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Introduction: The charcoal processed product of Paeoniae Radix Alba (PRA), PRA
Carbonisata (PRAC), has long been used for its hepatoprotective effects. However, the
material basis and mechanism of action of PRAC remain unclear.

Aim: To explore the hepatoprotective effects of Paeoniae Radix Alba Carbonisata-derived
carbon dots (PRAC-CDs).

Methods: PRAC-CDs were characterized using transmission electron microscopy, high-
resolution transmission electron microscopy, ultraviolet, fluorescence, Fourier transform
infrared and X-ray photoelectron spectroscopy, X-ray diffraction, and high-performance
liquid chromatography. The hepatoprotective effect of PRAC-CDs was evaluated and con-
firmed using the classic carbon tetrachloride acute liver injury model.

Results: PRAC-CDs averaged 1.0-2.4 nm in size and exhibited a quantum yield of 5.34% at
a maximum excitation wavelength of 320 nm and emission at 411 nm. PRAC-CDs can
reduce the ALT and AST levels of mice with carbon tetrachloride-induced acute liver injury
and have a mitigating effect on the rise in TBA and TBIL. More interestingly, PRAC-CDs
can significantly reduce MDA and increase SOD levels, demonstrating that PRAC-CDs can
improve the body’s ability to scavenge oxygen free radicals and inhibit free radical-induced
liver cell lipid peroxidation, thereby preventing liver cell damage.

Conclusion: These results demonstrate the remarkable hepatoprotective effects of PRAC-
CDs against carbon tetrachloride-induced acute liver injury, which provide new insights into
potential biomedical and healthcare applications of CDs.

Keywords: Paeoniae Radix Alba carbonisata, carbon dots, hepatoprotective

Introduction

Carbon dots (CDs), an emerging nanomaterial with particle sizes under 10 nm, have
many advantageous properties, including high photostability, low toxicity, fine
biocompatibility, and good water dispersity.'* The advantages of unique CDs are
already being utilized for a number of potential biomedical applications, such as in
biological imaging,>* drug delivery,™® and biosensors.”® In recent years, the
application of nanomedicine in the treatment of diseases has received widespread
attention and has shown great clinical potential.’

CDs extracted from charcoal drugs are considered to be extracted from natural
products, similar to the current process of preparing CDs. High-temperature carbo-
nization is a key step in the preparation of traditional Chinese medicine (TCM)
charcoal formulations. Previous studies have shown that carbon dots from Pollen
Typhae Carbonisata'® and Cirsium Setosum Carbonisata'' effectively decreased
the activated partial thromboplastin time and increased fibrinogen levels, indicating
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that carbon dots have the ability to activate haemostasis.
Wang et al'? used a high-temperature pyrolysis method to
CDs
Carbonisata and proved that they have antihyperuricaemic

formulate from Awrantii  Fructus Immaturus
and anti-gouty arthritis effects. The inherent biological
activity and potential pharmacological effects of CDs
have not yet attracted sufficient attention and are worthy
of further study.

Paeoniae Radix Alba (PRA), the dried roots of
Paeonia lactiflora Pall, is a TCM widely used in China.
PRA was first recorded as a drug in Sheng Nong's Herbal
Classic, which was written more than 2000 years ago. The
charcoal processed product of PRA, PRAC Carbonisata
(PRAC), has long been used for its hepatoprotective
effects. However, the material basis and mechanism of
action of PRAC remain unclear. In this study, we focus
on the carbon dots generated by charcoal processing from
the perspective of materials science.

Liver injury is defined as acute liver dysfunction
caused by viral infection, liver toxicity, toxic substances
or hepatic ischaemia-reperfusion.'® The liver is the main
organ involved in drug metabolism in the body, so chemi-
cal liver injury is very common. Commonly used drugs
and laboratory chemicals such as paracetamol, amine sul-
fate and alcohol can damage the liver by producing reac-
tive oxygen species.'* However, the current treatment for
chemical liver injury is not adequate, and a safe and
effective drug is still urgently needed.

