to remove remnants 
of the digesta for investigation of the mucosa-associated bacteria 
collected by scraping the mucosal layer from two centimeters of 
the cecal segment with a sterile scalpel. The samples were stored 
at −80°C until the assay and ultimately ground for the subsequent 
analysis. Total cecal digesta and cecal mucosal DNAs were 
extracted using a DNeasy PowerSoil kit (QIAGEN) according 
to the manufacturer’s instructions. DNA concentration and 
quality were tested using a NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA) and 1% agarose 
gel electrophoresis, respectively. The V3–V4 regions of the 
16S rRNA genes were amplified by specific primer pairs (343F, 
798R). The first PCR program included 5 min at 94°C; 26 cycles 
of 30 sec at 94°C, 30 sec at 56°C, and 72°C for 20 sec; and then 
5 min at 72°C. The second PCR program included the same 
conditions as the first PCR but with only 7 cycles. The amplicon 
products were purified with Agencourt AMPure XP beads 
(Beckman Coulter Genomics, Brea, CA, USA). The purified PCR 
products were verified to be single bands by gel extraction with 
a QIAGEN gel extraction kit (QIAGEN). The concentration and 
length distribution of the DNA library were tested with a Qubit 
Fluorometer (Invitrogen, Carlsbad, CA, USA).

The Illumina MiSeq PE300 platform (Illumina Inc., San Diego, 
CA, USA) was used to obtain raw sequencing data in fastq format. 
The paired-end reads were de-hybridized using the Trimmomatic 

software [24]. Also, QIIME was used to detect reads (containing 
N bases, single base repeats greater than 8, lengths less than 200 
bp), and UCHIME was used to remove the chimeric sequences 
from the sequences [25]. Then, sequences were grouped into 
operational taxonomic units (OTUs) based on sequence similarity 
using the Vsearch software [26], and sequences with sequence 
similarity parameters greater than or equal to 97% were grouped 
into one OTU unit. Representative sequences for each OTU 
were selected using the QIIME package [25] and annotated 
using the Silva database and the RDP classifier software [27], 
and confidence intervals greater than 0.7 were retained. Principal 
coordinate analysis (PCoA) was conducted with R based on 
weighted UniFrac distances. A linear discriminant analysis (LDA) 
coupled with effect size measurement (LefSe) analysis, also called 
a biomarker analysis, was used to explore the biomarkers in each 
group. A functional prediction analysis was also performed using 
the PICRUSt2 software.

Determination of SCFA concentrations
Fresh feces of SD rats were collected on days 1, 7, 14, and 28 

of intragastric administration and quickly stored in a refrigerator 
at −80°C. The standard stock solution was obtained by dissolving 
an appropriate proportion of standards with deionized water 
using an analytical balance (SQP Practum213-1CN, Sartorius, 
Goettingen, Germany), and the concentration of the stock 
solution was 1 mg/mL. Then, the stock solution was prepared 
as a mixed standard solution, which was diluted in a gradient 
with concentrations of 0.5 µg/mL, 1 µg/mL, 2 µg/mL, 5 µg/mL, 
10 µg/mL, 20 µg/mL, 50 µg/mL, and 100 µg/mL, and standard 
curves were plotted according to the relative peak areas (peak 
areas of the standards/peak areas of the internal standards) at 
different concentrations and corresponding concentrations. 
Next, 100 mg of rat feces were added to 2 mL NaOH solution 
(5 mM), extracted ultrasonically for 7 min, and then centrifuged 
(12,000 rpm) at 4°C for 10 min. Then, 1,000 µL supernatant was 
removed by adding 200 µL propanol, 133 µL pyridine, and 67 µL 
propyl chloroformate and then vortexing for 10 sec. This was 
followed by the addition of 800 µL hexane and vortexing for 10 
sec, centrifugation (12,000 rpm) at 4°C for 10 min, removal of 
600 µL supernatant, and then extraction again with hexane. The 
substances in samples were detected by GC-MS (QP2010 Plus, 
Shimadzu, Kyoto, Japan), and their contents were calculated 
based on the plotted standard curves and the peak areas of the 
substances in the samples tested.

