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Background: Allergic rhinitis (AR) affects up to 40% of the population, leading to
significant healthcare expenditures. Current mainstream treatments, while
effective, can lead to side effects and do not address the underlying
immunological imbalances. Zingiberis Rhizoma Carbonisatum (ZRC), the
partially charred product of Zingiberis Rhizoma (ZR), has been widely used
clinically in China since ancient times to treat respiratory disorders.

Methods: Inspired by the similarity between high-temperature pyrolysis and
carbonization processing of herbal medicine, ZRC derived CDs (ZRC-CDs) were
extracted and purified through several procedures. Then, the physicochemical
characteristics of CDs were delineated through a suite of characterization methods.
Moreover, our investigation zeroed in on elucidating the ameliorative impacts of CDs
on ovalbumin-induced rat models alongside their underlying mechanisms.

Results: ZRC-CDs with particle sizes ranging from 1.0 to 3.5 nm and rich surface
functional groups. Additionally, we observed that ZRC-CDs significantly
attenuated nasal symptoms and pathological damage in ovalbumin-induced
AR rats, and modulated lipid metabolism and type 2 inflammatory responses.
They also inhibit PI3K/AKT and JAK/STAT pathways, which are associated with
metabolism and inflammation. Importantly, ZRC-CDs demonstrated high
biocompatibility, underscoring their potential as a novel therapeutic agent.

Conclusion: ZRC-CDs offer a promising alternative for AR treatment and could
help facilitate broader clinical use of the ZRC. In addition, the exploration of the
inherent bioactivity of CDs can help to broaden their biological applications.
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1 Introduction

Allergic rhinitis (AR), an IgE-mediated type 1 hypersensitivity
reaction of the nasal mucosa, results from exposure to allergens. It
manifests through symptoms such as nasal congestion, itching, a
runny nose, and sneezing (1). The immunological basis of AR is
primarily a type 2 inflammatory response (2-4). Additionally, there
is growing evidence suggesting a significant role of metabolic
disorders in the development of allergic diseases. In recent years,
the prevalence of AR has steadily increased to between 5% and 40%,
imposing a substantial medical and economic burden (5). Beyond
diminishing quality of life, AR is also correlated with several
comorbidities including asthma, anxiety, and depression (6-8).
Current pharmacological treatments for allergic rhinitis, such as
H1 receptor antagonists, corticosteroids, and leukotriene receptor
antagonists, often lead to side effects and financial strains over long-
term use, without addressing the underlying immune imbalance (6).
Meanwhile, allergen immunotherapy (AIT) is becoming more
widely recognized; however, it presents risks of serious adverse
effects and generally suffers from poor patient compliance (5).
Therefore, there is an urgent need to propose new solution
strategies for AR.

As a 0-dimensional nanomaterial, carbon dots (CDs) exhibit
several unique advantages, including ultra-small size, tunable
photoluminescence, high photostability, low toxicity, easy surface
modification, and excellent aqueous dispersibility (9-15). These
characteristics not only make CDs versatile but also highly
applicable in biomedical contexts. Particularly noteworthy are the
bioactivities of biomass-derived CDs, which include anti-
inflammatory effects, immune modulation, lipid metabolism
regulation, antioxidative stress capabilities, and anti-allergic
properties (16-23). Additionally, in comparison with chemically
synthesized CDs, biomass-derived CDs possess several benefits,
such as lower production costs, less complex preparation
methods, and improved biocompatibility (21, 23-25). Collectively,
these attributes underscore the potential of CDs as an innovative
treatment strategy for allergic rhinitis.

Zingiber offcinale Rosc. is a plant that widely used as a flavor and
dietary supplement. The dried rhizome of Zingiber offcinale Rosc.,
known as Zingiberis Rhizoma (ZR), has been used as an Chinese
materia medica for thousands of years. The ‘Treatise on Cold
Damage and Miscellaneous Diseases’, revered as the foundational
text of herbal formulations, notes that partially charred product of
ZR as a treatment for respiratory ailments. Furthermore, recent
studies corroborate that ZR and its extracts are effective against
various respiratory disorders, including AR and asthma (26-28).
Interestingly, our research has identified CDs in commercially
available Zingiberis Rhizoma Carbonisatum (ZRC, obtained from
ZR by high-temperature stir-frying to partially charred, Chinese
Pharmacopoeia, stir-frying charcoal method 0213), which we have
named ZRC-CDs. We developed a series of methods to extract,
purify, and characterize these ZRC-CDs, focusing on their
morphology, optical features, and surface composition. Based on
all of these findings, we hypothesize that ZRC-CDs, with their
electron-exchange capabilities and rich functional groups, could be
effectively employed in the treatment of AR.
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2 Materials and methods
2.1 Materials

Ovalbumin, OVA (A5503, Sigma-Aldrich, USA); Aluminium
Hydroxide Gel Adjuvant (vac-alu-250, InvivoGen, Canada) 10 mg/
mL; Loratadine (L129223-5g, Aladdin); 0.9% NaCl was purchased
from Jiangsu Changjiang Pharmaceutical Co., Ltd. (Yancheng,
China). Interleukin-4 (IL-4, ml102825), interleukin-5 (IL-5,
ml002975), interleukin-13 (IL-13, ml003012), OVA-specific IgE
(OVA-sIgE, ml003273), and histamine (HIS, ml002986) kits were
purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd.
(Shanghai, China).

ZRC was sourced from Beijing Qiancao Herbal Pieces Co., Ltd.
(Beijing, China). Each batch was quality-verified by the National
Medical Products Administration of China to ensure compliance
with relevant standards. All herbs purchased were authenticated by
Prof. Yan Zhao from the Beijing University of Chinese Medicine.
Dialysis bags with a molecular weight cut-off of 1000 Da were
procured from Beijing Ruida Henghui Technology Development
Co., Ltd. (Beijing, China). All other analytically-grade chemical
reagents were provided by Sinopharm Chemical Reagent Beijing
Co., Ltd. (Beijing, China). Deionized water (DW) or ultrapure water
(UPW) was used in all experiments.

2.2 Animals

Six-week-old male SD rats, SPF grade, weighing approximately
200 + 20 g, were obtained from Beijing Vital River Laboratory
Animal Technology Co., Ltd (Beijing, China; certificate number:
SYXK (Beijing) 2020-0033). Prior to experimental procedures, the
rats were acclimatized for one week in an isolation room. The
environment was precisely controlled at a temperature of 23 + 1°C
and humidity of 55 + 5%, with a 12-hour light/dark cycle. The
animals had free access to food and water throughout the
acclimatization and experimental periods.

The animal study was approved by the Ethics Review
Committee of Animal Experimentation of the Lunan
Pharmaceutical Group Co., Ltd. (Ethics Number: AN-IACUC-
2023-075). The study was conducted in accordance with the local
legislation and institutional requirements.

2.3 Preparation and characterization of
ZRC-CDs

2.3.1 Preparation of ZRC-CDs

ZRC was first pulverized into a fine powder using a high-speed
grinder. This powder was soaked in DW and subsequently heated at
100°C in a digital thermostatic water bath (Model HH-2, Shanghai
Lichen Instrument Technology Co., Ltd.) for three separate one-
hour sessions to ensure thorough extraction. After heating, the
mixture was filtered through a 0.22 pum nitrocellulose membrane.
The filtrate was then dialyzed using dialysis membranes with a
MWCO of 1000 Da. This dialysis process was conducted over a
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period of fifteen days to ensure the removal of small molecule
compounds. The purified CDs were subsequently collected and
stored at 4°C for further analysis.

2.3.2 Characterization of ZRC-CDs

The morphology and microstructure of ZRC-CDs were
characterized at an accelerating voltage of 200 kV using
transmission electron microscopy (TEM, Tecnai G2 F20, FEI
company, USA). The lattice spacing of ZRC-CDs was observed
using high-resolution transmission electron microscopy (HRTEM,
JEN-1230, JEOL Ltd., Japan). The optical properties of ZRC-CDs
were scanned and detected by ultraviolet-visible spectroscopy
spectrophotometer (UV-vis, CECIL, UK) and fluorescence
spectroscopy (F-4500, Hitachi, Japan). Surface functional groups
in ZRC-CDs were identified through Fourier transform infrared
spectroscopy (FTIR, Thermo Fisher, USA) across a wavelength
range of 400-4000 cm ™. Surface composition and elemental analysis
of ZRC-CDs were recorded using x-ray photoelectron spectroscopy
(XPS, ESCALAB 250 Xi, Thermo Fisher Scientific, USA) and
excitation by a single x-ray source, Al Kl (1486.6 ¢V). The ZRC-
CDs diffraction peaks were identified by x-ray diffraction (XRD)
performed with D8-Advanced X-ray diffractometer (Bruker AXS,
Germany) to elucidate their crystalline structure.

2.3.3 ZRC-CDs component analysis of ZR and
ZRC-CDs by HPLC method

ZR was finely ground, and 0.5 g of both ZR powder and ZRC-
CDs lyophilized powder were precisely weighed and dispersed in 20
mL of methanol, followed by sonication for extraction. The
resulting solutions were filtered through a 0.22um membrane and
10 pL were injected into an Agilent 1260 series high-performance
liquid chromatograph for analysis. This system includes a
thermostatically controlled ZORBAX SL-C18 column (4.6 mm X
250 mm x 5 um), an autosampler, degasser, quaternary pump, and
a diode array detector. Chromatographic separation employed a
mobile phase of 0.1% phosphoric acid (solvent A) and acetonitrile
(solvent B), with a gradient elution of: 0-10 min, 90-75% A; 10-30
min, 75-60% A; 30-45 min, 60-43% A; 45-60 min, 43-35% A; 60-75
min, 35-20% A, at a flow rate of 1 mL/min. The column
temperature was maintained at 30°C, and detection was
performed at 254 nm.

