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Abstract: Inflammation and oxidative stress are implicated in the pathogenesis of Crohn’s disease.
Cerium oxide nanoparticle (CNP) conjugated to microRNA 146a (miR146a) (CNP-miR146a) is a
novel compound with anti-inflammatory and antioxidative properties. We hypothesized that local
administration of CNP-miR146a would improve colitis in a 2,4,6-Trinitrobenzenesulfonic acid (TNBS)
mouse model for Crohn’s disease by decreasing colonic inflammation. Balb/c mice were instilled with
TNBS enemas to induce colitis. Two days later, the mice received cellulose gel enema, cellulose gel
with CNP-miR146a enema, or no treatment. Control mice received initial enemas of 50% ethanol and
PBS enemas on day two. The mice were monitored daily for weight loss and clinical disease activity.
The mice were euthanized on days two or five to evaluate their miR146a expression, inflammation
on histology, and colonic IL-6 and TNF gene expressions and protein concentrations. CNP-miR146a
enema successfully increased colonic miR146a expression at 12 h following delivery. At the end
of five days from TNBS instillation, the mice treated with CNP-miR146a demonstrated reduced
weight loss, improved inflammation scores on histology, and reduced gene expressions and protein
concentrations of IL-6 and TNF. The local delivery of CNP-miR146a in a TNBS mouse model of acute
Crohn’s colitis dramatically decreased inflammatory signaling, resulting in improved clinical disease.

Keywords: inflammatory bowel disease; Crohn’s disease; TNBS; colitis; nanomedicine

1. Introduction

Inflammatory bowel disease (IBD) describes a spectrum of debilitating chronic inflam-
matory disorders of the gastrointestinal tract, including Crohn’s disease and ulcerative
colitis, and affects approximately five million individuals worldwide [1]. Despite advances
in medical and surgical therapies, the prevalence of IBD has been on the rise, and its
associated morbidity and mortality remains high. From 1990 to 2019, the number of IBD-
attributed deaths rose by 68.75% [1]. Among IBD, Crohn’s disease has no cure, and many of
the therapies available are limited by their cost, availability, and efficacy. For example, TNF
blockers are newer systemic treatments for IBD, but approximately 30% of patients with
Crohn’s disease do not respond to these medications and among those who do initially
respond, half eventually develop tolerance [2,3]. Additionally, like many other available
IBD therapies, TNF blockers are complicated by poorly tolerated side effects associated with
their systemic delivery [4]. The highly complex and multifactorial pathophysiology of IBD
has made the targeted treatment of Crohn’s disease challenging, however, recent advances
in our understanding of associated molecular pathways may guide the development of
novel therapeutics.
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There are multiple pro-inflammatory signaling pathways implicated in the patho-
genesis of Crohn’s disease. One of these is that of the nuclear factor kappa-light-chain
enhancer of activated B cells (NF-κB) [5]. When activated, NF-κB translocates into the cell
nucleus and transcribes several proinflammatory genes, including cytokine interleukin-6
(IL-6) and tumor necrosis factor (TNF). Activation of the NF-κB pathway can also induce
the production of reactive oxidative species (ROS) and cell apoptosis. Physiologically,
NF-κB activation occurs in response to pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs), which indicate the presence of microor-
ganisms or cell damage. The release of pro-inflammatory mediators in these scenarios
leads to immune cell chemotaxis to destroy or defend against invading organisms and to
repair cell damage [6]. In normal physiology, this reaction subsides upon resolution of
infection or cell damage. In Crohn’s disease, a dysregulated adaptive immune response
leads to inappropriate T-cell infiltration of colonic tissue in the absence of PAMPs and
DAMPs, and the unregulated activation of NF-κB, resulting in epithelial inflammation and
destruction [7]. Even with resolution of the inciting factor, a lack of regulatory feedback
leads to a persistent state of inflammation [8].

ROS have been demonstrated to be as much of a pathogenic factor in Crohn’s disease as
they are a byproduct of inflammation [9]. In Crohn’s disease, persistent inflammation leads
to excess ROS production that overwhelms physiologic antioxidant defense mechanisms.
The imbalance of production and elimination of ROS creates oxidative stress and can
result in additional cellular and molecular damage [10]. The upregulation of ROS in
peripheral mononuclear cells and colonic mucosa in patients with active Crohn’s disease
has been demonstrated [11], as have reduced levels of serum-free thiols, which are a
major component of the antioxidant machinery [12]. Certain enzymes responsible for the
synthesis of ROS, such as inducible nitrous oxide synthase (iNOS), have also been shown
to be upregulated in the colonic mucosa of IBD patients [13]. iNOS is responsible for the
generation of nitric oxide (NO), a free radical implicated in epithelial injury, apoptosis, and
the perpetuation of inflammatory responses [14]. As implied by its name, iNOS production
can be induced by NF-κB activation [15], and its upregulation likely contributes to the
imbalance of ROS and antioxidants. Multiple trials investigating the dietary effects of
antioxidants in IBD patients have shown that a reduction in ROS correlates to reductions in
inflammatory cytokines, but none have shown a reduction in clinical disease [10].

The only therapeutic currently used in the management of IBD that targets ROS is
5-aminosalicylic acid (5-ASA), an ROS scavenger delivered per rectum. 5-ASA has been
shown to reduce disease activity in patients with ulcerative colitis but not Crohn’s dis-
ease [16]. Most current medical therapies for Crohn’s disease are designed to reduce disease
activity through immune suppression. For example, steroids are a first-line treatment for
IBD patients presenting with acute colitis and work by interfering with NF-κB activation in
the nucleus of immune cells. Methotrexate, an immunomodulator that works by preventing
T-cell activation and proliferation, and infliximab, a biologic medication that targets and
inhibits TNF, are used to maintain remission in chronic disease [17]. Given the synergistic
relationship between inflammatory cytokines and ROS, novel therapeutics would likely
benefit from harnessing both anti-inflammatory and antioxidative mechanisms.

We previously developed a novel compound comprising a cerium oxide nanoparticle
(CNP) conjugated to microRNA 146 (miR-146a) that we refer to as CNP-miR146a. CNP-
miR146a contains multiple strands of microRNA chemically conjugated to a single CNP
at the 3′ end via an amide linker through the use of 1,1′-carbonyldiimidazole chemistry.
Cerium oxide is a metal oxide that exists in two oxidative states and can regenerate
without energy on a nanoscale, allowing it to mimic the ROS-scavenging capabilities of the
enzymes superoxide dismutase (SOD), catalase, glutathione peroxidase, photolyase, and
phosphatase [18–21]. MicroRNA are small non-coding RNAs that have been found to play
regulatory roles in cell signaling and have recently gained attention for their role in the
pathophysiology of IBD [22–24]. MiR146a has been shown to directly downregulate NF-κB
translocation into the cell nucleus by preventing the transcription of upstream activator
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proteins IRAK1 and TRAF6 [25]. MiR-146a works as a molecular break in inflammation
produced by the NF-κB pathway and has been demonstrated to have a potential role
in the pathophysiology of IBD [24]. CNP-miR146a contains both anti-inflammatory and
antioxidant properties, which we have previously demonstrated in murine models for
diabetic wounds and acute lung injury [26–28]. We, therefore, hypothesized that the
administration of CNP-miR146a could similarly target inflammation and oxidative stress
and improve clinical disease in a murine model for Crohn’s disease.

We tested our hypothesis in a well-established animal model for acute colitis that
utilizes 2,4,6-Trinitrobenzenesulfonic acid (TNBS). When administered as an enema, TNBS
haptenizes colonic proteins and triggers a predominant Th1 response of the mucosal
immune system, with subsequent NF-κB activation and proinflammatory cytokine and
ROS production [29–31]. The Th1 response mimics that of Crohn’s disease, making this
model particular useful for studying acute flares of Crohn’s colitis [32]. We first investigated
the relationship of miR146a expression to that of pro-inflammatory cytokines IL-6 and TNF
in the colons of mice induced with TNBS colitis. We then demonstrated the successful
use of a hydroxyethyl cellulose gel with CNP-miR146a to deliver miR146a to the colon.
Subsequently, we examined the effects of cellulose gel with CNP-miR146a enema on clinical
disease activity, colon tissue damage, and inflammatory cytokine and ROS production in
the colons of mice induced with TNBS colitis.