Statistical analysis
All data are presented as the mean ± standard error of the mean 

(SEM). If data followed a normal distribution and the variances 
were homogeneous, one-way ANOVA was performed for 
comparisons among the four groups, and the t-test was used for 
comparisons between two groups. Otherwise, the non-parametric 
Kruskal–Wallis H-test was applied for comparisons among the 
four groups, indicators with significant differences were subjected 
to the two-by-two comparison approach with Bonferroni 
correction, and the Mann–Whitney U test was used to identify the 
groups that were significantly different from the control group. 
The Wilcoxon rank-sum test was used in the LEfSe analyses to 
detect significantly different abundances in specific taxa among 
groups. Correlation coefficients between gut microbiota and 
the levels of SCFAs were calculated via Spearman’s correlation 
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analysis. The data were analyzed using the IBM SPSS Statistics 
26 software (IBM Corp., Armonk, NY, USA). P<0.05 was 
considered statistically significant.

RESULTS

Subacute repeated oral toxicity study
Body weight, organ weight, and hematological and 
biochemical results

There were no mortalities in any of the dosage groups (groups 
C, L, M, and H) during the study period. The rats in all the groups 
continued to gain weight normally throughout the subacute oral 
toxicity study (Supplementary Fig. 1), and the weights of the 
L, M, and H dosage groups were higher than that of group C, 
especially the high-dose group after day 7. The organ to body 
weight ratios (%) of the brain and thymus in the high-dose group 
were significantly different from those of group C (Supplementary 
Table 1), but there were no significant differences in the organ 
to body weight ratios of the other groups (Supplementary 
Table 1). There were scarce changes in the hematological and 
biochemical parameters of the dosage groups, and they were small 

(Supplementary Tables 2 and 3), indicating that the differences 
were not adverse effects of the IONP treatments.

Assessment of cecal injury
The pathological changes induced by IONPs in the cecal 

tissues of the rats in each dosage group are shown in Fig. 1A. No 
obvious pathological changes were found. The cecal structure was 
intact in every treatment group, with visible stratification of the 
mucosal, submucosal, and muscle layers and outer membrane. In 
the IONP-treated groups, different degrees of blue particles were 
deposited in the intestinal cavity. Moreover, in groups M and H, 
blue particles accumulated in the loose connective tissue between 
the intestinal glands of the lamina propria, and the accumulation 
was larger in group H. However, no evident deposition of blue 
particles was discovered in Group C (Fig. 1B).

Effects of IONPs on gut microbiota
Effects of IONPs on the α- and β-diversity of gut microbiota

Microbiota diversity and the compositions of the cecal digesta 
and cecal mucosa of the control and IONP-treated groups were 
investigated by 16S rRNA sequencing. There were a total of 

Fig. 1. HE staining (A) and Prussian blue staining (B) of cecal tissue (100× and 400×). The yellow circles are iron deposits in cecal 
tissues. HE: hematoxylin-eosin.
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34,152 sequences after quality control, with an average of 3,761 
sequences per animal for those clustered at 97% sequence identity, 
and the Good’s coverage index was 0.9758 ± 0.0042. Moreover, 
the dilution curve flattened down as more extracted sequences 
were used (Supplementary Fig. 2), indicating an adequate depth of 
sequencing and that they could be used for further research. Alpha 
diversity was used to estimate the community richness (observed 
species and Chao 1 index) and diversity (Shannon index) of 
the gut microbiota. No statistically significant differences were 
found in either the cecal digesta or cecal mucosa between the 
control and IONP-treated groups (Fig. 2A–2C, 2E–2G). Principal 
coordinate analysis was conducted to differentiate the gut 
microbiota patterns in the cecal digesta and cecal mucosa of the 
different treated groups (Fig. 2D, 2H). The results for the cecal 
digesta and cecal mucosa did not differentiate the IONP treatment 
groups from the control group.

Effects of IONPs on the composition of gut microbiota
At the phylum level, the microbial compositions in the cecal 

digesta and cecal mucosa were obviously different (Fig. 3A), 
and Firmicutes, Bacteroidetes, and Proteobacteria were the 
predominant phyla in the cecal digesta and cecal mucosa. The 
bacterial taxonomic compositions of the cecal digesta in groups 
C, L, M, and H (CDC, CDL, CDM, and CDH, respectively) 
showed high relative abundances of Firmicutes (29.67%, 40.76%, 
41.89%, and 46.10%), followed by Bacteroidetes (39.71%, 
38.60%, 39.86%, and 37.39%), Proteobacteria (22.70%, 15.88%, 
16.50%, and 10.71%), and Actinobacteria (4.12%, 2.64%, 
4.32%, and 3.82%). Those of the cecal mucosa in groups C, L, M, 
and H (CMC, CML, CMM, and CMH, respectively) showed 
high relative abundances of Proteobacteria (33.33%, 32.63%, 
30.40%, and 22.56%), followed by Bacteroidetes (21.46%, 
21.50%, 22.94%, and 25.50%), Firmicutes (19.31%, 20.96%, 
23.60%, and 34.40%), and Actinobacteria (12.08%, 11.61%, 
10.95%, and 8.26%). A consistent finding between the cecal 

digesta and cecal mucosa was that high-dose IONPs increased 
the relative abundance of Firmicutes compared with the control 
group (p<0.05; Fig. 3B).