2.4 OVA-induced AR rat model
and treatments

Rats were randomly divided into six groups (n = 10): control,
OVA, loratadine, low-dose ZRC-CDs (ZRC-CDs-L), medium-dose
ZRC-CDs (ZRC-CDs-M), and high-dose ZRC-CDs (ZRC-CDs-H).
The allergic rhinitis (AR) model was established following a
modified version of a previously reported procedure (29-31). 0.2
mg OVA was dissolved in 0.5 mL saline and thoroughly mixed with
0.5 mL aluminium hydroxide gel adjuvant to form a suspension.
This suspension was administered intraperitoneally to the rats every
other day for a total of seven injections. Nasal challenges were
conducted as follows: from days 15 to 17, rats received a 1% OVA
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saline solution titrated at 50 UL per nasal cavity daily; from days 18
to 19, the concentration was increased to 2.5%, administered at the
same volume; and from days 20 to 29, a 5% OV A saline solution was
administered daily. In the control group, both the intraperitoneal
injection and nasal administration were replaced with an equivalent
volume of saline.

Besides, from days 15 to 29, each group of rats received their
respective treatments as follows: the control and OVA groups (1
mL/100 g of saline); the loratadine group (1.5 mg/kg of loratadine);
and the three ZRC-CDs groups (5 mg/kg, ZRC-CDs-H; 2.5 mg/kg,
ZRC-CDs-M; 1.25 mg/kg, ZRC-CDs-L). All administration was via
i.g. (Figure 1A).

2.5 Evaluation of nasal symptoms

Immediately after the final nasal drop challenge, the frequency
of sneezing and nose scratching was recorded over a 10-minute
period by an observer blinded to the group assignments of each rat.

2.6 Enzyme-linked immunosorbent assay

All rats were anaesthetized with zoletil 50 (6 mg/kg) and
xylazine hydrochloride mixture (12 mg/kg), and blood sample
were collected via the intraperitoneal vein using vacuum blood
collection tubes (BD Biosciences, USA). The collected samples were
then centrifuged at 3500 rpm for 10 minutes to separate the
supernatant, which was carefully aspirated. THE levels of OVA-
sIgE and HIS were quantified using enzyme-linked immunosorbent
assay (ELISA) kits. Additionally, the levels of Th2 cytokines (IL-4,
IL-5, IL-13) were detected. All procedures were meticulously
executed in strict accordance with the specifications provided by
the assay Kkits.

2.7 Histopathological analysis

Rat head tissues were initially fixed in a 4% paraformaldehyde
solution (Sigma-Aldrich, USA) for two days, followed by
decalcification in a 10% EDTA solution (Sigma-Aldrich, USA) for
21 days. After decalcification, the tissues underwent a dehydration
process using a series of gradient ethanol and xylene solutions
before being embedded in paraffin. The embedded tissues were then
sectioned into 5-wm-thick slices and mounted on slides using
neutral gum. For histological examination, the sections were
stained with hematoxylin and eosin (H&E) (Sigma-Aldrich,
USA). Pathological changes in the nasal mucosa were observed
and analyzed under a light microscope.

2.8 Western blot analysis
Nasal mucosal tissues were lysed using RIPA Lysis Buffer

(Beyotime Biotechnology, Shanghai, China) with the addition of
protease and phosphatase inhibitors. The protein concentration in
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CDs alleviated OVA-induced AR. (A) Experimental flow chart. (B, C) AR Behavioral statistics: number of sneezing and rubbing in 10 minutes. Each
group n = 6. (D) H&E staining of nasal pathology sections, scale bars: 2x. The green ‘]’ represents magnification areas. (E, A—F) Respective
magnified images of six groups, scale bars: 40x. The green number is the thickness of nasal mucosa; yellow '\/' represent goblet cell proliferation;
red "1’ represent cilia disruption and discontinuity. Each group n = 3. ###p < 0.001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs

OVA group.

the lysates was quantified using the BCA Protein Assay Kit (Biorigin
Inc., Beijing, China). Proteins (30 ug per sample) were separated by
electrophoresis on either 8% or 10% SDS-PAGE gels and then
transferred onto NC membranes. These membranes were blocked
using a solution of either 5% skimmed milk or 5% BSA for 1 hour at
room temperature. After blocking, the membranes were washed
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thoroughly with TBST buffer (5 min x 3 times) and incubated with
primary antibodies overnight at 4°C. Following another washing
step (5 min X 3 times), the membranes were incubated with a
secondary antibody (1:8000, Proteintech Group) at room
temperature for 60 minutes. Ultrasensitive ECL reagent was
subsequently applied for color development. The grayscale values
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of the images were analyzed using Image] software (NIH, USA), and
ratios of target protein to internal control protein or
phosphorylated protein to corresponding total protein
were calculated.

Primary antibodies against JAK1, STATS6, B-actin, and GAPDH
were sourced from Proteintech Group (Chicago, USA). The
phosphorylated STAT6 (Tyr641) specific antibody was obtained
from Affinity Bioscience Co., Ltd (Zhenjiang, China). Antibodies
for PI3K and AKT were purchased from Wanlei Bio
(Shenyang, China).

2.9 Metabolomics study

2.9.1 Sample preparation

The serum samples were rapidly thawed in a water bath at 37°C,
followed by vortexing. Subsequently, 100 pUL of each sample was
then aspirated and placed on ice for 5 minutes. To precipitate
proteins, 267 UL of methanol and 133 UL of acetonitrile were added.
The mixture was vortexed and oscillated for 10 minutes, then
sonicated for another 10 minutes. After sonication, the samples
were centrifuged at 12,000 rpm for 10 minutes to separate the
supernatant. The supernatant was carefully aspirated and
subsequently analyzed by LC-MS.

2.9.2 Chromatographic conditions

The analysis was conducted using a Vanquish Ultra
Performance Liquid Chromatograph (Thermo Fisher Scientific,
USA) equipped with a Waters ACQUITY UPLC HSS T3 column
(2.1 mm x 100 mm, 1.8 pm). Chromatographic separation was
achieved with a mobile phase consisted of phase A (5 mmol/L
ammonium acetate and 5 mmol/L acetic acid) and phase B
(acetonitrile). The gradient elution profile was programmed as
follows: 0-0.7 min, flow rate 0.35 mL/min, 99% A; 0.7-9.5 min,
flow rate 0.35 mL/min, from 99% to 1% A; 9.5-11.8 min, flow rate
from 0.35 mL/min to 0.5 mL/min, 1% A; 11.8-12.0 min, flow rate
0.5 mL/min, from 1% to 99% A; 12.0-14.6 min, flow rate 0.5 mL/
min, 99% B. The column and sample tray temperatures were
maintained at 40°C and 4°C respectively, with an injection
volume of 2 uL.

2.9.3 Mass spectrometry conditions

The analysis was performed using an LTQ Orbitrap Tandem
Mass Spectrometer (Thermo Fisher Scientific, USA) with an
acquisition time of 0-30 minutes. The mass spectrometer utilized
a heated electrospray ionization source (HESI) for both positive and
negative ion modes, covering a scanning range of m/z 50-1800. Key
settings included an ionization source temperature of 350°C,
ionization voltage of 4 kV, capillary voltage of 35 V, and a tube
lens voltage of 110 V. Sheath and auxiliary gases, both high-purity
nitrogen (> 99.99%), were flowed at rates of 40 and 20 arbitrary
units, respectively. Data acquisition employed Fourier transform
techniques with a high-resolution full scan, data-dependent DDA-
MS2, and mother-ion list PIL-MS2 strategies, complemented by
collision-induced dissociation (CID) for mass fragmentation.
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2.9.4 Data processing

The chromatographic peaks were aligned and extracted from
the plots by Xcalibur software and quantified by Compound
Discoverer 3.2 software.

2.10 Biosafety evaluation

Following each i.g., the responses and mortality rates of the rats
were monitored for 15 consecutive days within a 24-hour period.
Serum samples were analyzed for liver function indices (AST, ALT,
AST/ALT ratio, ALP, ALB, TP, TBIL) and kidney function indices
(UREA, SCR) using a fully automated biochemical analyzer. In
addition, liver and kidney tissues from each group were fixed in 4%
tissue fixative, dehydrated, embedded in paraffin, and sectioned into
5 um slices. H&E staining was performed on these sections to
identify any histomorphological changes under a light microscope.

2.11 Statistical analysis

Statistical analyses and comparisons were conducted using Prism
10 (GraphPad). Data were presented as mean + standard error of the
mean. The normality of data was assessed, and normally distributed
datasets were analyzed for statistical significance using one-way
ANOVA with Tukey’s multiple comparison test (equal variance),
or Welch ANOVA with Dunnett T3 multiple comparisons (unequal
variance). Non-normally distributed data were analyzed using the
Kruskal-Wallis test with Dunn’s multiple comparison test. Statistical
significance was established at p-values < 0.05.