2. Materials and Methods
2.1. Development of CNP-miR146a

CNP-miR146a was synthesized as previously described [33]. In brief, CNPs were
synthesized via chemical hydrolysis, and then conjugated to miR146a using 1′-1′ car-
bonyldiimidazole (CDI) chemistry to covalently bind the miR146a amino group to the
CNP hydroxyl group. The CNP-miR146a concentration was assessed by Quant-iT™ (Ther-
moFisher Quant-iT™ microRNA Assay Kit, Waltham, MA, USA) to determine the miR146a
concentration, and inductively coupled plasma mass spectrometry (ICP-MS) to determine
the cerium concentration. The conjugated CNP-miR146a was diluted in sterile phosphate
buffer saline (PBS) to a concentration of 11.4 ng/uL and stored at −20 ◦C.

2.2. Development of CNP-miR146a Hydroxyethyl Cellulose Gel

A 2% hydroxyethyl cellulose gel was synthesized from a solution containing 0.17%
methyl paraben, 0.02% propyl paraben, 5% glycerin, 0.263% sodium phosphate monobasic,
0.044% sodium phosphate dibasic, 3% propylene glycol, 0.05% EDTA, 0.05% D-mannitol,
and 2% hydroxyethyl cellulose (MW 1,300,000) dissolved in sterile phosphate buffer (PBS)
and combined with CNP-miR146a for a final therapeutic concentration of 0.125 ng/uL. This
solution was stirred with a magnetic stir bar for approximately 60 min at room temperature
until reaching a gel-like consistency.

2.3. TNBS Acute Colitis Animal Model

All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC, protocol 2022-0923) at the University of Arizona College of Medicine. Animal
care was performed by trained veterinarians and technologists according to the NID Guide
for the Care and Use of Laboratory animals. All mice were maintained in standard housing
for at least 48 h prior to experimentation to allow for acclimation.

Six- to eight-week-old Balb/c male mice (Jackson Laboratory, Bar Harbor, ME, USA)
weighing at least 19 g were randomly assigned to receive an enema of 2.5% TNBS or 50%
ethanol. A 2.5% solution of TNBS was made from the original 5% TNBS (Sigma-Aldrich
SKU P2297, St. Louis, MO, USA) stock by diluting it to 50% with 200 proof ethanol.
The 2.5% TNBS was administered at a dose of 75 mg/kg. The control mice received an
equivalent volume of 50% 200 proof ethanol diluted with RNase free water. Prior to
enema administration, all mice were weighed and placed in a ventilated prestaging box
to encourage spontaneous evacuation of their bowels. Enemas were administered under
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isoflurane anesthesia using a lubricated plastic 22-gauge × 38 mm feeding tube (Instech
Lab, Plymouth Meeting, PA, USA), which was advanced its entire length past the anus.
Following instillation of the enema, mice were maintained in a head-down position for at
least 30 s to prevent leakage.

Following their recovery from anesthesia, the mice were placed in single-cohort
housing with unrestricted access to food and water, including moist chow. The mice
were weighed and assessed for symptoms of disease, including bloody stools, diarrhea,
and fatigue, as well as for symptoms of dehydration by evaluating skin turgor, mucous
membranes, and body temperature. The mice were rehydrated as necessary by replacing
20% of the total blood volume of the animal, estimated as 6% of their total body weight,
with normal saline administered intraperitoneally, as previously described [34].

Two days after the initial enema, the mice that demonstrated at least 10% weight loss
in combination with the presence of bloody stools or diarrhea were determined to have
developed colitis and were randomized to either continue their course untreated, receive a
cellulose gel enema, or receive a cellulose gel with CNP-miR146a enema under anesthesia.
All control mice received a PBS enema under anesthesia. The same technique was used
for the administration of these enemas as previously described. All mice were returned to
their housing following the procedure and continued to receive the same post-procedural
care and monitoring. At either two or five days following the initial enema administration,
the mice were euthanized using carbon dioxide, and colon tissue was collected for analysis.
For the two-day study, the untreated TNBS mice were euthanized at 48 h following delivery
(n = 6), and the TNBS mice that received cellulose gel with CNP-miR146a enemas were
euthanized at either six (n = 6) or twelve (n = 5) hours after the therapeutic enema. Four
cohorts were used in the five-day study: controls (ethanol + PBS enema, n = 8), untreated
(TNBS + no enema, n = 10), cellulose gel (TNBS + cellulose gel enema, n = 7), and cellulose
gel with CNP-miR146a (TNBS enema + cellulose gel with CNP-miR146a enema, n = 10).

2.4. Clinical Assessment of Acute Colitis

The mice weights were taken daily for the calculation of the percentage of weight loss. The
weights were taken prior to enema administration or rehydration to minimize confounding.

2.5. Histopathological Studies

A lengthwise section of the colon was made into a Swiss roll and stored in a histology
cassette in 10% formaldehyde. This was kept at room temperature for 24–48 h before
dehydrating in a 70% ethyl alcohol and stored at 4 ◦C. The dehydrated tissue was embedded
in paraffin blocks and sectioned at 4 µm. The mounted sections were deparaffinized and
stained with hematoxylin and eosin. The tissue sections were viewed and photographed
at 20× and 100× using brightfield microscopy with a digital Keyence BZ-X microscope
(Itaska, IL, USA) and scored with a previously designed scoring system for chemical-
induced colitis [35]. Briefly, a score of 1–3 is assigned based on the severity and extent of
inflammatory cells within each tissue layer. A value of 1 is assigned to specimens showing
mild inflammatory infiltration of the mucosa. A value of 2 is assigned to specimens showing
moderate inflammatory infiltration of the mucosa or inflammatory cell infiltration of the
submucosa. A value of 3 is assigned to specimens that show inflammatory infiltration
penetrating the submucosa, indicating transmural inflammation. A second score of 1–3 is
assigned based on changes to the mucosal architecture, with a score of 1 assigned for the
presence of focal erosions only, a score of 2 assigned for moderate ulcerations, and a score
of 3 assigned for extended ulcerations with or without granulation tissue or pseudopolyps.
The sum of these two sets of scores is used to calculate a histology injury score (Table 1).
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Table 1. Scoring system used for evaluation of colon histology. Reprinted/adapted with permission
from Ref. [35]. Copyright 2014, IJCEP.

Inflammatory Cell Infiltrate
Score 1

Intestinal Architecture
Score 2

Severity Extent Epithelial Changes Mucosal Architecture

Mild Mucosa 1 Focal erosions 1

Moderate Mucosa and
submucosa 2 Erosions ±Focal ulcerations 2

Marked Transmural 3 Extended ulcerations ± granulation
tissue ± pseudopolyps 3

Sum of scores 1 and 2 0–6

2.6. RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

Colon tissue was collected from animals euthanized either two or five days after the
initial enema instillation. The colon was instilled with PBS with the expression and removal
of fecal contents. The colon was split into three lengthwise sections, with two sections snap-
frozen in liquid nitrogen and stored at −80 ◦C. The total RNA was extracted from frozen
colon tissue using qiazol (Qiagen, Hilden, Germany) and mechanical homogenization
according to the manufacturer’s instructions. The total RNA was quantified using a
Synergy LX multi-model plate reader (BioTek, Winooski, VT, USA) and treated with a
DNAse kit (Invitrogen, Thermo Fisher, Waltham, MA, USA) prior to undergoing a reverse
transcriptase reaction and conversion to cDNA with the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Thermo Fisher, Waltham, MA, USA). QRT-PCR was
performed with the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules,
CA, USA) using PrimeTime Gene Expression Master Mix (Integrated DNA technologies,
Coralville, Iowa, USA) to evaluate the relative gene expressions of proinflammatory genes
IL-6 (ThermoFisher Mm00446190_m1 IL6), TNF (ThermoFisher Mm00443258_m1 Tnf),
and inducible nitrous oxidase 2 (iNOS2) (ThermoFisher Mm00440502_m1 Nos2) using
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (ThermoFisher Mm99999915_g1
gapdh) as an endogenous control. For the evaluation of miRNA, isolated RNA was
diluted to 5 ng/uL and converted into miR146a cDNA (ThermoFisherRT&TM snRNA
000468) and endogenous control U6 cDNA (ThermoFisher RT&TM snRNA 001973) using
TaqMan microRNA reverse transcriptase kit (Applied Biosystems, ThermoFisher) and
amplified using qRT-PCR as described. All qRT-PCR data were normalized to the five-day
control mice.