In this study, we used electron microscopy and optical
instruments to discover novel carbon dots, which we named
PARC-CDs. To study their hepatoprotective effects, we
established a modified liver injury model that uses carbon
tetrachloride to induce liver injury in mice. We evaluated the
hepatoprotective effects of different doses of PARC-CDs.

Materials and Methods

Chemicals

PRA was purchased from Beijing Qian Baicao Co., Ltd
(Beijing, China), and PRAC was prepared in our laboratory.
Analytical-grade chemical reagents were obtained from
Sinopharm Chemical Reagents Beijing (Beijing, China).
Bifendate Xiehe
Pharmaceutical Factory. Dialysis bags of 1000 Da molecular

was purchased from Beijing
weight cut-off was purchased from Beijing Ruida Henghui
Technology Development Co., Ltd. (Beijing, China). Cell
counting kit-8 (CCK-8) was obtained from Dojindo

Molecular Technologies, Inc., (Kumamoto, Japan). CA4-

PRO automatic biochemical analyser was purchased from
Beckman, USA. A malondialdehyde (MDA) kit and super-
oxide dismutase (SOD) kit were purchased from Nanjing
Jiancheng Bioengineering Institute. All the experiments
were performed using deionised water (DW).

Animals

All the experimental procedures were performed in accor-
dance with the Regulations for the Administration of
Affairs Concerning Experimental Animals approved by
the State Council of People’s Republic of China. The ani-
mal experimental design and protocols used in this study
were approved by the Ethics Review Committee for Animal
Experimentation at the Beijing University of Chinese
Medicine. Mouse monocyte macrophage RAW 264.7 cells
were purchased with Peking Union Cell Bank (Beijing,
China). Male mus musculus (weighing 32.0 + 1.0 g) were
purchased from Beijing Jinmuyang Liability Co., Ltd.
(Beijing, China) and kept in a well-ventilated room at 24.0
+ 1.0°C with 55-65% relative humidity and a 12 h light:
dark cycle. The animals were given water and food ad
libitum.

Preparation of PARC-CDs

First, 120 g PAR was placed in crucibles, covered with
aluminium foil paper and the lid was closed to form a tight
seal, then calcined in a muffle furnace (TL0612, Beijing
Zhong Ke Anbo Technology Co., Ltd., China) for 1 h at
350°C to produce PARC and cooled to room temperature.
After crushed into fine powder, the PARC was dissolved in
DW and boiled two times for 1 hour. After filtered the
residue with filter paper, the solution was concentrated in
50mL and then dialyzed using a 1.0 kDa dialysis mem-
brane for 72 h. Finally, the water extract containing PARC-
CDs was stored at 4°C until further experiments. The
preparation process for PARC-CDs is shown in Figure 1.

Fingerprint Analysis of PARC-CDs

The components of the aqueous PRA solution obtained at
350°C and the ethanol PRA extract were measured using an
Agilent 1260 series high-performance liquid chromatogra-
phy (HPLC) instrument (Agilent, Waldbronn, Germany).
A C18 column (250 mm X 4.6 mm, Orochem, IL, USA)
packed with 5 mm octadecyl-bonded silica (C18) was used
for PRAC-CDs separation. All samples were filtered with
a 0.22 um cellulose membrane (Jin Teng, Tianjin, China)
prior to use. Mobile phases A and B were 0.05% phosphoric
acid solution and acetonitrile, respectively. As previously

submit your manuscript

9050

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Zhao et al

T p & % FAN
v % 59 2 ¢ .=
~ L — —
& Pl Carbonized Crushed
oc}
=
&
=9
1 7a 1
_ \—/—
Dialyzed Filtered

Figure | The flowchart for the preparation process of PARC-CDs.

reported,’> a modified gradient elution programme was
utilized at a flow rate of 1 mL/min as follows: 0—10 min,
8%-18% B; 10-25 min, 18-20% B; 25-30 min, 20% B;
30-40 min, 20-25% B; 40-55 min, 25-40% B; 55-60 min,
40-45% B; 60—70 min, 45-8% B. The column temperature
was 30°C, and the injected sample quantity was maintained
at 15 pL. The detection wavelength was set at 230 nm.