3 Results
3.1 Characterization of ZRC-CDs

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) were employed to
analyze the morphology and particle size distribution of ZRC-
CDs. TEM images (Figure 2A) reveal that ZRC-CDs are spherical
with a uniform quasi-spherical structure. The particle size,
statistically derived from images of over 110 random
nanoparticles, ranged from 1.0 to 3.5 nm (Figure 2C). HRTEM
images (Figure 2B) indicate a lattice spacing of 0.20 nm for the
ZRC-CDs, suggesting a structure analogous to the crystalline
graphite skeleton, which corresponds to the graphitic carbon
(100) crystal plane (32, 33). Furthermore, the X-ray diffraction
(XRD) spectrum (Figure 2D) displays a broad diftfraction peak at 20
=22.08° confirming the (002) plane of graphitic carbon of ZRC-CD
(34). This observation aligns with the crystalline graphite skeleton
observed in the HRTEM, demonstrating the good crystallinity of
ZRC-CDs in different orientations. As shown in Figure 2E, the
Tyndall effect of the ZRC-CDs solution was obvious, proving its
good stability and dispersion. ZRC-CDs have a zeta potential of
approximately -12.5 mV, indicating a negative surface charge
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FIGURE 2

Morphological and optical characterization and component analysis of ZRC-CDs. (A) TEM image of ZRC-CDs, scale bars: 50 nm. (B) HRTEM image
of ZRC-CDs and lattice spacing (indicated by red arrows) of ZRC-CDs (d = 0.20 nm), scale bars: 5 nm and 1 nm, respectively. (C) Histogram of
particle size distribution. (D) XRD pattern of ZRC-CDs. (E) The Tyndall effect of ZRC-CDs. (F) The zeta potential of ZRC-CDs in DW. (G) UV-visible
spectrum of ZRC-CDs. (H) Fluorescence excitation (black) and emission (red) spectrum of ZRC-CDs. (I) FTIR spectrum of ZRC-CDs.

(Figure 2F). Previous studies have shown that negatively charged
carbon dots are generally less toxic than positively charged ones
(35-37).

The UV-Vis absorption spectra of ZRC-CDs displayed a broad
absorption peak at 260 ~ 310nm, which is attributed to the
phenomenon of n - m* and & - 7 electron transitions in C=0O
and C=C bonds (Figure 2G) (38, 39). The fluorescence spectra
showed the fluorescence characteristics of ZRC-CDs with a
maximum emission wavelength of 460 nm and a maximum
excitation wavelength of 371 nm (Figure 2H).

The FTIR spectra indicated that hydroxyl, carboxyl, and amino
functional groups are likely present on the surface of ZRC-CDs

Frontiers in Immunology

(Figure 2I). The absorption peak at 3426 cm’ can be attributed to
-OH stretching vibration. The two peaks at 2924 cm' and 2852 cm'
correspond to the asymmetric stretching vibrations of -CH,, which
are characteristic of methylene groups. In addition, the absorption
peak observed at 575 cm' corresponds to the in-plane rocking
vibration of the -CH, group, further confirming its presence (35).
The strong absorption peak at 1631 cm' represents the stretching
vibration of the C=0O bond. Additionally, C-O stretching vibration
was observed at 1350 cm’. The absorption peak at 1026 cm' likely
indicates C-N stretching vibration (16, 36, 40). Further analysis of
ZRC-CDs’ surface composition via XPS identified three
predominant elements: C (68.05%), O (29.77%), and N (2.18%)

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1492181
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

(Figure 3A). The high-resolution Cls spectrum (Figure 3B) revealed
chemical bonds of C-C/C=C at 284.8 eV, C-O/C=N at 286.2 eV,
and C=0 at 287.1 eV (41, 42). The Ols spectrum indicated peaks at
531.5 eV and 532.8 eV corresponding to C=0 and C-O(H)
(Figure 3C), and the N1s spectrum showed peaks for C-N and N-
H at 399.8 eV and 401.6 eV, respectively (Figure 3D) (43, 44).
Furthermore, this study analyzed and compared the
compositional differences between ZR and ZRC-CDs using high-
performance liquid chromatography (HPLC). The ZR
chromatogram shows a series of peaks (Figure 3E), confirming
the presence of small molecule compounds such as flavonoids. In
sharp contrast, the chromatographic peaks were almost absent in
the methanol extract of ZRC-CDs (Figure 3F), indicating that small

10.3389/fimmu.2024.1492181

molecule components were almost absent. After HPLC observation
and comparison, the interference of small molecular compounds

was eliminated to some extent.

3.2 ZRC-CDs alleviate nasal symptoms in
OVA-induced AR rats

In the AR rat model, the primary observable nasal allergic
symptoms are sneezing and nose scratching. To assess the effect of
ZRC-CDs on these symptoms, we recorded the number of sneezes
and nose scratches per group over a 10-minute period. After 15 days
of nasal drop challenge with OVA solution, the frequency of nose
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FIGURE 3

Surface composition and elemental analysis of the prepared ZRC-CDs by XPS and component analysis of ZR and ZRC-CDs by HPLC. (A) X-ray
photoelectron spectroscopy study of ZRC-CDs. (B) C1s, (C) Ols, (D) Nis. (E) HPLC analysis of ZR. (F) HPLC analysis of ZRC-CDs.

Frontiers in Immunology

07

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1492181
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

scratching and sneezing significantly increased in the OVA group
compared to the control group. In contrast, the frequency of nose
scratching and sneezing was significantly reduced in the loratadine,
ZRC-CDs-M, and ZRC-CDs-H groups compared to the OVA
group (Figure 1B). The ZRC-CDs-L group also showed a
reduction in the frequency of nose scratching and sneezing
compared to the OVA group, although the difference was not
statistically significant (Figure 1C). These results suggest that
ZRC-CDs treatment can alleviate nasal symptoms in AR rats.

3.3 ZRC-CDs mitigates histopathological
damage in AR rats

The severity of AR is directly correlated with histopathological
alterations in the nasal mucosa, assessed further through H&E
staining. Figure 1E(b) illustrate substantial morphological
disruptions in the OVA-induced group, including disruption of
cilia continuity, goblet cell proliferation, and increased goblet cell
proliferation. In contrast, treatment with ZRC-CDs significantly
mitigated these epithelial disturbances, reduced goblet cell
proliferation, and attenuated nasal mucosal thickening, as shown
in (Figures 1E, D-F). These improvements were even more marked
in the ZRC-CDs-M group.

3.4 ZRC-CDs inhibit OVA-induced type 2
inflammatory response in AR rats

IL-4, IL-5, and IL-13 are major Th2-type cytokines essential for
the development of AR. In contrast, IFN-y is a typical Thl-type
cytokine that inhibits the Th2 response. OVA-sIgE levels
specifically indicate OVA sensitization, while histamine is a key
inflammatory effector in AR. To assess the efficacy of ZRC-CDs in
modulating these biomarkers, we quantified serum levels of
inflammatory mediators mentioned above across all study groups.
Serum levels of IL-4, IL-5, IL-13, IEN-y, HIS, and OVA-sIgE were
significantly higher in the OVA group compared to the control
group, but IFN-y was the least elevated (Figures 4A-F). Compared
to the OVA group, serum levels of OVA-sIgE, HIS, IFN-y, IL-4, IL-
5, and IL-13 were significantly reduced in the loratadine, ZRC-CDs-
L, ZRC-CDs-M, and ZRC-CDs-H groups to varying degrees, but
IFN-y was the least reduced. These results indicate that ZRC-CDs
treatment can reduce the levels of these inflammatory mediators
and restores the Th1/Th2 cytokines balance, with the most
significant effect observed in the ZRC-CDs-M group, comparable
to that of loratadine.

3.5 ZRC-CDs restore metabolic
abnormalities in AR rats

Recently, metabolomics has increasingly been employed to
investigate metabolic changes in inflammatory and allergic
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diseases, successfully identifying several potential biomarkers and
crucial metabolic pathways (45-48). Therefore, we investigated the
effect of ZRC-CDs on serum endogenous metabolites. The data
were analyzed using SIMCA-P 14.1 software.

Principal component analysis (PCA) results (Figure 5A)
demonstrated that the control, OVA, and ZRC-CDs-M groups
were distinctly clustered within each group and clearly separated
from each other, indicating marked differences in serum metabolic
profiles. Crucially, the ZRC-CDs-M group was closer to the control
group than to the OVA group, suggesting that ZRC-CDs could
mitigate AR-induced metabolic disturbances.

Orthogonal partial least squares discriminant analysis (OPLS-
DA) was employed to eliminate noise unrelated to the categorical
information. The results demonstrated distinct separation between
the control and OVA groups (Figure 5B), as well as between the
OVA and ZRC-CDs-M groups (Figure 5D To assess model
robustness and prevent overfitting, a 200-permutation test was
conducted. As shown in (Figures 5C, E), the all intercepts of the
Q2 regression lines on the y-axis < 0 (C: -0.512, E: -0.324),
indicating no overfitting and validating the model’s reliability.
Furthermore, by comparing the differences in metabolite levels
between the OVA and control groups and between the ZRC-
CDs-M and OVA groups, a total of 26 differential metabolites
were identified. These were selected based on the criteria of variable
importance (VIP) 2 1, fold change (FC) > 2, and adjusted p < 0.05
(FDR correction).

Differential metabolites were uploaded to the MetaboAnalyst
6.0 database (McGill University, Canada) for further analysis.
Clustering heatmaps demonstrated that the levels of metabolites
in the ZRC-CDs-M group partially reverted to those of the control
group (Figure 5F). KEGG enrichment analysis revealed that the
protective effects of ZRC-CDs against AR-induced injury in rats
were closely related to the regulation of multiple metabolic
pathways (Figure 5G). These pathways included biosynthesis of
unsaturated fatty acids, arachidonic acid metabolism, linoleic acid
metabolism, tryptophan metabolism, arginine biosynthesis,
histidine metabolism, beta-alanine metabolism, glutathione
metabolism, sphingolipid metabolism, arginine and proline
metabolism, fatty acid elongation, fatty acid degradation, and
fatty acid biosynthesis.