Specific bacterial taxa associated with IONP exposure
An LeFSe analysis was conducted to illustrate the effects of 

IONPs on the gut bacterial profile in rats at different phylogenetic 
levels (from phylum to species). At the phylum level, the relative 
abundances of Firmicutes were higher in the CDH and CMH, 
which was consistent with the results presented in Fig. 3B. Most 
of the specific bacterial taxa in cecal microbiota belonged to three 
dominant phyla: Firmicutes, Proteobacteria, and Actinobacteria.

At the genus level, the relative abundance of Ruminococcaceae_
UCG_014 was significantly increased in the CDM, CDH, 
and CMH (Fig. 4B–4E). Furthermore, the abundance of 
Ruminiclostridium_9 was higher in the CDL (Fig. 4A, 4E), and 
the abundances of Romboutsia and Bilophila were markedly 
increased in the CDH (Fig. 4C, 4E). High-dose IONP exposure 
significantly increased the abundance of Marvinbryantia in 
the cecal mucosa; notably, Bifidobacterium, Solanum_torvum, 
and Desulfovibrio were significantly diminished in the CMH 
compared with the CMC (Fig. 4D, 4E). However, the genus levels 
in the CML and CMM were not significantly changed compared 
with the control group.

Effects of IONPs on gut microbial community function
According to the above effects of IONPs on intestinal microbial 

diversity and composition, more significant changes were found in 
the high-dose group. Therefore, the high-dose group was selected 
for the PICRUSt analysis to determine the functional changes 
of microbial communities. The KEGG categories indicated that 
functions related to energy metabolism, carbohydrate metabolism, 
lipid metabolism, amino acid metabolism, infectious diseases, the 
immune system, immune system diseases, and metabolic diseases 
(L2 level) and related to carbohydrate digestion and absorption, 

Fig. 2. Effects of IONPs on the α- and β-diversity of gut microbiota in the cecal digesta and cecal mucosa (n=6). Comparison by one-way ANOVA 
or Kruskal–Wallis H-test. Different lowercase letters indicate significant differences (p<0.05) in the diversity indices of the different groups (n=6). 
CDC: cecal digesta of the control group; CDL: cecal digesta of low-dose group; CDM: cecal digesta of medium dose group; CDH: cecal digesta of 
high-dose group; CMC: cecal mucosa of the control group; CML: cecal mucosa of low-dose group; CMM: cecal mucosa of medium-dose group; 
CMH: cecal mucosa of high-dose group; IONPs: iron(III) oxide nanoparticles; ANOVA: analysis of variance.
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butanoate metabolism, arachidonic acid metabolism, tryptophan 
metabolism, bacterial toxins, Staphylococcus aureus infection, 
lipopolysaccharide biosynthesis, the insulin signaling pathway, 
and Type II diabetes mellitus (L3 level) were obviously affected 
in the cecal digesta and cecal mucosa after exposure to the high 
dose of IONPs (Fig. 5).

Effects of IONPs on the production of SCFAs in feces
The gut microbial and functional alterations prompted us 

to further confirm the impact of IONPs on SCFA levels. The 
changes in the concentrations of SCFAs in the four dosage 
groups and gavage times are shown in Fig. 6. As the exposure 
time increased, the IONPs showed evident influences on the rats. 
The concentrations of valeric acid, isobutyric acid, and isovaleric 
acid were significantly increased, though to different extents, 
compared with those in group C at 14 and 28 days of IONP 
exposure. The levels of acetic acid, butyric acid, and propionic 
acid also increased in groups L, M, and H compared with group 
C, but the differences were not significant (Fig. 6C, 6D).