2.7. Protein Assessment Using ELISA

The second set of snap-frozen colon tissue was used for protein analysis. The sam-
ples were homogenized in a lysis buffer made from RIPA lysis and extraction buffer
(ThermoFisher Cat# 89900) and protease inhibitor with mechanical homogenization and
sonication. The samples were centrifuged, and the supernatant was collected and quan-
tified for the total protein concentration using a Pierce BCA assay (ThermoFisher Cat#
A53225). The IL-6 and TNF protein concentrations were detected by ELISA (R&D Systems™
Mouse IL-6 DuoSet ELISA kit and Mouse TNF-a DuoSet ELISA kit, Minneapolis, MN,
USA) with a standardized loading of 200ug of total protein. Quantification of the protein
was detected by measuring the optical density against a standard curve according to the
kit specifications.

2.8. Statistical Analyses

All statistical analyses were performed in GraphPad Prism 9.5.1 (La Jolla, CA, USA).
The Shapiro–Wilk test was performed to assess the data normality, and the Grubbs method,
using an alpha set to 0.05, was used to identify and remove outliers. A one-way ANOVA
test followed by a post hoc Bonferroni test or Tukey’s test, or a Kruskal–Wallis Test followed
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by a post hoc Dunn’s test, were used for multiple comparisons as appropriate. Pairwise
comparisons were made between each cohort and the controls and the untreated TNBS
cohort. An alpha value <0.05 was considered statistically significant.

3. Results
3.1. Colonic miR146a Gene Expression Was Reduced Following TNBS Enema

Two days following the induction of colitis with TNBS enema, the mice exhibited a
significant decrease in their miR146a expression in their colons compared to the control
mice (p = 0.038, one-way ANOVA with Tukey’s post hoc). Concurrently, the mice that
received the TNBS enema showed increased IL-6 and TNF expressions in their colons,
which continued to rise to levels of significance by day 5 when compared to the control
mice (p = 0.003 and p < 0.001, respectively, one-way ANOVA with Tukey’s post hoc). The
expression of miR146a in the colons of mice induced with TNBS colitis appeared to rise
from day 2 to day 5, although not statistically significantly (Figure 1).
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Figure 1. (A) The mice induced with colitis via TNBS enema demonstrated a significant decrease in
miR146a expression in their colons compared to the control mice (p = 0.038) two days following TNBS
administration. The expression of miR146a increased in the colons of mice with TNBS colitis by day 5.
(B) Following TNBS enema, the expression of IL-6 gradually rose, with a significant increase seen in
the controls on day 5 (p = 0.003). (C) TNF expression followed the same pattern, showing a steady
rise and significant increase in the controls on day 5 (p < 0.001). The asterisks indicate statistical
significance using one-way ANOVA with Tukey’s post hoc, and the bars indicate the standard error
of the mean.

3.2. CNP-miR146a Enemas Increased Colonic miR146a Expression in Mice Induced with
TNBS Colitis

The mice induced with TNBS colitis that received a therapeutic enema on day two
with cellulose gel with CNP-miR146a demonstrated a significant rise in their miR146a
expression in their colons twelve hours following enema administration compared to the
mice that received no therapeutic enema (p = 0.029 one-way ANOVA with Tukey’s post
hoc). There was also a significant rise in the miR146a expression seen in the colons of mice
that received cellulose gel with CNP-miR146a between hour six and twelve after enema
delivery (p = 0.047, one-way ANOVA with Tukey’s post hoc) (Figure 2).

3.3. CNP-miR146a Rescued Weight Loss in Mice with TNBS Colitis

The mice in the untreated cohort, cellulose gel treated cohort, and cellulose gel with
CNP-miR146a cohort all lost weight following TNBS administration on day zero. This
was demonstrated by a significant increased percentage of weight loss in all three cohorts
when compared to the control mice on days one and two (p < 0.001 one-way ANOVA with
Bonferroni post hoc). The TNBS mice that received cellulose gel with CNP-miR146a on
day two demonstrated stabilization in their weight compared to the untreated TNBS mice,
starting as early as 24 h after the therapeutic enema on day three and reaching significance
at days four and five (p = 0.049 and p = 0.024, untreated vs. cellulose gel + CNP-miR146a,
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one-way ANOVA with Bonferroni post hoc). The untreated TNBS mice continued to lose
weight compared to the control mice on days four and five (p < 0.001 and p < 0.001, one-way
ANOVA with Bonferroni post hoc), as did the TNBS mice that received cellulose gel enemas
(p < 0.001 and p = 0.002, one-way ANOVA with Bonferroni post hoc). The control mice
maintained their weights throughout all five days of the study (Figure 3).
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Figure 2. The mice induced with TNBS colitis that received cellulose gel with CNP-miR146a enemas
on day two were euthanized at six and twelve hours following the therapeutic enema and compared
to the untreated TNBS mice. The MiR146a expression in the colons of the TNBS mice was significantly
increased at twelve hours following the delivery of therapeutic cellulose gel with CNP-miR146a
enema (pink) compared to the colons of the untreated mice (black) (p = 0.029). There was a significant
rise in the colonic miR146a expression between six (purple) and twelve hours after cellulose gel with
CNP-miR146a enema delivery (p = 0.047). The asterisks indicate statistical significance using one-way
ANOVA with Tukey’s post hoc, and the bars indicate the standard error of the mean.
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Figure 3. The control mice (blue) maintained their weight across the five-day experiment. The mice
that received TNBS without any subsequent treatment (red) lost weight immediately following TNBS
instillation on day 0 and continued to lose weight throughout all 5 days of the experiment. The mice
that received TNBS on day 0 and cellulose gel enema on day 2 (purple) also showed sustained weight
loss throughout all 5 days. The mice that received TNBS on day 0 and cellulose gel with CNP-miR146a
on day 2 demonstrated stabilization in their weight starting on day 3, reaching statistical significance on
days 4 and 5 (p = 0.049 and p = 0.024, respectively). The asterisks indicate statistical significance using
one-way ANOVA with Bonferroni post hoc, and the bars indicate the standard error of the mean.
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3.4. CNP-miR146a Reduced Inflammatory Infiltrates and Erosions on Colon Histology