Differential metabolites in pathways with p < 0.05 (biosynthesis
of unsaturated fatty acids and arachidonic acid metabolism) were
identified as key differential metabolites. These included
arachidonic acid (AA), prostaglandin D2 (PGD2), prostaglandin
E2 (PGE2), leukotriene B4 (LTB4), 12-keto-leukotriene B4 (12-
keto-LTB4), linoleic acid (LA), palmitic acid (PA), dthomo-gamma-
linolenic acid (DGLA), docosahexaenoic acid (DHA), and
eicosapentaenoic acid (EPA). In the OVA groups, levels of AA,
PGD2, PGE2, LTB4, 12-keto-LTB4, LA, and PA significantly
increased, while DGLA, DHA, and EPA significantly decreased
compared to the control group (Figures 6A-]). These results suggest
that OVA induced metabolic pathway disorders in rats, particularly
in biosynthesis of unsaturated fatty acid and arachidonic acid
metabolism, which were reversed by oral gavage of CDs.
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CDs inhibit OVA-induced type 2 inflammatory response and balance Th1/Th2 cytokines in AR rats. Serum levels of (A) OVA- specific IgE, (B)
Histamine, (C) IFN-y, (D) IL-4, (E) IL-5, (F) IL-13 in rats. Each group n = 5. ###p < 0.001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs

OVA group

3.6 ZRC-CDs inhibit JAK/STAT and PI3K/
AKT pathways

The JAK/STAT and PI3K/AKT signaling pathways are pivotal
in the pathogenesis of allergic disease. JAK/STAT is highly involved
in the differentiation of Th cell subpopulations, while PI3K/AKT
increases vascular permeability and affects metabolic pathways,
among other things, they are associated with inflammation (49-
51). Our research has shown that CDs effectively modulate
metabolic disturbances and attenuate its downstream type 2
inflammation in AR rats. To elucidate the mechanisms behind
these effects, we investigated the influence of CDs on the JAK/STAT
and PI3K/AKT pathways by measuring the protein expression
levels of JAK1, p-STAT6, STAT6, PI3K, and AKT in the nasal
mucosa of the rats.

Compared to the control group, the expression levels of JAK1,
PI3K, and AKT proteins were significantly increased in the nasal
mucosa tissues of rats in the OVA group (Figures 7B, F, G). There
was no significant difference in STAT6 protein levels (Figure 7C),
but p-STAT6, an activated form of STAT6, was significantly
elevated (Figures 7D, E). This indicates that OVA intervention
resulted in the activation of the JAK/STAT and PI3K/AKT signaling
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pathways. After treatment with different doses of ZRC-CDs, the
levels of JAKI, p-STAT6, PI3K, and AKT proteins in rat nasal
mucosa tissues were reduced to varying degrees compared to the
OVA group (Figures 7B-G). Notably, the ZRC-CDs-M group
showed the most significant effect, comparable to that of
loratadine. These results confirm that the JAK/STAT and PI3K/
AKT signaling pathways are involved in the development of AR and
that ZRC-CDs can inhibit the activation of these pathways to

some extent.

3.7 Biosafety assessment

Given that CDs are primarily excreted through the liver and
kidneys, we examined the potential toxicity of ZRC-CDs by
measuring liver and kidney function parameters and performing
H&E staining of liver and kidney tissues (52). Throughout the
experimental timeline, no rats died before blood samples and
organs were collected, which was consistent with the control
group. As shown in Figures 8A-F, H&E staining of liver and
kidney revealed no significant histological changes after the
ingestion of high-dose ZRC-CDs solution compared to the

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1492181
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.
A y Control
Bova
407 [ ZRC-CDsM
30
20
10-|
g o
c 7
-10 %DQW
a3 Qcs
-20-
-30-
-40-
-50 T T T T T T -
80  -60 40  -20 0 20 40 60
t1)
D R2=(0.0, 0.876), Q2=(0.0, -0.556) or:

10.3389/fimmu.2024.1492181

B Control
. 100000 Wova
T 500007 & € V5 g
* - Z ¥
@ 0 v
& ve@ 10
S -50000 5C8 3 ®
= Vi

-100000] cio °

-150000 T T T T

150000  -100000  -50000 0 50000 100000
1.00043 * t{1]

C Wova
— 60000 @Ms [ zre-cos-M
5 ovs M2, a1
% 20000+ V7
IN \ 8!
& -20000-] V1
= M6
= -60000- V9

-100000 T T T T T T

-200000 -150000 -100000 -50000 O 50000 100000 150000
1.0005 * t[1]

E R2=(0.0, 0.914), Q2=(0.0, -0.335) Or2

1] S 2 mQ

-1
-1.54
-2

1 g | W
05 . ____i—--—""_
. . . -
05 ==
: : :

05 —
0 - L
05 = u
| |

T T
-0.2 0 0.2 0.4 06 08 1
200 permutations 1 components

s S —

Linoleamide
12-Keto-LTB4
Linoleic acid
L-Kynurenine
Dihydrothymine.
Paimitc acid
Leukotriene B4
L=Tryptophan
Anserine
Ornithine
Arachidonic acid
Leukotriene E3
[ [ Tricarballylic acid
| [ Anhydrovitamin A
Ibutilide
Prostaglandin E2
Prostaglandin D2
MOLLICELLIN B
Macrocin
Oleamide
DHA
DGLA
| EPA
| Bovinic acid

3~Indolepropionic acid

| Phytosphingosine

class.

Control
M 1 ovA
ZRC-CDs-M

Iz
1

FIGURE 5

CDs modulated metabolic abnormalities in AR rats. (A) PCA score plots of serum metabolic profiling of control, OVA and ZRC-CDs-M groups. OPLS-
DA between (B) Control and OVA groups and (C) their permutation test; (D) OPLS-DA between OVA and ZRC-CDs-M groups and (E) their
permutation test. (F) Clustering heatmap of differential metabolites in three groups. (G) Enrichment analysis of KEGG metabolic pathway for
differential metabolites in three groups. (H) Comparison of key differential metabolites in significantly different KEGG metabolic pathways. Each

group n = 10.

control and OVA groups. Additionally, OVA did not cause
significant changes in liver and kidney function parameters,
except for an increase in AST, but ZRC-CDs mitigated these
damages (Figures 8G-0). These results suggest that the in vivo
toxicity of ZRC-CDs is low, corroborating previous in vitro results
(35, 53-55).

4 Discussion

Carbon dots are increasingly employed across biomedical, sensing,
and optoelectronic fields owing to their superior photostability, high
biocompatibility, and excellent water solubility (56-58). In the
biomedical field, although the increasing adoption of CDs in disease
diagnostics and drug delivery systems, research into their inherent
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biological activities is still nascent. This gap in knowledge constrains
the full exploitation of their potential. Remarkably, CDs derived from
herbal medicine naturally possess multifunctional groups and
inherent biological activities, thereby streamlining their application
in therapeutic contexts (59-62). CDs derived from Phellodendri
Chinensis Cortex have shown marked improvement in the
appearance and severity indices of psoriatic lesions in mouse
models, alongside demonstrable immunomodulatory effects on
macrophages (17). Additionally, Qiang et al. reported that CDs
derived from Carthami Flos and Angelicae Sinensis Radix not only
reduced joint friction in rheumatoid arthritis rat models but also
exhibited significant anti-inflammatory properties (60). These
findings underscore the substantial bioactivity and therapeutic
potential of carbon dots. Additionally, their production is
environmentally benign, low toxic, simple, and cost-efficient,
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Comparison of key differential metabolites in significantly different KEGG metabolic pathways Among control, OVA, and ZRC-CDs-M Groups (A-J).
Each group n = 10. **p < 0.01 and ***p < 0.001 vs control group or OVA group.

aligning with the principles of green chemistry and the growing
interest in biomass-derived carbon dots (21, 23-25).

Inspired by Traditional Chinese Medicine, where charcoal
herbal medicines are prepared through a process akin to the
high-temperature pyrolysis method used for CDs, and given the
clinical efficacy of ZRC in treating respiratory diseases such as AR
and asthma, we hypothesized that ZRC contains CDs produced by
the charcoal process and capable of alleviating AR.

Therefore, we extracted and purified CDs from ZRC and then
found that its particle size distribution was in the range of 1.0-3.5
nm and had good water dispersibility. ZRC-CDs was confirmed by
FTIR and XPS spectroscopy to be rich in surface functional groups,
which are likely one of the contributors to their unique bioactivity,
good water dispersibility and excellent biocompatibility.
Subsequently, an AR model was induced in rats using OVA.
Behavioral assessments indicated that oral gavage of CDs
mitigated the clinical symptoms of AR. Furthermore,
histopathological analysis via H&E staining of the nasal mucosa
demonstrated that CDs significantly reduced the pathological
damage associated with AR.

The pathophysiology of AR is multifaceted, encompassing
environmental, genetic, and immunological contributors, with the
predominant mechanism being a Type 2 immune response (49).
Upon exposure to allergens, epithelial cells trigger dendritic cells
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(DCs) through the secretion of alarmins (IL-33, IL-25, and TSLP),
prompting the transformation of naive T-cells into Th2 cells. These
Th2 cells secrete IL-4 and IL-13 to facilitate IgE class switching and
IL-5 to recruit eosinophils. Additionally, IL-13 promotes mucus
production by goblet cells. Subsequently, IgE activates mast cells to
release inflammatory mediators like histamine, leukotrienes, and
prostaglandins, leading to the typical symptoms of nasal
inflammation (1, 63). Furthermore, recent findings indicate that
innate lymphoid cells type 2 (ILC2) also emit Th2 cytokines upon
activation by epithelial-derived alarmins (64). Our analysis of IL-4,
IL-5, IL-13, IFN-y, OVA-sIgE, and histamine levels revealed that
CDs effectively suppress this inflammatory type 2 immune response
and restores the Th1/Th2 cytokines balance.