Characterisation of PARC-CDs

The morphology, particle size distribution and microstruc-
ture of PARC-CDs were characterized by TEM (Tecnai
G220; FEI Company, USA) at an accelerating voltage of
100 kV. Atomic lattice fringes and other structural details
were observed by HRTEM (JEN-1230; Japan FElectron
Optics Laboratory; Japan). The spectral properties of the
CDs were analysed using an ultraviolet spectrophotometer
(CECIL, Cambridge, UK) and fluorescence spectrophot-
ometer (F-4500, Tokyo, Japan). In addition, FTIR spectro-
scopy (Thermo Fisher, Fremont, CA, USA) was used to
identify the distribution of functional organic groups on the
surface of PARC-CDs within 4000-400 cm ™. The surface
and elemental composition of the CDs were examined using
X-ray photoelectron spectroscopy (XPS) (ESCALAB
250Xi; Thermo Fisher Scientific, USA) with a mono
X-ray source Al Ka excitation (1,486.6 ¢V). XRD (D8-
Advanced X-ray diffractometer, Bruker AXS, Karlsruhe,
Germany) was performed with Cu K-alpha radiation.

Quantum Yield of PARC-CDs

Quantum yield (QY) was measured with quinine sulfate as
the reference (%QY was 54 in 0.1 M sulphuric acid [H,SOy4]

solution). In order to minimize the reabsorption effect, Ac
and Ay were guaranteed below 0.05. QY of the PARC-CDs is
calculated according to the following formula.'®'’
Icps y AR Mep,

I = Acps 1}

Ocps = Or X

Where Q represents fluorescence quantum yield, 7 is
the measured integrated emission intensity, A4 and # repre-
sent the 320 nm absorption value and the refractive index
of the solvent. “CDs” and “R” represent the PARC-CDs
and the standard, respectively.

Cell Viability Assay

Safety is one of the first factors considered for potential
clinical applications. Because drug toxicity is mostly
related to the induction of bodily inflammation and oxida-
tive stress, macrophages play an important role in various
immune inflammation processes.'® Macrophages are cur-
rently one of the cell lines commonly used to determine
drug toxicity. The cytotoxicity of the PARC-CDs was
evaluated in RAW 264.7 cells using a CCK-8 assay.'’
RAW 264.7 cells were cultured in DMEM supplemented
with 20% foetal bovine serum at 37°C in a humidified 5%
CO2 atmosphere. First, the cells were spread on a 96-well
plate at a density of 1x105 cells per well and incubated for
24 hours. Then, after the original medium in each well was
discarded, 100 pL of different concentrations of PARC-
CDs were added to the designated wells, and DMEM was
added to the control group. After the plate was washed
three times with PBS, 10 pL of CCK-8 reagent was added
to each well for an additional 4 h of incubation.
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A microplate reader (Biotek, Vermont, USA) was used to
measure the absorbance of each well at 450 nm. The cell
viability was calculated according to the following
formula:

o Ae — Ab
Cell Viability (% of control) = h x 100
where Ae, Ab and Ac represent the absorbance of the
experimental, blank and control groups, respectively, at

450 nm.

Models of Acute Liver Injury and Drug

Treatment

The acute liver injury model was established as previously
reported.'® Male mus musculus (n = 48) were randomized
into the following six groups (n = 8 in each) and treated as
indicated: the negative control group (normal saline [NS]
intraperitoneal injection), the model group (intraperitoneal
injection), the positive control group (2.25 mg/kg
[Bifendate] subcutaneous injection) and the high-, med-
ium- and low-dose PARC-CDs groups (6.16, 3.08 and
1.54 mg/kg, respectively, intraperitoneal injection). The
normal group and the model group were given equal
volumes of normal saline, and all the PARC-CDs groups
underwent intragastric administration for 7 days. Two
hours after the final administration, all of the groups
were injected intraperitoneally with the prepared carbon
tetrachloride oil solution (10 mL/kg), except for the nega-
tive control group, which received an intraperitoneal injec-

tion of an equal volume of corn oil.