The colons of the untreated TNBS mice demonstrated significant destruction of the
crypt architecture and epithelial erosion, as well as a marked increase in eosinophilia on their
histology at the end of five days. The colons of the TNBS mice that received cellulose gel
with CNP-miR146a showed reduced inflammatory infiltration and architectural distortion
compared to the untreated mice, and in some cases, appeared equivalent to the colons from
the control mice (Figure 4). Both the untreated TNBS mice and TNBS mice that received
cellulose gel showed significantly higher inflammation scores than the controls (p < 0.001,
p = 0.013, respectively, Kruskal–Wallis with Dunn’s post hoc), whereas the TNBS mice that
received cellulose gel with CNP-miR146a showed no significant difference from the controls.
The TNBS mice treated with cellulose gel with CNP-miR146a demonstrated significantly
lower inflammation scores than the untreated TNBS mice (p = 0.006, Kruskal–Wallis with
Dunn’s post hoc) (Figure 5).
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Figure 4. Representative images of colon histology on brightfield microscopy with hematoxylin and
eosin (H&E) staining shown at 20× (left) and 100× magnification (right) five days after TNBS instilla-
tion. (A,B) A control colon with normal-appearing mucosa (thick black arrow) and abundant goblet
cells seen as clear vesicles and distinct layers of the muscularis propria—the circular muscle (white
arrow) and the longitudinal muscle (thin black arrow). (C) An untreated TNBS colon demonstrating
inflammation throughout the colon, with areas of obliterated mucosa and significant eosinophilia
represented by areas of dark pink. (D) An untreated TNBS colon showing a section of obliterated
mucosa (thick black arrow) with loss of goblet cells and epithelial architecture. Muscularis propria
is thickened and contains full-thickness inflammatory infiltration (thin black arrow). (E) A colon
from a TNBS mouse that received cellulose gel, demonstrating similar inflammation throughout the
colon with (F) a close-up showing similar architectural destruction of the mucosa (thick black arrow)
with goblet cell loss and the penetration of inflammatory cells into the submucosa (white arrow) and
the muscularis propria (thin black arrow). (G) A colon of a TNBS mouse that received cellulose gel
with CNP-miR146a showing reduced mucosal architectural destruction and inflammatory infiltra-
tion with (H) intact mucosa and goblet cells (thick black arrow) without architectural destruction
and inflammatory infiltrates in the submucosa (white arrow). Although some regions of the colon
had inflammatory infiltration to the muscularis propria, many areas appeared normal with distinct
circular and longitudinal muscle layers (thin black arrow).
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Figure 5. The untreated TNBS mice (red) and TNBS mice that received cellulose gel (purple) exhibited
higher inflammation scores on their histology compared to the controls (blue) (p < 0.001 and p < 0.001,
respectively). The colons from the TNBS mice treated with cellulose gel with CNP-miR146a (green)
demonstrated significantly decreased inflammation scores when compared to the untreated TNBS
mice (p = 0.018). The asterisks indicate statistical significance using Kruskal–Wallis with Dunn’s post
hoc, and the bars indicate the standard error of the mean.

3.5. CNP-miR146a Reduced Proinflammatory Gene Expression in the Colon

Five days after the induction of colitis, untreated TNBS mice demonstrated signifi-
cantly increased relative gene expression of IL-6 in their colons compared to the controls
(p = 0.004). The TNBS mice that received cellulose gel on day 2 showed no significant
difference in IL-6 expression compared to the untreated TNBS mice. The TNBS mice that
received cellulose gel with CNP-miR146a on day two showed reduced IL-6 expression
in their colons compared to the untreated TNBS colitis mice (p = 0.032) and were not
significantly different from the controls. Similarly, five days after the induction of colitis,
the untreated TNBS mice demonstrated a significantly increased relative gene expression of
TNF in their colons compared to the controls (p < 0.001). There was a significant difference
in the colonic TNF expression in the TNBS mice that received cellulose gel alone and those
that received cellulose gel with CNP-miR146a on day 2 (p = 0.013, p < 0.001, respectively)
(Figure 6).

3.6. CNP-miR146a Reduced Protein Concentrations of Proinflammatory Cytokines IL-6 and TNF
in the Colon

The protein quantification of IL-6 and TNF by ELISA demonstrated significant in-
creases in IL-6 (p = 0.002, one-way ANOVA with Bonferroni post hoc) and TNF (p = 0.025,
Kruskal–Wallis with Dunn’s post hoc) in the colons of the untreated TNBS mice five days
after TNBS instillation compared to the controls. The TNBS mice that received cellulose gel
with CNP-miR146a on day two showed decreased IL-6 (p = 0.007, one-way ANOVA with
Bonferroni post hoc) and TNF (p = 0.048, Kruskal–Wallis with Dunn’s post hoc) concentra-
tions compared to the untreated TNBS mice. The TNBS mice that received cellulose gel
on day two showed a reduction in IL-6 compared to the untreated TNBS mice (p = 0.011,
one-way ANOVA with Bonferroni post hoc). There was no difference in the IL-6 or TNF
protein concentrations between the TNBS colitis mice treated with CNP-miR146a and the
control mice (Figure 7).
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Figure 6. The relative gene expressions of IL-6 (A) and TNF (B) in the colon 5 days following TNBS
instillation and 3 days following treatment enema. (A) The untreated TNBS mice (red) and the TNBS
mice that received cellulose gel (purple) demonstrated significant increases in IL-6 compared to
the control mice (p = 0.004 and p < 0.001, respectively). The TNBS mice that received cellulose gel
with CNP-miR146a (green) demonstrated a significant decrease in IL-6 gene expression compared
to the untreated TNBS mice (p = 0.032). (B) Similarly, the untreated TNBS mice exhibited increased
expression of TNF in their colons (p < 0.001, controls vs. untreated TNBS) and the TNBS mice
that received cellulose gel with CNP-miR146a showed a reduction of TNF (p < 0.001, cellulose
gel + CNP-miR146a vs. untreated TNBS). The asterisks indicate statistical significance using one-way
ANOVA with Bonferroni post hoc, and the bars indicate the standard error of the mean.
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Figure 7. IL-6 (A) and TNF (B) protein concentrations in the colon 5 days following TNBS instillation
and 3 days following the treatment enema measured by ELISA. The untreated TNBS mice (red)
showed increased levels of IL-6 in their colons compared to the controls (blue) (p = 0.002, one-way
ANOVA with Bonferroni post hoc) and increased levels of TNF although not significant (p = 0.025,
Kruskal–Wallis with Dunn’s post hoc). The colons of the TNBS mice that received CNP-miR146a
(green) demonstrated decreased IL-6 and TNF levels relative to the untreated TNBS mice (p = 0.007
and p = 0.048, respectively). The TNBS mice that received cellulose gel only (purple) demonstrated
reduced IL-6 content in their colons compared to the untreated TNBS mice (p = 0.011). The asterisks
indicate statistical significance, and the bars indicate the standard error of the mean.

3.7. CNP-miR146a Enemas Reduced Expression of iNOS2 in TNBS-Injured Colonic Tissue

The untreated TNBS mice and TNBS mice that received cellulose gel enemas demon-
strated significantly increased expressions of iNOS2 in their colons compared to the controls
(p = 0.022 and p = 0.005, respectively, Kruskal–Wallis with Dunn’s post hoc) at the end of
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five days. Treatment with cellulose gel with CNP-mi146a appeared to decrease iNOS2
expression, although not statistically significantly. There was no significant difference
between the iNOS relative expression in the colons of the controls versus the TNBS mice
treated with cellulose gel with CNP-miR146a (Figure 8).
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Figure 8. Relative gene expressions of inducible nitric oxide synthase 2 (iNOS2) in the colon 5 days
following TNBS administration and 3 days following treatment. The untreated TNBS mice (red)
demonstrated a significant increase in iNOS2 expression in their colons compared to the control
mice (blue) (p = 0.022). The TNBS mice that received cellulose gel enemas on day 2 (purple) also
demonstrated an increased expression of iNOS2 relative to the controls (p = 0.005). The TNBS
mice treated with cellulose gel with CNP-miR146a (green) demonstrated reduced levels of iNOS2
expression relative to the untreated TNBS and the TNBS with cellulose groups. There was no
significant difference in iNOS2 expression between the TNBS mice treated with cellulose with CNP-
miR146a and the controls. The asterisks indicate statistical significance using Kruskal–Wallis with
Dunn’s post hoc, and the bars indicate the standard error of the mean.

4. Discussion

In this study, we show that a single dose of 25 ng of CNP-miR146a delivered as an
enema improved clinical disease in a TNBS murine model for acute colitis, as demonstrated
by improvements in weight loss and colon inflammation as seen on histology. The delivery
of cellulose gel with CNP-miR146a enemas was associated with a rise in miR146a expression
at 12 h following enema delivery and the downregulation of proinflammatory cytokines
IL-6 and TNF at 72 h following delivery. These results are consistent with the expected
timeline of transcriptional changes resulting from miR146a downregulating the NF-kB
pathway. Concurrently, we showed the downregulation of iNOS2, a potent ROS producer
that is upregulated by the NF-kB pathway.