Correlation analyses between the SCFAs and gut microbiota
Spearman’s correlation coefficients were calculated to analyze 

the relationships between gut microbiota and metabolites. The 
top 30 gut microbiota at the genus level and the concentrations 
of SCFAs were visualized using a heatmap. Ruminococcaceae_
UCG-014, Romboutsia, and Bilophila, which are IONP-enhanced 
bacteria in the cecal digesta (Fig. 4E), were positively correlated 
with the levels of isobutyric acid and isovaleric acid (Fig. 7A). 
In addition, Ruminococcaceae_UCG-014 and Marvinbryantia 
exhibited positive correlations with the levels of butyric acid, 
valeric acid, isobutyric acid, and isovaleric acid in the cecal 
mucosa (Fig. 7B). Decreased abundances of Desulfovibrio and 

Bifidobacterium were associated with higher levels of isobutyric 
acid and isovaleric acid.

DISCUSSION

Fe is an essential element in the body required for various 
physiological functions, including oxygen transport and 
mitochondrial and DNA synthesis [28]. Therefore, IONPs 
were initially considered safe, biocompatible, biodegradable, 
and nontoxic materials [29], and some assays found that they 
were unlikely to have adverse effects [30]. However, there 
was evidence from in vitro and in vivo studies suggesting that 
IONPs could have harmful effects [31]. Additionally, iron is also 
extensively required across the domain of bacteria, as it functions 
as a co-factor in iron-containing proteins for redox reactions, 
metabolic pathways, and electron transport chain mechanisms, so 
bacteria can compete with the host for iron in order to survive and 
proliferate [32]. As an important part of the intestinal tract, the 
gut microbiota is closely related to the digestion and absorption 
of food, and disorders of the gut microbiota are associated with 
many diseases [33]. Intestinal bacteria consist of luminal and 
adherent bacteria [34], it has been recognized that intestinal 
mucosa-associated microbes are very different from the luminal 
microbiota [35]. Due to the close proximity of mucosa-associated 
microbiota to the host epithelium, intestinal mucosal-associated 
microbiota are more likely to impact the gut immune system 
and respond better to the connection between illness and health 
[36, 37], so exploring the changes both in digesta- and mucosa-
associated microbes is meaningful. In this study, we illuminated 
how IONPs affect cecal digesta and mucosal microorganisms and 
their metabolites, SCFAs, in SD rats.

Fig. 3. Top 10 most abundant taxa of all samples at the phylum level in the cecal digesta (A) and cecal mucosa (C) and the relative abundances of 
Firmicutes in the cecal digesta (B) and cecal mucosa (D). Comparison by one-way ANOVA or Kruskal–Wallis H-test. Different lowercase letters 
indicate significant differences (p<0.05) in different groups (n=6). CDC: cecal digesta of the control group; CDL: cecal digesta of low-dose group; 
CDM: cecal digesta of medium dose group; CDH: cecal digesta of high-dose group; CMC: cecal mucosa of the control group; CML: cecal mucosa 
of low-dose group; CMM: cecal mucosa of medium-dose group; CMH: cecal mucosa of high-dose group; ANOVA: analysis of variance.
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The size of the IONPs used in our study was determined to be 
70 ± 10 nm by TEM analysis, and the zeta potential was +25 mV 
at pH 7. We found that organ weights, biochemical indices, and 
cecal pathology were not obviously adversely damaged. These 

results were consistent with previous studies by Yun et al. [38], 
who administered IONPs (primary size, 60 nm) at 1,000 mg/kg, 
and Woo et al. [39], who administered IONPs (11.6 ± 0.7 nm) at 
2 mg Fe/kg and 10 mg Fe/kg.

Fig. 4. Differences in gut microbiota abundance in the cecal digesta and cecal mucosa (n=6). (A) LDA for CDC vs. CDL; (B) LDA for CDC vs. CDM; 
(C) LDA for CDC vs. CDH; (D) LDA for CMC vs. CMH; (E) genera heatmap. Red indicates the top 30 genera of bacteria in the cecal digesta. 
Blue indicates the top 30 genera of bacteria in the cecal mucosa. Comparison by t-test or Mann–Whitney U test. *Significant difference vs. group C 
(p<0.05). LDA: linear discriminant analysis; CDC: cecal digesta of the control group; CDL: cecal digesta of low-dose group; CDM: cecal digesta 
of medium dose group; CDH: cecal digesta of high-dose group; CMC: cecal mucosa of the control group; CML: cecal mucosa of low-dose group; 
CMM: cecal mucosa of medium-dose group; CMH: cecal mucosa of high-dose group.
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Fig. 6. SCFA concentrations in fecal samples on days 0 (A), 7 (B), 14 (C), and 28 (D; n=6). *p<0.05 (vs. group C); **p<0.01 (vs. group 
C). SCFA: short-chain fatty acid.