Lipid metabolism plays a crucial role in the human body, and
previous studies have shown that lipid metabolic homeostasis is
significantly disrupted in AR (48, 65, 66). Similarly, our
metabolomic analysis identified significant alterations in
metabolic pathways and metabolite levels in AR-induced rats.
Notably, CDs were shown to modulate these changes,
significantly affecting 2 distinct metabolic pathways and altering
10 key specific metabolites.

AA metabolism plays a pivotal role in inflammatory processes.
Linoleic acid, a precursor in AA metabolism, undergoes conversion
to DGLA and subsequently to AA via a two-step enzymatic process.
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ZRC-CDs inhibits the PI3K/AKT and JAK/STAT signaling pathways in the nasal mucosa. (A) Western blot images of PI3K, AKT, JAK1, p-STAT6 and
STAT6. (B—F) The protein level of PI3K, AKT, JAK1, STAT6 and p-STATS, respectively. (G) the ratio of p-STAT6 to STAT6. Each group n = 3. ##p <
0.01, ###p < 0.001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs OVA group; ns means no significant difference between all groups.

AA is then transformed into pro-inflammatory eicosanoids, such as
PGD2 and LTB4, via the cyclooxygenase and lipoxygenase
pathways (51). PGD2 and LTB4 not only activate DCs but also
promote Th2 cell proliferation, eosinophil recruitment, and amplify
inflammatory responses (67-70). Conversely, EPA and DHA
generate anti-inflammatory eicosanoids that counteract the effects
of AA metabolites (71-73). In addition to this, phytosphingosine,
kynurenine, tryptophan, ornithine, and oleamide also underwent
significant changes in allergic diseases, indicating potential
therapeutic or pathological roles in AR (Supplementary Table 1),
which was also confirmed by relevant studies (47, 74-78).

To understand how ZRC-CDs modulate metabolism and
downstream inflammation, we focused on key upstream proteins
within critical signaling pathways. The JAK/STAT signaling
pathway regulates inflammatory Th2 cell responses, with STAT6
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responding to IL-4 and IL-13 via JAK1 phosphorylation (79, 80).
JAK also activates PI3K, which, along with its downstream effector
Akt, plays a crucial role in regulating cellular metabolism.
Moreover, the PGD2 receptor (DP2) can also indirectly activate
the PI3K pathway (81). This crosstalk supports the findings of our
study, highlighting a significant interplay between these signaling
molecules. Our study confirmed that the JAK/STAT and PI3K/AKT
signaling pathways, which are crucial in AR pathogenesis, were
activated during AR episodes. Importantly, these pathways were
notably inhibited following oral administration of ZRC-CDs. This
modulation suggests that ZRC-CDs could serve a therapeutic
function in AR by influencing lipid metabolism and type 2
inflammatory responses through these pathways.

As CDs have rapidly advanced, their potential toxicity has also
come under scrutiny. This study demonstrated that ZRC-CDs
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FIGURE 8

Biocompatibility and biotoxicity analysis of ZRC-CDs. H&E stained images of (A, C, E) liver and (B, D, F) kidney pathological sections from control,
OVA and ZRC-CDs-H groups. Scale bar: 10x. Serum (G—M) Liver and (N, O) kidney function parameters of control, OVA and ZRC-CDs-H groups.
Each group n = 10. #p < 0.05 and ###p < 0.001 vs control group; *p < 0.05 and ***p < 0.001 vs OVA group; ns means no significant difference

between all groups.
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exhibit low in vivo toxicity, as evidenced by liver and kidney
function tests and histopathological evaluations. Notably, OVA
caused an elevation of AST in AR rats, indicating potential mild
damage to hepatocytes or cardiomyocytes, which was mitigated by
CDs. This exceptional biocompatibility positions CDs as promising
agents for AR treatment. Meanwhile, its cardiomyocytoprotective
or hepatocytoprotective effects can be further explored in the future.

Although this study has shown that ZRC-CDs regulate lipid
metabolism and type 2 inflammation at the molecular level in AR,
the in vivo distribution and precise mechanisms remain elusive due
to the complex interactions of CDs upon entry into the organism.
Future research should focus on three primary areas: more
comprehensive characterization to recognize CDs; quantification
of immune cells to identify cell populations targeted by CDs and to
elucidate their underlying cellular mechanisms of action; enhance
molecular level understanding of these mechanisms using multi-
omics techniques and perform targeted knockout or rescue
experiments to validate these findings and identify precise triggers
for AR mitigation by ZRC-CDs.
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5 Conclusion

In conclusion, our research identified CDs derived from ZRC,
which inherently possess multifunctional groups and unique
bioactivities without requiring additional surface modifications.
We established an OV A-induced AR rat model and observed that
ZRC-CDs effectively alleviated nasal symptoms and pathological
damage in AR rats. In addition, ZRC-CDs modulated lipid
metabolism and type 2 inflammatory response, and inhibited
PI3K/AKT and JAK/STAT pathways associated with metabolism
and inflammation. Notably, the CDs displayed superior
biocompatibility, underscoring their promise as an anti-allergic
rhinitis drug candidate. Our findings not only offer new
therapeutic avenues for treating allergic rhinitis but also enhance
understanding of the bioactivities associated with herbal
nanomedicine, thereby facilitating broader clinical applications
and acceptance of ZRC. This dual contribution not only helps to
expand the biomedical uses of CDs, but also helps to promote wider
clinical applications of ZRC.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1492181
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The animal study was approved by the Ethics Review Committee
of Animal Experimentation of the Lunan Pharmaceutical Group Co.,
Ltd. The study was conducted in accordance with the local legislation
and institutional requirements.

Author contributions

LZ: Data curation, Writing — original draft, Writing — review &
editing, Conceptualization, Formal analysis, Investigation, Software,
Validation, Visualization. YY: Data curation, Formal analysis, Writing
- original draft. TL: Software, Validation, Writing - original draft. YFZ:
Investigation, Writing - review & editing, Methodology. JY:
Investigation, Software, Writing — review & editing. CH: Writing -
review & editing, Investigation. YH: Writing - review & editing,
Investigation. JM: Validation, Writing - review & editing,
Investigation. YueZ: Funding acquisition, Resources, Writing -
review & editing, Methodology. FL: Formal analysis, Funding
acquisition, Methodology, Writing - review & editing. JW:
Visualization, Software, Writing - review & editing. ZL:
Visualization, Software, Writing - review & editing. HK:
Methodology, Project administration, Resources, Supervision,
Writing - review & editing. YanZ: Funding acquisition,
Methodology, Project administration, Resources, Supervision,
Writing - review & editing. HQ: Methodology, Project
administration, Resources, Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work

References

1. Bousquet ], Anto JM, Bachert C, Baiardini I, Bosnic-Anticevich S, Walter
Canonica G, et al. Allergic rhinitis. Nat Rev Dis Primers. (2020) 6:95. doi: 10.1038/
541572-020-00227-0

2. Yamamoto T, Endo Y, Onodera A, Hirahara K, Asou HK, Nakajima T, et al.
DUSPI0 constrains innate IL-33-mediated cytokine production in ST2(hi) memory-
type pathogenic Th2 cells. Nat Commun. (2018) 9:4231. doi: 10.1038/s41467-018-
06468-8

3. Lee K, Lee SH, Kim TH. The biology of prostaglandins and their role as a target
for allergic airway disease therapy. Int ] Mol Sci. (2020) 21(5):1851. doi: 10.3390/
ijms21051851

4. Layhadi JA, Lalioti A, Palmer E, van Zelm MC, Wambre E, Shamji MH.
Mechanisms and predictive biomarkers of allergen immunotherapy in the clinic. J
Allergy Clin Immunol Pract. (2024) 12:59-66. doi: 10.1016/j.jaip.2023.11.027

Frontiers in Immunology

10.3389/fimmu.2024.1492181

was supported by Grant for Qihuang Scholars of the State
Administration of Traditional Chinese Medicine, General
Program (52173276) and Young Scientists Fund (82204914) of
the National Natural Science Foundation of China, and the
Fundamental Research Funds for the Central Universities (2024-
JYB-JBZD-040; 2024-JYB-JBZD-023).

Acknowledgments

We greatly appreciate the support of Classical Prescription
Basic Research Team of the Beijing University of Chinese. Thanks
to Scidraw.io for the drawing materials.

Conflict of interest

The 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.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1492181/
full#supplementary-material

SUPPLEMENTARY FIGURE 1
Abstract graphics.