The TNBS acute colitis model is a widely used animal model for studying acute
colitis that resembles acute Crohn’s colitis in humans due to the predominant Th1 immune
response it elicits in the colon. In the first 48 h following TNBS administration, mice
experience weight loss, which can be severe, usually due to a combination of diarrhea, poor
colonic fluid absorption, and reduced appetite. The diarrhea-associated weight loss and
inflammatory cell infiltration of the colon seen in the TNBS model are hallmarks of IBD in
humans [7]. After 48 h, mice in the TNBS model continue to lose weight as a consequence
of a systemic inflammatory response [32], which resembles the sustained inflammatory
signaling seen in human IBD. These processes were evident in the steady rise of IL-6 and
TNF gene expression seen in the colons of mice on two and five days following TNBS
enema instillation.
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The regional delivery of CNP-miR146a improved weight loss and decreased colon
inflammation in mice in this model, as seen on histology and through the downregulation
and normalization of proinflammatory cytokines IL-6 and TNF. The downregulation of IL-6
and TNF in the colon has significant clinical implications. IL-6 plays a critical role in differ-
entiating naïve CD4+ T-cells into Th17 cells, in addition to activating other proinflammatory
pathways, like the signal transducer and activator of transcription (STAT) 3 pathway [4,5,36].
TNF is one of the major cytokines secreted by Th1-activated immune cells and can cause
tissue destruction by triggering cellular apoptosis through NF-κB activation [4,37]. Th1 and
Th17 are proinflammatory subtypes of CD4+ T lymphocytes and predominantly mediate
inflammation in Crohn’s disease [7]. In physiological conditions, Th1 and Th17 cells play
important roles in the adaptive immune system by eliminating pathogens directly and
indirectly by recruiting macrophages and CD8+ effector T cells [5,38]. Excessive Th1 and
Th17 responses are part of the pathogenicity of IBD, and increased levels of activated Th1
and Th17 cells have been found in the inflamed mucosa of both UC and Crohn’s disease
patients [39].

The reduced immune cell infiltration seen on histology of CNP-miR146a-treated TNBS
mice may be explained by the downregulation of Th17 differentiation and Th1 activation
through reduced IL-6 and TNF expression. In this study, colons from the untreated TNBS
mice showed increased architectural distortion and destruction of epithelial crypts, as well
as a marked influx of immune cells into all tissue layers. This was also true for the TNBS
mice treated with cellulose gel enema. Meanwhile, the TNBS mice treated with cellulose gel
with CNP-miR146a demonstrated immune cell infiltration limited to mostly the mucosa,
suggesting that our treatment may have prevented deeper tissue infiltration by halting the
inflammatory process.

Interestingly, the TNBS mice treated with cellulose gel alone demonstrated isolated
reductions in the IL-6 concentrations and TNF gene expression in their colons. The cellulose
gel used in this study is a derivative of hydroxyethyl cellulose. Hydroxyethyl cellulose
is a water-soluble biocompatible polymer with a well-established safety profile, low toxi-
city, and non-immunogenicity, and it has previously been used for small-molecule drug
delivery to mucosal surfaces [40–43]. Hydroxyethyl cellulose gel was used as a vehicle for
CNP-miR146a to provide viscosity and prevent immediate leakage following the rectal
instillation. The reductions in the proinflammatory cytokines in the colons of the mice that
received hydroxyethyl cellulose gel may have resulted from the capacity of hydrogels to
absorb physiological exudates, including proinflammatory cytokines [41]. It is also possible
that the hydrogel provided a degree of hydration to these mice through the absorption
of water from the gel by the inflamed mucosa. It is significant to note that the TNBS
mice treated with cellulose gel did not exhibit improvements in weight loss or colonic
inflammation on histology compared to the untreated TNBS mice, and only TNBS mice
that received cellulose gel with CNP-miR146a showed improvements on both the clinical
and molecular levels.

MiR146a expression has been shown to be elevated in the intestinal tissue of acutely
diseased patients with IBD [44,45]. This is contrary to what was seen in our study, in
which miR146a expression was reduced in the colons of the mice two days following TNBS
administration. Few studies have examined miRNA in the TNBS model, and none to our
knowledge have specifically investigated miR146a. The decrease in miR146a expression
seen in our study may reflect the acute nature of the TNBS model, which creates intense
and severe colitis immediately following enema. This disease pattern prevents animals
from developing any compensatory mechanisms or adaptations that might otherwise be
responsible for an increased production of miR146a in human IBD, which is a chronic
inflammatory disease. This is supported by the data in our study that show a trend
toward increased miR146a expression in the colons of mice between two and five days
following TNBS administration. Despite the relative increase in miR146a, the untreated
mice continued to exhibit increased expressions of IL-6 and TNF on day five.
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In this regard, it is possible that increasing miR146a in the colon through the delivery of
CNP-miR146a can augment the body’s natural response to inflammation. Given that miR-
146a is an anti-inflammatory miRNA, it is reasonable that its production should increase
in response to inflammation, however, its relative increase in the colons of IBD patients
is likely insufficient in countering the overwhelming inflammation that is propagated
through multiple signaling pathways. After all, the NF-κB pathway can be activated
through mechanisms other than IRAK1 and TRAF6, and several other signaling pathways,
like STAT3, are involved in the inflammation and immune response of IBD [5]. In this
study, by administering our therapeutic 48 h following TNBS administration, we were able
to augment miR146a levels at the point of maximum inflammation.

The therapeutic effects of CNP-miR146a in this study are likely a consequence of both
the anti-inflammatory effects of miR-146a and the antioxidant effects of CNP [46]. The
chemical conjugation of CNP to miR146a stabilizes the miRNA for therapeutic delivery and
provides synergistic effects to the anti-inflammatory properties of miR146a by providing
antioxidant radical scavenging capabilities [47]. The ability of CNP to sequester ROS
provides a secondary mechanism of modulating inflammatory signaling [33]. In this
study, the TNBS mice that were untreated or received cellulose enemas demonstrated
significant upregulation of iNOS in their colons at the end of five days. This is consistent
with data that have shown an upregulation of iNOS in the inflamed colons of patients
with IBD [48]. The relative decrease in NOS expression in the colons of mice that received
treatment with cellulose with CNP-miR146a indirectly suggests decreased ROS production.
Since iNOS can be induced by NF-κB, it is difficult to determine whether this effect was
a direct consequence of the antioxidant properties of CNP or of the downregulation of
NF-κB by miR146a. Most likely, both elements are contributory, as has been shown in our
previous studies.

The local delivery of CNP-miR146a minimizes the potential for systemic absorption
and undesired side effects. The delivery of miRNA as a therapeutic is challenging given
the unstable nature of miRNA and their susceptibility to degradation [49]. One prior
study attempted the delivery of miR146a to rats with TNBS colitis through the intravenous
administration of a miR146a using a lentivirus vehicle [50]. Unfortunately, the use of
lentivirus as a vehicle for drug delivery is not practical in a clinical setting. Additionally,
since current treatments for IBD most often require intravenous administration [17], we
sought to investigate the therapeutic administration of CNP-miR146a for IBD through
regional delivery. To our knowledge, only one previous study has discussed the regional
delivery of therapeutic miRNA as an enema in IBD mouse models [46].

The results of our study must be interpreted with the consideration of important
limitations. Only male mice were used due to sex-associated differences in the severity
of TNBS colitis [31]. Additionally, while the TNBS model does not use artificially created
genetic deficiencies or mutations that do not exist in human IBD, it does depend on the
instillation of a foreign chemical. The delivery of an enema of TNBS creates a more focal
injury in the distal colon, as was evident on the gross pathology and histology. This does
not represent the full spectrum of Crohn’s disease, which often involves the proximal
colon and small bowel. Additionally, this model represents an acute form of colitis, and
the results cannot be extrapolated to chronic models of disease. Further studies will be
needed to determine the efficacy of CNP-miR146a in chronic disease models of other parts
of the intestine.