Determination of Biochemical Indices

After twelve hours, mice were anaesthetized with 4%
chloral hydrate (0.40 g/kg). Retro-orbital blood samples
were collected and centrifuged at 750 x g for 15 min to
isolate the supernatant. Those samples were analysed
using a serum analyser (XI-800, Sismecon Co., Ltd,
Japan). First, the changes in alanine transaminase
(ALT) and aspartate aminotransferase (AST) activity in
the sera were determined using an automatic biochemical
analyser, and then the levels of total bile acids (TBA),
total bilirubin (TBIL), and triglycerides (TG) were deter-
mined using an automatic biochemical analyser. Finally,
changes in superoxide dismutase (SOD) and malondial-
dehyde (MDA) levels in liver homogenates were mea-
and the
mechanism of PARC-CDs-driven protection from liver

sured according to the kit instructions,

injury was studied in detail via transaminase, choleretic,
and liver cell membrane lipid peroxidation levels.

Statistical Analysis

The statistical analysis was carried out using the computer
program SPSS (version 19.0, Chicago, IL). The non-
normally distributed data were expressed as median values
(with quartile ranges). The normally distributed data and
homogeneous variances were expressed as the mean +
standard deviation. Multiple comparisons were performed
using a one-way analysis of variance (ANOVA) followed
by a least significant difference test. p < 0.05 and p < 0.01
indicated statistically significant differences.

Results
High-Performance Liquid
Chromatography Data Analysis

Figure 2A shows the chromatogram of the ethanol extract
of PRA. A series of peaks for small-molecule compounds
were observed, and a specific peak corresponding to the
index component, paeoniflorin, was present. As shown in
Figure 2B, no significant peaks were observed in the
PRAC-CDs solution under the same conditions. It is
obvious that the small molecular components that existed
in PRA had disappeared in the PRAC-CD solution after
charcoal processing and dialysis.

Characterisation of PRAC-CDs
The TEM images of the PRAC-CDs revealed that the CDs
were nearly spherical and separated from each other with-
out apparent aggregation (Figure 3A). The size distribution
of the PRAC-CDs was in the range of 1.0-2.4 nm and
conformed to normal distribution characteristics, as deter-
mined by the statistical analysis of more than 100 particles
by using ImageJ software. As shown in Figure 3D, the
high-resolution TEM images showed well-resolved lattice
fringes and a lattice spacing of 0.200 nm. These morpho-
logical proportions are consistent with previous reports.?’
Figure 3B shows that the XRD spectrum of PRAC-CDs
had distinct diffraction peaks (26 = 21.141°), indicating
that PRAC-CDs were composed of amorphous carbons
arranged in a considerably random fashion,?' and their
atomic lattice fringes were calculated to be 0.205 nm,
confirming the measurement results from the HRTEM
images.

The luminescent properties of the PRAC-CDs were
investigated next. The UV—Vis spectrum (Figure 3C) of
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Figure 2 High-performance liquid chromatography (HPLC) fingerprints of (A) PRA (the dry root of Paeonia lactiflora Pall.) and (B) Paeoniae Radix Alba Carbonisata.

the aqueous PRAC-CDs solution exhibited a small absorp-
tion peak at 260 nm, which was attributed to the m—m*
electron transition of the conjugated C=C bonds and aro-
matic sp” domains.”> The fluorescence emission spectra
showed the highest emission peak at 411 nm when excited
at 320 nm, displayed in Figure 3E, and the QY of PRAC-
CDs was calculated to be 5.34% using quinine sulfate as
a reference. Fluorescence emission from carbon dots is
due to the recombination of radiation between electrons
and holes that are generated and trapped on the surface of
the carbon dots. The different surface functional groups of
carbon dots contribute to different emission states, result-
ing in excitation-dependent emission.”> The surface che-
mical characteristics of the PRAC-CDs were analysed by
FTIR spectroscopy (Figure 3F). The strong characteristic
absorption at 3406 cm ' indicated the existence of
-O-H stretching vibrations. The absorption signals at
2928 cm™ ' and 2856 cm™ ! were attributed to —C—H stretch-
ing, which may occur because of the association of methyl
or methylene groups with the aliphatic hydrocarbons pre-
sent in PRAC-CDs. The intense peak at approximately
1564 cm ' is identified as corresponding to C=0 or
0O-N=0O groups. On the one hand, this peak may be due
to the presence of numerous double bond groups near the