Fig. 5. Gut microbial communities of second-level (A) and third-level (B) metabolic pathways (n=6). Comparison by t-test or Mann–Whitney U test. 
*p<0.05 (high-dose group vs. control group); **p<0.01 (high-dose group vs. control group). CDC: cecal digesta of the control group; CDH: cecal 
digesta of high-dose group; CMC: cecal mucosa of the control group; CMH: cecal mucosa of high-dose group.
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Inorganic NPs are generally not digested in the GIT, but some 
may be partially or fully dissolved as a result of alterations in 
pH or dilution. Any NPs that are not absorbed or digested in the 
upper GIT will reach the lower GIT, where they may alter the 
microbiome [40]. In particular, our current results indicated that 
the rats treated with the low (50 mg/kg·bw), medium (100 mg/
kg·bw), and high (200 mg/kg·bw) doses of IONPs for 28 days 
showed no significant effects on the α- and β-diversities of digesta- 
and mucosa-associated microbiota. Although there is currently no 
research on the impact of IONPs on intestinal microbes, it has 
been discovered from other literature that adding iron sulfate to 
mouse feed had no influence on the Shannon diversity index or 
total number of OTUs of cecal microbiota but induced significant 
compositional alterations [41], which is the same as our current 
findings.

Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria 
comprise approximately 99% of the normal human gut microbiota 
[42], and Proteobacteria and Actinobacteria are the most abundant 
phyla of bacteria in the human- and mouse-associated mucosa 
[43]. Our study showed similar results. It has been proposed that 
Firmicutes are more effective in extracting energy from food than 
Bacteroidetes, thus promoting more efficient absorption of energy 
and subsequent weight gain [44, 45]. After treatment with 200 mg/
kg IONPs, the body weights of rats and relative abundance of 
Firmicutes were increased, and the same results were observed 
in other iron-supplemented populations [46, 47] and mice [48]. 
Meanwhile, functional analysis of the gut microbiota indicated 
that oral iron affected metabolism function and increased a variety 
of metabolic processes pertaining to material metabolism, which 
could improve nutrition absorption and impact animal growth.

The relative abundances of Ruminococcaceae_UCG-014, 
Ruminiclostridium_9, Romboutsia, and Bilophila were increased 

by IONPs in the cecal digesta, and Ruminococcaceae_UCG-014 
displayed a dose-related trend. Ruminococcaceae_UCG-014 
and Ruminiclostridium_9 belong to the Ruminococcaceae, 
and some bacteria in Ruminococcaceae are proinflammatory 
bacteria and associated with inflammatory bowel diseases 
[49, 50]. It has been shown that Ruminococcaceae_UCG-
014 and Ruminiclostridium_9 are positively associated with 
proinflammatory cytokines and obesity [51, 52], and previous 
research has shown that Ruminococcaceae_UCG-014 is 
positively correlated with the occurrence and development of 
diabetes [50, 53]. The relative abundance of Romboutsia in the 
intestine of patients with type I diabetes, ulcerative colitis, and 
rheumatoid arthritis is lower than that of healthy people [54] and is 
positively correlated with pro-inflammatory factors [55, 56]. Iron 
supplementation could lead to an increase in fecal calprotectin, 
which is thought to be a sign of increased intestinal inflammation 
[57]; even worse, oral iron can aggravate the inflammatory 
response in animals with colitis [32]. Bilophila is pathogenic 
bacteria [58], and research has revealed that Romboutsia and 
Bilophila are obesity-related bacteria [22, 59, 60]. Obesity is 
characterized by chronic, systemic, low-grade inflammation. 
IONPs have been proven to cause local and systemic inflammation 
and oxidative stress damage [61, 62], and an elevated luminal 
Fe concentration possibly results in the generation of ROS to 
increase inflammatory reactions [41, 63, 64], thereby disrupting 
glucose metabolism [65]. Our previous studies and this work 
have also found this [8], and IONPs not only increased body 
weight but also improved insulin-related metabolic functions. 
Therefore, we thought that IONP administration may contribute 
to the development of obesity and inflammation, further affecting 
endocrine and metabolic diseases such as diabetes.