5. Conclusions

The local delivery of CNP-miR146a via enema in a TNBS mouse model of acute colitis
significantly decreases inflammatory signaling, resulting in improved clinical disease, with
decreased weight loss and reduced inflammatory infiltration of the colon. The local deliv-
ery of CNP-miR146a also decreases the potential complications associated with systemic
immunosuppression. CNP-miR146a may mitigate the effects of an overactivated immune
system by upregulating anti-inflammatory miR146a and decreasing ROS. CNP-miR146a
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shows promising therapeutic potential for use in IBD. Further studies are necessary to
characterize the mechanism of action of CNP-miR146a and its applicability in chronic
animal models of IBD.

Author Contributions: Conceptualization: A.A., J.R.B., K.W.L. and C.Z.; Investigation: A.A. and
J.R.B.; Methodology: A.A., J.R.B., J.C. and S.M.S.; Resources: S.S. and D.M.J.; Formal Analysis: A.A.
and C.Z.; Writing—Original Draft: A.A.; Writing—Review and Editing: A.A., T.F., B.L., A.E.V., K.W.L.
and C.Z.; Funding Acquisition and Supervision: K.W.L. and C.Z. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

Conflicts of Interest: Kenneth W. Liechty is the President, Carlos Zgheib is the Chief Scientific Officer,
and David M. Jackson is the Chief Executive Officer of Ceria Therapeutics. Authors David M. Jackson,
Kenneth W. Liechty and Carlos Zgheib are employed by the company Ceria Therapeutics, Inc. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References
1. Wang, R.; Li, Z.; Liu, S.; Zhang, D. Global, regional and national burden of inflammatory bowel disease in 204 countries and

territories from 1990 to 2019: A systematic analysis based on the Global Burden of Disease Study 2019. BMJ Open 2023, 13,
e065186. [CrossRef] [PubMed]

2. Ben-Horin, S.; Kopylov, U.; Chowers, Y. Optimizing anti-TNF treatments in inflammatory bowel disease. Autoimmun. Rev. 2014,
13, 24–30. [CrossRef] [PubMed]

3. Gergely, M.; Prado, E.; Deepak, P. Management of refractory inflammatory bowel disease. Curr. Opin. Gastroenterol. 2022, 38,
347–357. [CrossRef] [PubMed]

4. Marafini, I.; Sedda, S.; Dinallo, V.; Monteleone, G. Inflammatory cytokines: From discoveries to therapies in IBD. Expert Opin. Biol.
Ther. 2019, 19, 1207–1217. [CrossRef] [PubMed]

5. Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-κB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
[PubMed]

6. Sameer, A.S.; Nissar, S. Toll-Like Receptors (TLRs): Structure, Functions, Signaling, and Role of Their Polymorphisms in Colorectal
Cancer Susceptibility. BioMed Res. Int. 2021, 2021, 1157023. [CrossRef] [PubMed]

7. Flynn, S.; Eisenstein, S. Inflammatory Bowel Disease Presentation and Diagnosis. Surg. Clin. N. Am. 2019, 99, 1051–1062.
[CrossRef] [PubMed]

8. Zhen, Y.; Zhang, H. NLRP3 Inflammasome and Inflammatory Bowel Disease. Front. Immunol. 2019, 10, 276. [CrossRef]
9. Guan, G.; Lan, S. Implications of Antioxidant Systems in Inflammatory Bowel Disease. BioMed Res. Int. 2018, 2018, 1290179.

[CrossRef]
10. Bourgonje, A.R.; Feelisch, M.; Faber, K.N.; Pasch, A.; Dijkstra, G.; van Goor, H. Oxidative Stress and Redox-Modulating

Therapeutics in Inflammatory Bowel Disease. Trends Mol. Med. 2020, 26, 1034–1046. [CrossRef]
11. Rafa, H.; Saoula, H.; Belkhelfa, M.; Medjeber, O.; Soufli, I.; Toumi, R.; de Launoit, Y.; Moralès, O.; Nakmouche, M.; Delhem, N.;

et al. IL-23/IL-17A axis correlates with the nitric oxide pathway in inflammatory bowel disease: Immunomodulatory effect of
retinoic acid. J. Interf. Cytokine Res. 2013, 33, 355–368. [CrossRef] [PubMed]

12. Bourgonje, A.R.; von Martels, J.Z.H.; Bulthuis, M.L.C.; van Londen, M.; Faber, K.N.; Dijkstra, G.; van Goor, H. Crohn’s Disease in
Clinical Remission Is Marked by Systemic Oxidative Stress. Front. Physiol. 2019, 10, 499. [CrossRef] [PubMed]

13. Alarfaj, S.J.; Mostafa, S.A.; Negm, W.A.; El-Masry, T.A.; Kamal, M.; Elsaeed, M.; El Nakib, A.M. Mucosal Genes Expression in
Inflammatory Bowel Disease Patients: New Insights. Pharmaceuticals 2023, 16, 324. [CrossRef] [PubMed]

14. Shah, V.; Lyford, G.; Gores, G.; Farrugia, G. Nitric oxide in gastrointestinal health and disease. Gastroenterology 2004, 126, 903–913.
[CrossRef] [PubMed]

15. Zhang, Y.; Yan, M.; Xia, Y.; Yue, Y.; Wang, S.; Hu, Y.; Lai, G.; Wu, Q.; Liu, Q.; Ding, X.; et al. Glutaredoxin-1 modulates the NF-κB
signaling pathway to activate inducible nitric oxide synthase in experimental necrotizing enterocolitis. Mol. Ther.—Methods Clin.
Dev. 2024, 32, 101214. [CrossRef] [PubMed]

16. Williams, C.; Panaccione, R.; Ghosh, S.; Rioux, K. Optimizing clinical use of mesalazine (5-aminosalicylic acid) in inflammatory
bowel disease. Ther. Adv. Gastroenterol. 2011, 4, 237–248. [CrossRef] [PubMed]

17. Cai, Z.; Wang, S.; Li, J. Treatment of Inflammatory Bowel Disease: A Comprehensive Review. Front. Med. 2021, 8, 2681. [CrossRef]
[PubMed]

18. Corsi, F.; Tarquini, G.D.; Urbani, M.; Bejarano, I.; Traversa, E.; Ghibelli, L. The Impressive Anti-Inflammatory Activity of Cerium
Oxide Nanoparticles: More than Redox? Nanomaterials 2023, 13, 2803. [CrossRef] [PubMed]

https://doi.org/10.1136/bmjopen-2022-065186
https://www.ncbi.nlm.nih.gov/pubmed/36977543
https://doi.org/10.1016/j.autrev.2013.06.002
https://www.ncbi.nlm.nih.gov/pubmed/23792214
https://doi.org/10.1097/mog.0000000000000849
https://www.ncbi.nlm.nih.gov/pubmed/35762694
https://doi.org/10.1080/14712598.2019.1652267
https://www.ncbi.nlm.nih.gov/pubmed/31373244
https://doi.org/10.1038/sigtrans.2017.23
https://www.ncbi.nlm.nih.gov/pubmed/29158945
https://doi.org/10.1155/2021/1157023
https://www.ncbi.nlm.nih.gov/pubmed/34552981
https://doi.org/10.1016/j.suc.2019.08.001
https://www.ncbi.nlm.nih.gov/pubmed/31676047
https://doi.org/10.3389/fimmu.2019.00276
https://doi.org/10.1155/2018/1290179
https://doi.org/10.1016/j.molmed.2020.06.006
https://doi.org/10.1089/jir.2012.0063
https://www.ncbi.nlm.nih.gov/pubmed/23472658
https://doi.org/10.3389/fphys.2019.00499
https://www.ncbi.nlm.nih.gov/pubmed/31080419
https://doi.org/10.3390/ph16020324
https://www.ncbi.nlm.nih.gov/pubmed/37259466
https://doi.org/10.1053/j.gastro.2003.11.046
https://www.ncbi.nlm.nih.gov/pubmed/14988844
https://doi.org/10.1016/j.omtm.2024.101214
https://www.ncbi.nlm.nih.gov/pubmed/38496303
https://doi.org/10.1177/1756283x11405250
https://www.ncbi.nlm.nih.gov/pubmed/21765868
https://doi.org/10.3389/fmed.2021.765474
https://www.ncbi.nlm.nih.gov/pubmed/34988090
https://doi.org/10.3390/nano13202803
https://www.ncbi.nlm.nih.gov/pubmed/37887953