C=0 bond, causing it to blue shift; on the other hand, the
peak may be the characteristic O-N=0O group stretching
vibration peak. The peak at 1412 cm™' is attributed to the
stretching vibration peak of C-N. In addition, the peak at
1066 cm™' is related to C-O-C bonds. The presence of
these functional groups, including carbonyl, carboxyl, and
hydroxyl groups, confers hydrophilicity and aqueous solu-
bility to the PRAC-CDs.***

The surface composition and chemical environments of
the PRAC-CDs were further studied by X-ray photoelectron
spectroscopy (XPS). As shown in Figure 4A, peaks were
evident at 295.18, 405.98 and 541.68 eV, indicating that the
quantum point was composed mainly of C (68.21%),
0O (29.10%), and a small amount of N (2.69%).

The Cls spectrum (Figure 4B) was deconvoluted into
three peaks at 284.8, 286.01, and 288.48 eV, correspond-
ing to C-N, C=0, C-O carboxyl groups. The Ols spectrum
(Figure 4C) was divided into two peaks at 531.65 and
532.75 eV, which were assigned to C—O and C=0, respec-
tively. Furthermore, Figure 4D shows the Nls spectrum
indicating the different chemical environments of
C-N-C at 399.8 ¢V and N-H at 400.6 eV.***’ These results
were consistent with the surface composition of PRAC-
CDs as determined by FTIR analysis.
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Figure 3 Characterization of PRAC-CDs: (A) Transmission electron microscopy (TEM) images of PRAC-CDs displaying ultrasmall particles and the TEM-determined size
distribution of PRAC-CDs (upper right corner). (B) X-ray diffraction pattern. (C) Ultraviolet—visible spectrum. (D) High-resolution TEM image of PRAC-CDs. (E)

Fluorescence spectrum. (F) Fourier transform infrared spectrum.

Cytotoxicity Detection

The safety of carbon dots has always been an important
issue surrounding their biological application. To study the
toxicity and safety of PRAC-CDs and, a CCK-8 assay was
carried out to determine the cytotoxicity of PRAC-CDs to
RAW264.7 cells. As shown in Figure 5, the concentration
studied was 29.30-7500 pg/mL, which has
a positive effect on cell viability that shows a relatively

range

stable trend. Based on the above experimental results, we
can see that PRAC-CDs have low toxicity and a safety
range of 29.30-7500 pg for promoting cell viability. This
provides a potential reference value for future research and
drug development for enhancing target cell viability.

The Effect of PRAC-CDs on the

Transaminase and the Biliary Index

The mechanism of PRAC-CD-based protection from liver
injury was evaluated by measuring transaminase activity
and the biliary index (i.e., alanine transaminase (ALT),
aspartate aminotransferase (AST), total bile acid (TBA),
total bilirubin (TBIL), and triglyceride (TG) levels) in
mice. As shown in Figure 6A and B, compared with
those in the normal saline group (25.667 + 2.887, 81.65

+ 6.576), the serum ALT and AST activities of mice in the
model group (55.143 + 4.860, 164.967 + 14.016) were
significantly elevated (P < 0.01), indicating that the
model was functional. Compared with those in the model
group, the serum ALT activity of mice in the bifendate
group (27 £ 5.022) and high-, medium- and low-dose
PRAC-CDs groups (29 £ 3.055, 34 + 4.199, 34.667 +
3.689, respectively) was significantly reduced (P < 0.01).
Compared with that in the model group, the serum AST
activity of mice in the bifendate group (104.2 £ 13.077)
was significantly decreased (P < 0. 01), and that in the
high-, medium- and low-dose PRAC-CDs groups (109.433
+ 20.220, 120.960 + 18.073, 129.467 +17.239, respec-
tively) was decreased (P < 0. 05).