5. Wang M, Zhao N, Wang C, Jin ZB, Zhang L. Inmunomodulatory properties of
mesenchymal stem cells: A potential therapeutic strategy for allergic rhinitis. Allergy.
(2023) 78:1425-40. doi: 10.1111/all.15729

6. Wise SK, Damask C, Roland LT, Ebert C, Levy JM, Lin S, et al. International
consensus statement on allergy and rhinology: Allergic rhinitis - 2023. Int Forum
Allergy Rhinol. (2023) 13:293-859. doi: 10.1002/alr.23090

7. Bernstein JA, Bernstein JS, Makol R, Ward S. Allergic rhinitis: A review. Jama.
(2024) 331:866-77. doi: 10.1001/jama.2024.0530

8. Rodrigues J, Franco-Pego F, Sousa-Pinto B, Bousquet J, Raemdonck K, Vaz R.
Anxiety and depression risk in patients with allergic rhinitis: a systematic review and
meta-analysis. Rhinology. (2021) 59:360-73. doi: 10.4193/Rhin21.087

9. LiuJ, Li R, Yang B. Carbon dots: A new type of carbon-based nanomaterial with
wide applications. ACS Cent Sci. (2020) 6:2179-95. doi: 10.1021/acscentsci.0c01306

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1492181/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1492181/full#supplementary-material
https://doi.org/10.1038/s41572-020-00227-0
https://doi.org/10.1038/s41572-020-00227-0
https://doi.org/10.1038/s41467-018-06468-8
https://doi.org/10.1038/s41467-018-06468-8
https://doi.org/10.3390/ijms21051851
https://doi.org/10.3390/ijms21051851
https://doi.org/10.1016/j.jaip.2023.11.027
https://doi.org/10.1111/all.15729
https://doi.org/10.1002/alr.23090
https://doi.org/10.1001/jama.2024.0530
https://doi.org/10.4193/Rhin21.087
https://doi.org/10.1021/acscentsci.0c01306
https://doi.org/10.3389/fimmu.2024.1492181
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

10. Wang BY, Lu SY. The light of carbon dots: From mechanism to applications.
Matter. (2022) 5:110-49. doi: 10.1016/j.matt.2021.10.016

11. Du J, Xu N, Fan J, Sun W, Peng X. Carbon dots for in vivo bioimaging and
theranostics. Small. (2019) 15:e1805087. doi: 10.1002/smll.201805087

12. Meng WX, Bai X, Wang BY, Liu ZY, Lu SY, Yang B. Biomass-derived carbon
dots and their applications. Energy Environ Mater. (2019) 2:172-92. doi: 10.1002/
eem2.12038

13. Wang X, Wu T, Yang Y, Zhou L, Wang S, Liu J, et al. Ultrasmall and highly
biocompatible carbon dots derived from natural plant with amelioration against acute
kidney injury. ] Nanobiotechnology. (2023) 21:63. doi: 10.1186/s12951-023-01795-5

14. Pordevic L, Arcudi F, Cacioppo M, Prato M. A multifunctional chemical toolbox
to engineer carbon dots for biomedical and energy applications. Nat Nanotechnol.
(2022) 17:112-30. doi: 10.1038/s41565-021-01051-7

15. Sharma A, Das J. Small molecules derived carbon dots: synthesis and
applications in sensing, catalysis, imaging, and biomedicine. J Nanobiotechnology.
(2019) 17:92. doi: 10.1186/s12951-019-0525-8

16. Hu J, Luo J, Zhang M, Wu J, Zhang Y, Kong H, et al. Protective effects of radix
sophorae flavescentis carbonisata-based carbon dots against ethanol-induced acute
gastric ulcer in rats: anti-inflammatory and antioxidant activities. Int ] Nanomedicine.
(2021) 16:2461-75. doi: 10.2147/IJN.8289515

17. Zhang M, Cheng J, Hu J, Luo J, Zhang Y, Lu F, et al. Green Phellodendri
Chinensis Cortex-based carbon dots for ameliorating imiquimod-induced psoriasis-
like inflammation in mice. ] Nanobiotechnology. (2021) 19:105. doi: 10.1186/s12951-
021-00847-y

18. Huang L, Bai Q, Wang Z, Zhang X, Liu K, Cui J, et al. Carbon dots as potential
therapeutic agents for treating non-alcoholic fatty liver disease and associated
inflammatory bone loss. Bioconjug Chem. (2023) 34:1704-15. doi: 10.1021/
acs.bioconjchem.3c00362

19. Zhao Y, Zhang Y, Kong H, Cheng G, Qu H, Zhao Y. Protective effects of carbon
dots derived from Armeniacae semen amarum carbonisata against acute lung injury
induced by lipopolysaccharides in rats. Int J Nanomedicine. (2022) 17:1-14.
doi: 10.2147/1JN.S338886

20. Kong H, Zhao Y, Cao P, Luo J, Liu Y, Qu H, et al. The bioactivity of scutellariae
radix carbonisata-derived carbon dots: antiallergic effect. ] BioMed Nanotechnol. (2021)
17:2485-94. doi: 10.1166/jbn42021.3200

21. Singh P, Bhankar V, Kumar S, Kumar K. Biomass-derived carbon dots as
significant biological tools in the medicinal field: A review. Adv Colloid Interface Sci.
(2024) 328:103182. doi: 10.1016/j.¢is.2024.103182

22. Liu'Y, Zhang L, Cai H, Qu X, Chang J, Waterhouse GIN, et al. Biomass-derived
carbon dots with pharmacological activity for biomedicine: Recent advances and future
perspectives. Sci Bull (Beijing). (2024) 69:3127-49. doi: 10.1016/j.scib.2024.08.011

23. Wareing TC, Gentile P, Phan AN. Biomass-based carbon dots: current
development and future perspectives. ACS Nano. (2021) 15:15471-501. doi: 10.1021/
acsnano.1c03886

24. AiS, Li Y, Zheng H, Zhang M, Tao J, Liu W, et al. Collision of herbal medicine
and nanotechnology: a bibliometric analysis of herbal nanoparticles from 2004 to 2023.
J Nanobiotechnology. (2024) 22:140. doi: 10.1186/s12951-024-02426-3

25. Zeng M, Wang Y, Liu M, Wei Y, Wen ], Zhang Y, et al. Potential efficacy of
herbal medicine-derived carbon dots in the treatment of diseases: from mechanism to
clinic. Int ] Nanomedicine. (2023) 18:6503-25. doi: 10.2147/IJN.S431061

26. Kawamoto Y, Ueno Y, Nakahashi E, Obayashi M, Sugihara K, Qiao S, et al.
Prevention of allergic rhinitis by ginger and the molecular basis of immunosuppression
by 6-gingerol through T cell inactivation. J Nutr Biochem. (2016) 27:112-22.
doi: 10.1016/j.jnutbio.2015.08.025

27. Yamprasert R, Chanvimalueng W, Mukkasombut N, Itharat A. Ginger extract
versus Loratadine in the treatment of allergic rhinitis: a randomized controlled trial.
BMC Complement Med Ther. (2020) 20:119. doi: 10.1186/s12906-020-2875-z

28. Zhu Y, Wang C, Luo J, Hua S, Li D, Peng L, et al. The protective role of
Zingerone in a murine asthma model via activation of the AMPK/Nrf2/HO-1 pathway.
Food Funct. (2021) 12:3120-31. doi: 10.1039/DOFO01583K

29. Wo B, Du C, Yang Y, Qi H, Liang Z, He C, et al. Human placental extract
regulates polarization of macrophages via IRGM/NLRP3 in allergic rhinitis. BioMed
Pharmacother. (2023) 160:114363. doi: 10.1016/j.biopha.2023.114363

30. LiH, Wang Y, Han X. ESP-B4 promotes nasal epithelial cell-derived extracellular
vesicles containing miR-146a-5p to modulate Smad3/GATA-3 thus relieving allergic
rhinitis: ESP-B4/miR-146a-5p in AR. Phytomedicine. (2023) 108:154516. doi: 10.1016/
j.phymed.2022.154516

31. Shen H, Wei H, Jiang ], Yao H, Jia Y, Shen J, et al. Effects of 101BHG-DO01, a
novel M receptor antagonism, on allergic rhinitis in animal models and its mechanism.
Eur J Pharmacol. (2023) 955:175902. doi: 10.1016/j.ejphar.2023.175902

32. Gao R, Wu Z, Wang L, Liu J, Deng Y, Xiao Z, et al. Green preparation of
fluorescent nitrogen-doped carbon quantum dots for sensitive detection of
oxytetracycline in environmental samples. Nanomaterials (Basel). (2020) 10(8):1561.
doi: 10.3390/nan010081561

33. Wang H, Yu DQ, Fang J, Zhou Y, Li DW, Liu Z, et al. Phenol-like group
functionalized graphene quantum dots structurally mimicking natural antioxidants for
highly efficient acute kidney injury treatment. Chem Sci. (2020) 11:12721-30.
doi: 10.1039/D0SC03246H

Frontiers in Immunology

15

10.3389/fimmu.2024.1492181

34. Xu YL, Wang BY, Zhang MM, Zhang JX, Li YD, Jia PJ, et al. Carbon dots as a
potential therapeutic agent for the treatment of cancer-related anemia. Adv Mater.
(2022) 34:13. doi: 10.1002/adma.202200905

35. Zhang M, Cheng J, Zhang Y, Kong H, Wang S, Luo J, et al. Green synthesis of
Zingiberis rhizoma-based carbon dots attenuates chemical and thermal stimulus pain
in mice. Nanomedicine (Lond). (2020) 15:851-69. doi: 10.2217/nnm-2019-0369

36. Zhang Y, Zhao J, Zhao Y, Bai X, Chen Y, Liu Y, et al. The Rhei radix rhizoma-
based carbon dots ameliorates dextran sodium sulphate-induced ulcerative colitis in
mice. Artif Cells Nanomed Biotechnol. (2023) 51:180-91. doi: 10.1080/
21691401.2023.2197947

37. Usman M, Zaheer Y, Younis MR, Demirdogen RE, Hussain SZ, Sarwar Y, et al.
The effect of surface charge on cellular uptake and inflammatory behavior of carbon
dots. Colloid Interface Sci Commun. (2020) 35:8. doi: 10.1016/j.colcom.2020.100243

38. Zhao Y, LuF, Zhang Y, Zhang M, Zhao Y, Luo J, et al. Water-soluble carbon dots
in cigarette mainstream smoke: their properties and the behavioural,
neuroendocrinological, and neurotransmitter changes they induce in mice. Int J
Nanomedicine. (2021) 16:2203-17. doi: 10.2147/IJN.S291670