Nanomaterials 2024, 14, 894 16 of 17

19. Das, S.; Dowding, J.M.; Klump, K.E.; McGinnis, J.F.; Self, W.; Seal, S. Cerium oxide nanoparticles: Applications and prospects in
nanomedicine. Nanomedicine 2013, 8, 1483–1508. [CrossRef]

20. Pandey, S.; Kumari, S.; Manohar Aeshala, L.; Singh, S. Investigating temperature variability on antioxidative behavior of
synthesized cerium oxide nanoparticle for potential biomedical application. J. Biomater. Appl. 2024, 38, 866–874. [CrossRef]

21. Singh, S.; Kumar, U.; Gittess, D.; Sakthivel, T.S.; Babu, B.; Seal, S. Cerium oxide nanomaterial with dual antioxidative scavenging
potential: Synthesis and characterization. J. Biomater. Appl. 2021, 36, 834–842. [CrossRef] [PubMed]

22. Zhou, J.; Liu, J.; Gao, Y.; Shen, L.; Li, S.; Chen, S. miRNA-Based Potential Biomarkers and New Molecular Insights in Ulcerative
Colitis. Front. Pharmacol. 2021, 12, 707776. [CrossRef] [PubMed]

23. Zhu, M.; Li, D.; Jin, M.; Li, M. Association between microRNA polymorphisms and the risk of inflammatory bowel disease. Mol.
Med. Rep. 2016, 13, 5297–5308. [CrossRef] [PubMed]

24. Feng, J.; Zhu, Y.; Chen, L.; Wang, M. Clinical Significance of microRNA-146a in Patients with Ulcerative Colitis. Ann. Clin. Lab.
Sci. 2020, 50, 463–467. [PubMed]

25. Luo, X.; Zhang, X.; Wu, X.; Yang, X.; Han, C.; Wang, Z.; Du, Q.; Zhao, X.; Liu, S.-L.; Tong, D.; et al. Brucella Downregulates
Tumor Necrosis Factor-α to Promote Intracellular Survival via Omp25 Regulation of Different MicroRNAs in Porcine and Murine
Macrophages. Front. Immunol. 2018, 8, 2013. [CrossRef] [PubMed]

26. Dewberry, L.C.; Niemiec, S.M.; Hilton, S.A.; Louiselle, A.E.; Singh, S.; Sakthivel, T.S.; Hu, J.; Seal, S.; Liechty, K.W.; Zgheib,
C. Cerium oxide nanoparticle conjugation to microRNA-146a mechanism of correction for impaired diabetic wound healing.
Nanomedicine 2022, 40, 102483. [CrossRef] [PubMed]

27. Niemiec, S.M.; Louiselle, A.E.; Hilton, S.A.; Dewberry, L.C.; Zhang, L.; Azeltine, M.; Xu, J.; Singh, S.; Sakthivel, T.S.; Seal, S.; et al.
Nanosilk Increases the Strength of Diabetic Skin and Delivers CNP-miR146a to Improve Wound Healing. Front. Immunol. 2020,
11, 590285. [CrossRef] [PubMed]

28. Vaughn, A.E.; Lehmann, T.; Sul, C.; Wallbank, A.M.; Lyttle, B.D.; Bardill, J.; Burns, N.; Apte, A.; Nozik, E.S.; Smith, B.; et al.
CNP-miR146a Decreases Inflammation in Murine Acute Infectious Lung Injury. Pharmaceutics 2023, 15, 2210. [CrossRef] [PubMed]

29. Kiesler, P.; Fuss, I.J.; Strober, W. Experimental Models of Inflammatory Bowel Diseases. Cell. Mol. Gastroenterol. Hepatol. 2015, 1,
154–170. [CrossRef]

30. Zhang, Y.; Li, F.; Wang, H.; Yin, C.; Huang, J.; Mahavadi, S.; Murthy, K.S.; Hu, W. Immune/Inflammatory Response and
Hypocontractility of Rabbit Colonic Smooth Muscle After TNBS-Induced Colitis. Dig. Dis. Sci. 2016, 61, 1925–1940. [CrossRef]

31. Alex, P.; Zachos, N.C.; Nguyen, T.; Gonzales, L.; Chen, T.E.; Conklin, L.S.; Centola, M.; Li, X. Distinct cytokine patterns identified
from multiplex profiles of murine DSS and TNBS-induced colitis. Inflamm. Bowel Dis. 2009, 15, 341–352. [CrossRef] [PubMed]

32. Antoniou, E.; Margonis, G.A.; Angelou, A.; Pikouli, A.; Argiri, P.; Karavokyros, I.; Papalois, A.; Pikoulis, E. The TNBS-induced
colitis animal model: An overview. Ann. Med. Surg. 2016, 11, 9–15. [CrossRef] [PubMed]

33. Fu, Y.; Kolanthai, E.; Neal, C.J.; Kumar, U.; Zgheib, C.; Liechty, K.W.; Seal, S. Engineered Faceted Cerium Oxide Nanoparticles for
Therapeutic miRNA Delivery. Nanomaterials 2022, 12, 4389. [CrossRef]

34. Martínez-Herrero, S.; Larrayoz, I.M.; Narro-Íñiguez, J.; Rubio-Mediavilla, S.; Martínez, A. Lack of Adrenomedullin Aggravates
Acute TNBS-Induced Colitis Symptoms in Mice, Especially in Females. Front. Physiol. 2017, 8, 1058. [CrossRef] [PubMed]

35. Erben, U.; Loddenkemper, C.; Doerfel, K.; Spieckermann, S.; Haller, D.; Heimesaat, M.M.; Zeitz, M.; Siegmund, B.; Kühl, A.A. A
guide to histomorphological evaluation of intestinal inflammation in mouse models. Int. J. Clin. Exp. Pathol. 2014, 7, 4557–4576.

36. Li, B.; Wang, X.; Choi, I.Y.; Wang, Y.-C.; Liu, S.; Pham, A.T.; Moon, H.; Smith, D.J.; Rao, D.S.; Boldin, M.P.; et al. miR-146a
modulates autoreactive Th17 cell differentiation and regulates organ-specific autoimmunity. J. Clin. Investig. 2017, 127, 3702–3716.
[CrossRef] [PubMed]

37. Petagna, L.; Antonelli, A.; Ganini, C.; Bellato, V.; Campanelli, M.; Divizia, A.; Efrati, C.; Franceschilli, M.; Guida, A.M.; Ingallinella,
S.; et al. Pathophysiology of Crohn’s disease inflammation and recurrence. Biol. Direct 2020, 15, 23. [CrossRef] [PubMed]

38. Cao, H.; Diao, J.; Liu, H.; Liu, S.; Liu, J.; Yuan, J.; Lin, J. The Pathogenicity and Synergistic Action of Th1 and Th17 Cells in
Inflammatory Bowel Diseases. Inflamm. Bowel Dis. 2023, 29, 818–829. [CrossRef]

39. Leppkes, M.; Neurath, M.F. Cytokines in inflammatory bowel diseases—Update 2020. Pharmacol. Res. 2020, 158, 104835.
[CrossRef]

40. Buang, F.; Fu, M.; Chatzifragkou, A.; Amin, M.C.I.M.; Khutoryanskiy, V.V. Hydroxyethyl cellulose functionalised with maleimide
groups as a new excipient with enhanced mucoadhesive properties. Int. J. Pharm. 2023, 642, 123113. [CrossRef]