Fig. 7. Spearman’s correlations between the gut microbiota and SCFAs in the cecal digesta (A) and cecal mucosa (B). *p<0.05; **p<0.01. 
SCFA: short-chain fatty acid.
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On the other hand, we found that only the high-dose IONP 
treatment increased the abundances of Ruminococcaceae_UCG-
014 and Marvinbryantia and decreased the abundances of 
Bifidobacterium in the cecal mucosa. This is probably because of 
the dilution of the host defense molecules in the external mucus 
layer, and the mucosa-associated microbiota was more stable 
than the luminal microorganisms [66]. Here we also saw that the 
relative abundance of Ruminococcaceae_UCG-014 increased in 
the CMH, suggesting that there was a close relationship between 
the intake of IONPs and Ruminococcaceae_UCG-014. Zhang et 
al. [67] found that the abundance of Ruminococcaceae_UCG-014 
in pigs was negatively correlated with tissue iron levels, which is 
inconsistent with the present study; this may be due to the different 
study animals. Bilophila is a genus of lipopolysaccharide (LPS)-
producing and mucosa-damaging bacteria [68], Marvinbryantia 
is a characteristic bacteria in the colonic mucosal microbiota 
[69], and Bifidobacterium can competitively occupy the surface 
of the intestinal mucosa, preventing the invasion of pathogenic 
bacteria and reducing the absorption of LPS [70]. Dietary iron 
supplementation could injure the intestine and induce higher 
levels of pathogenic gut bacteria [71], and it can also decrease 
the relative abundances of beneficial commensal bacteria such as 
Bifidobacterium species [72]. Many reports have demonstrated 
that excessive iron consumption reduces Bifidobacterium 
diversity [47, 57, 73] and raises LPS production [74] in animals 
and infants, affecting the immune system. Our KEGG functional 
predictions indicated that IONPs lead to enhanced functions 
related to infectious diseases, immune system diseases, bacterial 
toxins, S. aureus infection, and LPS biosynthesis, indicating that 
higher doses of IONPs may produce harmful bacteria that damage 
the cecal mucosa and negatively impact the immune system by 
causing the production of bacterial toxins.

Iron levels in the intestinal lumen can modify the microbiota 
composition and subsequently affect the microbiome’s 
functionality in regards to its metabolomic profile, including 
SCFAs [71]. A previous study found that iron insufficiency 
caused SCFAs levels to drop but that iron supplementation 
raised them [75, 76], which is consistent with our results. 
This could be due to increased abundances of the Firmicutes 
phylum; Ruminococcaceae_UCG-014 and Ruminiclostridium_9 
producing SCFAs, such as acetate and butyrate [77, 78]; and the 
SCFA metabolism-related pathways being enhanced. Organic 
acids produced by microbial fermentation could reduce the 
intestinal pH, thereby increasing the solubility of iron and 
promoting its absorption [32]. In addition, Ruminococcaceae_
UCG-014 is negatively correlated with intestinal motility, 
which strengthens the absorption of nutrients [79]. Therefore, 
we thought that another role for the increase in the Firmicutes 
phylum, Ruminococcaceae_UCG-014, and Ruminiclostridium_9 
was promotion of the absorption of iron in the body.

Unfortunately, we realized that our oral IONP trial suffered 
from some limitations. This included the fact that we did not 
investigate the fate of the IONPs in the GIT, which is determined 
by the physicochemical properties of the NPs, GIT fluids, surface-
active components, and other factors [3]. Iron homeostasis 
in the host affects the makeup of the gut microbiota and the 
interaction between the host and gut microbiota through multiple 
pathways, including oxidative stress, nutrition homeostasis, 
intestinal permeability, and gut immunity [80], and the release 
of iron from IONPs can affect iron homeostasis and result in a 

series of changes, which comprises a complex and variable state. 
Therefore, the mechanisms by which IONPs interact with the 
intestinal microbiota and human health are interesting and worthy 
of further study.

In conclusion, our subacute repeated oral toxicity study 
indicated that IONPs increased the abundance of some harmful 
bacteria, elevated levels of SCFAs, and altered bacterial microbial 
energy metabolism, diabetes, bacterial infection, and immune-
related functions. We also found that the microorganisms in the 
cecal digesta differed from those in the cecal mucosa, and only 
high-dose IONP (200 mg/kg) exposure changed the abundance 
and composition of mucosa-associated microbiota.
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