39. Lu F, Ma YR, Wang HB, Zhang ML, Wang B, Zhang Y, et al. Water-solvable
carbon dots derived from curcumin and citric acid with enhanced broad-spectrum
antibacterial and antibiofilm activity. Mater Today Commun. (2021) 26:7. doi: 10.1016/
j.mtcomm.2020.102000

40. Chen Y, Xiong W, Zhang Y, Bai X, Cheng G, Zhang Y, et al. Carbon dots derived
from os draconis and their anxiolytic effect. Int ] Nanomedicine. (2022) 17:4975-88.
doi: 10.2147/TJN.S382112

41. Shen J, Shang SM, Chen XY, Wang D, Cai Y. Highly fluorescent N, S-co-doped
carbon dots and their potential applications as antioxidants and sensitive probes for Cr
(VI) detection. Sens Actuator B-Chem. (2017) 248:92-100. doi: 10.1016/
j.snb.2017.03.123

42. Yue L, Li H, Liu Q, Guo D, Chen J, Sun Q, et al. Manganese-doped carbon
quantum dots for fluorometric and magnetic resonance (dual mode) bioimaging and
biosensing. Mikrochim Acta. (2019) 186:315. doi: 10.1007/s00604-019-3407-8

43. Atchudan R, Edison T, Aseer KR, Perumal S, Karthik N, Lee YR. Highly
fluorescent nitrogen-doped carbon dots derived from Phyllanthus acidus utilized as a
fluorescent probe for label-free selective detection of Fe(3+) ions, live cell imaging and
fluorescent ink. Biosens Bioelectron. (2018) 99:303-11. doi: 10.1016/j.bios.2017.07.076

44. Kirbas Cilingir E, Seven ES, Zhou Y, Walters BM, Mintz K], Pandey RR, et al.
Metformin derived carbon dots: Highly biocompatible fluorescent nanomaterials as
mitochondrial targeting and blood-brain barrier penetrating biomarkers. J Colloid
Interface Sci. (2021) 592:485-97. doi: 10.1016/j.jcis.2021.02.058

45. Ogulur I, Pat Y, Ardicli O, Barletta E, Cevhertas L, Fernandez-Santamaria R,
et al. Advances and highlights in biomarkers of allergic diseases. Allergy. (2021)
76:3659-86. doi: 10.1111/all.v76.12

46. Breiteneder H, Peng YQ, Agache I, Diamant Z, Eiwegger T, Fokkens W], et al.
Biomarkers for diagnosis and prediction of therapy responses in allergic diseases and
asthma. Allergy. (2020) 75:3039-68. doi: 10.1111/all.v75.12

47. Chen Z, He S, Wei Y, Liu Y, Xu Q, Lin X, et al. Fecal and serum metabolomic
signatures and gut microbiota characteristics of allergic rhinitis mice model. Front Cell
Infect Microbiol. (2023) 13:1150043. doi: 10.3389/fcimb.2023.1150043

48. Yuan Y, Wang C, Wang G, Guo X, Jiang S, Zuo X, et al. Airway microbiome and
serum metabolomics analysis identify differential candidate biomarkers in allergic
rhinitis. Front Immunol. (2021) 12:771136. doi: 10.3389/fimmu.2021.771136

49. Wang J, Zhou Y, Zhang H, Hu L, Liu J, Wang L, et al. Pathogenesis of allergic
diseases and implications for therapeutic interventions. Signal Transduct Target Ther.
(2023) 8:138. doi: 10.1038/s41392-023-01344-4

50. Cheng J, Zhang M, Zheng Y, Wang J, Wang Q. Integrative analysis of network
pharmacology and proteomics to identify key targets of Tuomin-Zhiti-Decoction for
allergic rhinitis. ] Ethnopharmacol. (2022) 296:115448. doi: 10.1016/j.jep.2022.115448

51. Shi HY, Pan C, Ma TT, Chen YL, Yan WJ, Liu JG, et al. Clinical efficacy
evaluation of 1-year subcutaneous immunotherapy for artemisia sieversiana pollen
allergic rhinitis by serum metabolomics. Front Pharmacol. (2020) 11:305. doi: 10.3389/
fphar.2020.00305

52. Truskewycz A, Yin H, Halberg N, Lai DTH, Ball AS, Truong VK, et al. Carbon
dot therapeutic platforms: administration, distribution, metabolism, excretion, toxicity,
and therapeutic potential. Small. (2022) 18:2106342. doi: 10.1002/sml1.202106342

53. Chen Y, Bai X, Zhang Y, Zhao Y, Ma H, Yang Y, et al. Zingiberis rhizoma-based
carbon dots alter serum oestradiol and follicle-stimulating hormone levels in female mice.
Artif Cells Nanomed Biotechnol. (2024) 52:12-22. doi: 10.1080/21691401.2023.2276770

54. Zhao ], Zhang YF, Zhao YS, Wu T, Chen YM, Zhang Y, et al. Protective effects of
zingiberis carbonisata-based carbon dots on diabetic liver injury in mice. ] BioMed
Nanotechnol. (2022) 18:1975-85. doi: 10.1166/jbn.2022.3410

55. LiJT, Fu W], Zhang XY, Zhang QJ, Ma DD, Wang YT, et al. Green preparation
of ginger-derived carbon dots accelerates wound healing. Carbon. (2023) 208:208-15.
doi: 10.1016/j.carbon.2023.03.039

56. Xia CL, Zhu SJ, Feng TL, Yang MX, Yang B. Evolution and synthesis of carbon
dots: from carbon dots to carbonized polymer dots. Adv Sci. (2019) 6:23. doi: 10.1002/
advs.201901316

57. Zhu §J, Song YB, Zhao XH, Shao JR, Zhang JH, Yang B. The photoluminescence
mechanism in carbon dots (graphene quantum dots, carbon nanodots, and polymer

frontiersin.org


https://doi.org/10.1016/j.matt.2021.10.016
https://doi.org/10.1002/smll.201805087
https://doi.org/10.1002/eem2.12038
https://doi.org/10.1002/eem2.12038
https://doi.org/10.1186/s12951-023-01795-5
https://doi.org/10.1038/s41565-021-01051-7
https://doi.org/10.1186/s12951-019-0525-8
https://doi.org/10.2147/IJN.S289515
https://doi.org/10.1186/s12951-021-00847-y
https://doi.org/10.1186/s12951-021-00847-y
https://doi.org/10.1021/acs.bioconjchem.3c00362
https://doi.org/10.1021/acs.bioconjchem.3c00362
https://doi.org/10.2147/IJN.S338886
https://doi.org/10.1166/jbn.2021.3200
https://doi.org/10.1016/j.cis.2024.103182
https://doi.org/10.1016/j.scib.2024.08.011
https://doi.org/10.1021/acsnano.1c03886
https://doi.org/10.1021/acsnano.1c03886
https://doi.org/10.1186/s12951-024-02426-3
https://doi.org/10.2147/IJN.S431061
https://doi.org/10.1016/j.jnutbio.2015.08.025
https://doi.org/10.1186/s12906-020-2875-z
https://doi.org/10.1039/D0FO01583K
https://doi.org/10.1016/j.biopha.2023.114363
https://doi.org/10.1016/j.phymed.2022.154516
https://doi.org/10.1016/j.phymed.2022.154516
https://doi.org/10.1016/j.ejphar.2023.175902
https://doi.org/10.3390/nano10081561
https://doi.org/10.1039/D0SC03246H
https://doi.org/10.1002/adma.202200905
https://doi.org/10.2217/nnm-2019-0369
https://doi.org/10.1080/21691401.2023.2197947
https://doi.org/10.1080/21691401.2023.2197947
https://doi.org/10.1016/j.colcom.2020.100243
https://doi.org/10.2147/IJN.S291670
https://doi.org/10.1016/j.mtcomm.2020.102000
https://doi.org/10.1016/j.mtcomm.2020.102000
https://doi.org/10.2147/IJN.S382112
https://doi.org/10.1016/j.snb.2017.03.123
https://doi.org/10.1016/j.snb.2017.03.123
https://doi.org/10.1007/s00604-019-3407-8
https://doi.org/10.1016/j.bios.2017.07.076
https://doi.org/10.1016/j.jcis.2021.02.058
https://doi.org/10.1111/all.v76.12
https://doi.org/10.1111/all.v75.12
https://doi.org/10.3389/fcimb.2023.1150043
https://doi.org/10.3389/fimmu.2021.771136
https://doi.org/10.1038/s41392-023-01344-4
https://doi.org/10.1016/j.jep.2022.115448
https://doi.org/10.3389/fphar.2020.00305
https://doi.org/10.3389/fphar.2020.00305
https://doi.org/10.1002/smll.202106342
https://doi.org/10.1080/21691401.2023.2276770
https://doi.org/10.1166/jbn.2022.3410
https://doi.org/10.1016/j.carbon.2023.03.039
https://doi.org/10.1002/advs.201901316
https://doi.org/10.1002/advs.201901316
https://doi.org/10.3389/fimmu.2024.1492181
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

dots): current state and future perspective. Nano Res. (2015) 8:355-81. doi: 10.1007/
512274-014-0644-3

58. Zheng XT, Ananthanarayanan A, Luo KQ, Chen P. Glowing graphene quantum
dots and carbon dots: properties, syntheses, and biological applications. Small. (2015)
11:1620-36. doi: 10.1002/smll.201402648