41. El Fawal, G.F.; Abu-Serie, M.M.; Hassan, M.A.; Elnouby, M.S. Hydroxyethyl cellulose hydrogel for wound dressing: Fabrication,
characterization and in vitro evaluation. Int. J. Biol. Macromol. 2018, 111, 649–659. [CrossRef] [PubMed]

42. Ho, H.N.; Le, H.H.; Le, T.G.; Duong, T.H.A.; Ngo, V.Q.T.; Dang, C.T.; Nguyen, V.M.; Tran, T.H.; Nguyen, C.N. Formulation
and characterization of hydroxyethyl cellulose-based gel containing metronidazole-loaded solid lipid nanoparticles for buccal
mucosal drug delivery. Int. J. Biol. Macromol. 2022, 194, 1010–1018. [CrossRef] [PubMed]

43. Park, J.; Kim, S.; Kim, T.I. Polyethylenimine-Conjugated Hydroxyethyl Cellulose for Doxorubicin/Bcl-2 siRNA Co-Delivery
Systems. Pharmaceutics 2023, 15, 708. [CrossRef] [PubMed]

44. Ghafouri-Fard, S.; Eghtedarian, R.; Taheri, M. The crucial role of non-coding RNAs in the pathophysiology of inflammatory
bowel disease. Biomed. Pharmacother. 2020, 129, 110507. [CrossRef] [PubMed]

https://doi.org/10.2217/nnm.13.133
https://doi.org/10.1177/08853282231226037
https://doi.org/10.1177/08853282211013451
https://www.ncbi.nlm.nih.gov/pubmed/33910397
https://doi.org/10.3389/fphar.2021.707776
https://www.ncbi.nlm.nih.gov/pubmed/34305614
https://doi.org/10.3892/mmr.2016.5157
https://www.ncbi.nlm.nih.gov/pubmed/27109937
https://www.ncbi.nlm.nih.gov/pubmed/32826242
https://doi.org/10.3389/fimmu.2017.02013
https://www.ncbi.nlm.nih.gov/pubmed/29387067
https://doi.org/10.1016/j.nano.2021.102483
https://www.ncbi.nlm.nih.gov/pubmed/34748956
https://doi.org/10.3389/fimmu.2020.590285
https://www.ncbi.nlm.nih.gov/pubmed/33193424
https://doi.org/10.3390/pharmaceutics15092210
https://www.ncbi.nlm.nih.gov/pubmed/37765178
https://doi.org/10.1016/j.jcmgh.2015.01.006
https://doi.org/10.1007/s10620-016-4078-5
https://doi.org/10.1002/ibd.20753
https://www.ncbi.nlm.nih.gov/pubmed/18942757
https://doi.org/10.1016/j.amsu.2016.07.019
https://www.ncbi.nlm.nih.gov/pubmed/27656280
https://doi.org/10.3390/nano12244389
https://doi.org/10.3389/fphys.2017.01058
https://www.ncbi.nlm.nih.gov/pubmed/29311984
https://doi.org/10.1172/jci94012
https://www.ncbi.nlm.nih.gov/pubmed/28872459
https://doi.org/10.1186/s13062-020-00280-5
https://www.ncbi.nlm.nih.gov/pubmed/33160400
https://doi.org/10.1093/ibd/izac199
https://doi.org/10.1016/j.phrs.2020.104835
https://doi.org/10.1016/j.ijpharm.2023.123113
https://doi.org/10.1016/j.ijbiomac.2018.01.040
https://www.ncbi.nlm.nih.gov/pubmed/29339283
https://doi.org/10.1016/j.ijbiomac.2021.11.161
https://www.ncbi.nlm.nih.gov/pubmed/34843817
https://doi.org/10.3390/pharmaceutics15020708
https://www.ncbi.nlm.nih.gov/pubmed/36840030
https://doi.org/10.1016/j.biopha.2020.110507
https://www.ncbi.nlm.nih.gov/pubmed/32768980


Nanomaterials 2024, 14, 894 17 of 17

45. Fasseu, M.; Tréton, X.; Guichard, C.; Pedruzzi, E.; Cazals-Hatem, D.; Richard, C.; Aparicio, T.; Daniel, F.; Soulé, J.-C.; Moreau, R.;
et al. Identification of restricted subsets of mature microRNA abnormally expressed in inactive colonic mucosa of patients with
inflammatory bowel disease. PLoS ONE 2010, 5, e13160. [CrossRef] [PubMed]

46. Tian, Y.; Xu, J.; Li, Y.; Zhao, R.; Du, S.; Lv, C.; Wu, W.; Liu, R.; Sheng, X.; Song, Y.; et al. MicroRNA-31 Reduces Inflammatory
Signaling and Promotes Regeneration in Colon Epithelium, and Delivery of Mimics in Microspheres Reduces Colitis in Mice.
Gastroenterology 2019, 156, 2281–2296.e6. [CrossRef] [PubMed]

47. El Ghzaoui, C.; Neal, C.J.; Kolanthai, E.; Fu, Y.; Kumar, U.; Hu, J.; Zgheib, C.; Liechty, K.W.; Seal, S. Assessing the bio-stability of
microRNA-146a conjugated nanoparticles via electroanalysis. Nanoscale Adv. 2022, 5, 191–207. [CrossRef] [PubMed]

48. Soufli, I.; Hablal, A.; Bessaad, S.; Amri, M.; Labsi, M.; Boussa, R.S.; Ameur, F.; Belguendouz, H.; Younes, S.A.; Idris, N.S.; et al.
Nitric Oxide, Neutrophil/Lymphocyte, and Platelet/Lymphocyte Ratios as Promising Inflammatory Biomarkers in Complicated
Crohn’s Disease: Outcomes of Corticosteroids and Anti-TNF-α Therapies. Inflammation 2023, 46, 1091–1105. [CrossRef]

49. Diener, C.; Keller, A.; Meese, E. Emerging concepts of miRNA therapeutics: From cells to clinic. Trends Genet. 2022, 38, 613–626.
[CrossRef]

50. Wu, H.; Fan, H.; Shou, Z.; Xu, M.; Chen, Q.; Ai, C.; Dong, Y.; Liu, Y.; Nan, Z.; Wang, Y.; et al. Extracellular vesicles containing
miR-146a attenuate experimental colitis by targeting TRAF6 and IRAK1. Int. Immunopharmacol. 2019, 68, 204–212. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0013160
https://www.ncbi.nlm.nih.gov/pubmed/20957151
https://doi.org/10.1053/j.gastro.2019.02.023
https://www.ncbi.nlm.nih.gov/pubmed/30779922
https://doi.org/10.1039/d2na00600f
https://www.ncbi.nlm.nih.gov/pubmed/36605803
https://doi.org/10.1007/s10753-023-01796-4
https://doi.org/10.1016/j.tig.2022.02.006
https://doi.org/10.1016/j.intimp.2018.12.043

	Introduction 
	Materials and Methods 
	Development of CNP-miR146a 
	Development of CNP-miR146a Hydroxyethyl Cellulose Gel 
	TNBS Acute Colitis Animal Model 
	Clinical Assessment of Acute Colitis 
	Histopathological Studies 
	RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) 
	Protein Assessment Using ELISA 
	Statistical Analyses 

	Results 
	Colonic miR146a Gene Expression Was Reduced Following TNBS Enema 
	CNP-miR146a Enemas Increased Colonic miR146a Expression in Mice Induced with TNBS Colitis 
	CNP-miR146a Rescued Weight Loss in Mice with TNBS Colitis 
	CNP-miR146a Reduced Inflammatory Infiltrates and Erosions on Colon Histology 
	CNP-miR146a Reduced Proinflammatory Gene Expression in the Colon 
	CNP-miR146a Reduced Protein Concentrations of Proinflammatory Cytokines IL-6 and TNF in the Colon 
	CNP-miR146a Enemas Reduced Expression of iNOS2 in TNBS-Injured Colonic Tissue 

	Discussion 
	Conclusions 
	References