59. Luo WK, Zhang LL, Yang ZY, Guo XH, Wu Y, Zhang W, et al. Herbal medicine
derived carbon dots: synthesis and applications in therapeutics, bioimaging and
sensing. | Nanobiotechnology. (2021) 19:320. doi: 10.1186/s12951-021-01072-3

60. Qiang R, Huang H, Chen J, Shi X, Fan Z, Xu G, et al. Carbon quantum dots
derived from herbal medicine as therapeutic nanoagents for rheumatoid arthritis with
ultrahigh lubrication and anti-inflammation. ACS Appl Mater Interfaces. (2023)
15:38653-64. doi: 10.1021/acsami.3c06188

61. Zhu XF, Zhou Y, Yan SH, Qian SN, Wang YH, Ju EG, et al. Herbal medicine-
inspired carbon quantum dots with antibiosis and hemostasis effects for promoting
wound healing. ACS Appl Mater Inter. (2024) 16:8527-37. doi: 10.1021/acsami.3c18418

62. Ngoc LTN, Moon JY, Lee YC. Plant extract-derived carbon dots as cosmetic
ingredients. Nanomaterials. (2023) 13:21. doi: 10.3390/nan013192654

63. Hong H, Liao S, Chen F, Yang Q, Wang DY. Role of IL-25, IL-33, and TSLP in
triggering united airway diseases toward type 2 inflammation. Allergy. (2020) 75:2794-
804. doi: 10.1111/all.v75.11

64. Zhang Y, Lan F, Zhang L. Update on pathomechanisms and treatments in
allergic rhinitis. Allergy. (2022) 77:3309-19. doi: 10.1111/all.v77.11

65. Wei X, Ding M, Liang X, Zhang B, Tan X, Zheng Z. Mahuang Fuzi Xixin
decoction ameliorates allergic rhinitis and repairs the airway epithelial barrier by
modulating the lung microbiota dysbiosis. Front Microbiol. (2023) 14:1206454.
doi: 10.3389/fmicb.2023.1206454

66. Liu FL, Rong Y, Zhou H, Yu T, Liu L, Cao Q, et al. Cineole inhibits the
biosynthesis of leukotrienes and prostaglandins to alleviate allergic rhinitis: Insights
from metabolomics. | Pharm BioMed Anal. (2023) 234:115574. doi: 10.1016/
j.jpba.2023.115574

67. Athari SS. Targeting cell signaling in allergic asthma. Signal Transduct Target
Ther. (2019) 4:45. doi: 10.1038/s41392-019-0079-0

68. Xue L, Gyles SL, Barrow A, Pettipher R. Inhibition of PI3K and calcineurin
suppresses chemoattractant receptor- homologous molecule expressed on Th2 cells
(CRTH2)-dependent responses of Th2 lymphocytes to prostaglandin D(2). Biochem
Pharmacol. (2007) 73:843-53. doi: 10.1016/j.bcp.2006.11.021

69. Dennis EA, Norris PC. Eicosanoid storm in infection and inflammation. Nat Rev
Immunol. (2015) 15:511-23. doi: 10.1038/nri3859

Frontiers in Immunology

16

10.3389/fimmu.2024.1492181

70. Lammermann T, Afonso PV, Angermann BR, Wang JM, Kastenmuller W,
Parent CA, et al. Neutrophil swarms require LTB4 and integrins at sites of cell death in
vivo. Nature. (2013) 498:371-5. doi: 10.1038/nature12175

71. Calder PC. Marine omega-3 fatty acids and inflammatory processes: Effects,
mechanisms and clinical relevance. Biochim Biophys Acta. (2015) 1851:469-84.
doi: 10.1016/j.bbalip.2014.08.010

72. Wang X, Ma DW, Kang JX, Kulka M. n-3 Polyunsaturated fatty acids inhibit Fc &
receptor I-mediated mast cell activation. J Nutr Biochem. (2015) 26:1580-8.
doi: 10.1016/j.jnutbio.2015.07.027

73. Miyata ], Arita M. Role of omega-3 fatty acids and their metabolites in asthma
and allergic diseases. Allergol Int. (2015) 64:27-34. doi: 10.1016/j.alit.2014.08.003

74. Yu M, Cui FX, Jia HM, Zhou C, Yang Y, Zhang HW, et al. Aberrant purine
metabolism in allergic asthma revealed by plasma metabolomics. J Pharm BioMed
Anal. (2016) 120:181-9. doi: 10.1016/j.jpba.2015.12.018

75. Kertys M, Grendar M, Kosutova P, Mokra D, Mokry J. Plasma based targeted
metabolomic analysis reveals alterations of phosphatidylcholines and oxidative stress
markers in Guinea pig model of allergic asthma. Biochim Biophys Acta Mol Basis Dis.
(2020) 1866:165572. doi: 10.1016/j.bbadis.2019.165572

76. Xie S, Jiang S, Zhang H, Wang F, Liu Y, She Y, et al. Prediction of sublingual
immunotherapy efficacy in allergic rhinitis by serum metabolomics analysis. Int
Immunopharmacol. (2021) 90:107211. doi: 10.1016/j.intimp.2020.107211

77. Yang WS, Lee SR, Jeong Y], Park DW, Cho YM, Joo HM, et al. Antiallergic
activity of ethanol extracts of arctium lappa L. Undried roots and its active compound,
oleamide, in regulating fceRI-mediated and MAPK signaling in RBL-2H3 cells. ] Agric
Food Chem. (2016) 64:3564-73. doi: 10.1021/acs.jafc.6b00425

78. Kawasaki H, Chang HW, Tseng HC, Hsu SC, Yang SJ, Hung CH, et al. A

tryptophan metabolite, kynurenine, promotes mast cell activation through aryl
hydrocarbon receptor. Allergy. (2014) 69:445-52. doi: 10.1111/all.2014.69.issue-4

79. Shi Z, Jiang W, Wang M, Wang X, Li X, Chen X, et al. Inhibition of JAK/STAT
pathway restrains TSLP-activated dendritic cells mediated inflammatory T helper type
2 cell response in allergic rhinitis. Mol Cell Biochem. (2017) 430:161-9. doi: 10.1007/
s11010-017-2963-7

80. O’Shea JJ, Schwartz DM, Villarino AV, Gadina M, McInnes IB, Laurence A. The
JAK-STAT pathway: impact on human disease and therapeutic intervention. Annu Rev
Med. (2015) 66:311-28. doi: 10.1146/annurev-med-051113-024537

81. Yang Y, Xiang P, Chen Q, Luo Y, Wang H, Li H, et al. The imbalance of PGD2-
DPs pathway is involved in the type 2 diabetes brain injury by regulating autophagy. Int
J Biol Sci. (2021) 17:3993-4004. doi: 10.7150/ijbs.60149

frontiersin.org


https://doi.org/10.1007/s12274-014-0644-3
https://doi.org/10.1007/s12274-014-0644-3
https://doi.org/10.1002/smll.201402648
https://doi.org/10.1186/s12951-021-01072-3
https://doi.org/10.1021/acsami.3c06188
https://doi.org/10.1021/acsami.3c18418
https://doi.org/10.3390/nano13192654
https://doi.org/10.1111/all.v75.11
https://doi.org/10.1111/all.v77.11
https://doi.org/10.3389/fmicb.2023.1206454
https://doi.org/10.1016/j.jpba.2023.115574
https://doi.org/10.1016/j.jpba.2023.115574
https://doi.org/10.1038/s41392-019-0079-0
https://doi.org/10.1016/j.bcp.2006.11.021
https://doi.org/10.1038/nri3859
https://doi.org/10.1038/nature12175
https://doi.org/10.1016/j.bbalip.2014.08.010
https://doi.org/10.1016/j.jnutbio.2015.07.027
https://doi.org/10.1016/j.alit.2014.08.003
https://doi.org/10.1016/j.jpba.2015.12.018
https://doi.org/10.1016/j.bbadis.2019.165572
https://doi.org/10.1016/j.intimp.2020.107211
https://doi.org/10.1021/acs.jafc.6b00425
https://doi.org/10.1111/all.2014.69.issue-4
https://doi.org/10.1007/s11010-017-2963-7
https://doi.org/10.1007/s11010-017-2963-7
https://doi.org/10.1146/annurev-med-051113-024537
https://doi.org/10.7150/ijbs.60149
https://doi.org/10.3389/fimmu.2024.1492181
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Green carbon dots derived from Zingiberis Rhizoma Carbonisatum alleviate ovalbumin-induced allergic rhinitis
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Animals
	2.3 Preparation and characterization of ZRC-CDs
	2.3.1 Preparation of ZRC-CDs
	2.3.2 Characterization of ZRC-CDs
	2.3.3 ZRC-CDs component analysis of ZR and ZRC-CDs by HPLC method

	2.4 OVA-induced AR rat model and treatments
	2.5 Evaluation of nasal symptoms
	2.6 Enzyme-linked immunosorbent assay
	2.7 Histopathological analysis
	2.8 Western blot analysis
	2.9 Metabolomics study
	2.9.1 Sample preparation
	2.9.2 Chromatographic conditions
	2.9.3 Mass spectrometry conditions
	2.9.4 Data processing

	2.10 Biosafety evaluation
	2.11 Statistical analysis

	3 Results
	3.1 Characterization of ZRC-CDs
	3.2 ZRC-CDs alleviate nasal symptoms in OVA-induced AR rats
	3.3 ZRC-CDs mitigates histopathological damage in AR rats
	3.4 ZRC-CDs inhibit OVA-induced type 2 inflammatory response in AR rats
	3.5 ZRC-CDs restore metabolic abnormalities in AR rats
	3.6 ZRC-CDs inhibit JAK/STAT and PI3K/AKT pathways
	3.7 Biosafety assessment

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