Figure 6C shows the effect of PRAC-CDs on the total
bile acid levels (TBA) of mice with liver injury. Compared
with those in the model group (3.48 £ 0.361), the serum
TBA content in the bifendate group (2.203 + 0.420) was
decreased (P < 0. 05), and those of the high-, medium- and
low-dose PRAC-CDs groups (2.720 + 0.212, 2.925 +
0.293, 3.043 + 0.304, respectively) were significantly
decreased (P < 0. 01). Figure 6D shows that serum total
bilirubin (TBIL) levels in the bifendate (1.850 + 0.222)
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and high-, medium- and low-dose PRAC-CDs groups
(2.207 £ 0.173, 2.294 £ 0.217, 2.17 £ 0.092, respectively)
were significantly decreased (P < 0. 01) compared to those
of the model group (2.864 + 0.231), indicating that PRAC-
CDs have a stronger reducing effect on liver injury-

induced increases in TBIL. Figure 6E shows the change
in triglyceride (TG) levels, which were not significantly
different among the five treatment groups.

The Effect of PRAC-CDs on SOD and
MDA Levels in Liver Tissue

Superoxide dismutase (SOD) scavenges oxygen free radicals
and thus can mitigate damage to liver cells. As shown in
Figure 7A, compared with that in the normal saline group
(149.70 + 10.04 U/mg prot), the liver tissue SOD level in the
model group (87.58 = 9.23 U/mg prot) was significantly
elevated (P < 0.01). Compared with those in the model
group, the liver tissue SOD levels in the bifendate group
(134.24 £ 14.76 U/mg prot) and high-, medium- and low-
dose PRAC-CDs groups (133.93 £ 15.27 U/mg prot, 123.31
+ 9.80 U/mg prot, 109.98 + 7.97 U/mg prot, respectively)
were significantly increased (P < 0.01). MDA, to a certain
extent, reflects the degree of liver injury. Figure 7B shows
that the liver tissue MDA level in the model group (5.26 +
0.51 nmol/mg prot) significantly differed from that in the
normal saline group (2.55 £ 0.51 nmol/mg prot) (P < 0.01).
Compared with those in the model group, the liver tissue
MDA levels in the bifendate group (3.10 + 0.56 nmol/mg
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Figure 7 Effects on MDA and SOD levels in liver tissue of mice with CCl4-induced liver injury. (A) SOD and (B) MDA levels in mice treated with normal saline (NS), model
(CCL4), bifendate (BD), and high (H), medium (M), and low (L) doses of PRAC-CDs (6.16, 3.08 and 1.54 mg/kg, respectively). Significantly different compared with the
control group at *p < 0.01, significantly different compared to the CCL, group (n = 8) at **p < 0.01 and *p < 0.05.

prot) and high-, medium- and low-dose PRAC-CDs groups
(3.29 + 0.46 nmol/mg prot, 3.46 + 0.36 nmol/mg prot, 3.63 +
0.42 nmol/mg prot, respectively) were significantly reduced
(P < 0.01). These results indicate that PRAC-CDs have

a significant hepatoprotective effect.

Discussion
CDs are zero-dimensional carbon nanostructure materials
with particle sizes usually below 10 nm that typically
display excellent photoluminescence, biocompatibility,
chemical stability and good

favourable aqueous
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solubility.”®? It is worth noting that the high-temperature
pyrolysis preparation processes®™*! for nanomaterial car-
bon dots and PRAC have similarities. This led us to
change our thinking and consider introducing nano
research technologies and methods into the study of car-
bon medicines in traditional Chinese medicine. It is worth
referring to the preparation and characterization processes
used for carbon dots to study the active ingredients in
charcoal drugs. Based on this observation, the active ingre-
dient in PARC may be the CDs produced during proces-
sing, which merits further study of its bioactivity. In this
study, we characterized PRAC-CDs and demonstrated
their hepatoprotective effect, thus allowing for the consid-
eration of charcoal drugs as medicinal substances and their
mechanism of action from a new perspective.

CDs have been reported in other charcoal drugs prepared
at a high temperature, including Junci Medulla Carbonisata,
Pollen Typhae Carbonisata and Phellodendri Cortex
Carbonisata.'***** The size and morphology of PRAC-CDs
were examined by employing the TEM technique and are
similar to those previously reported for carbon dots.** The
XPS and FTIR results show that the structure of PRAC-CDs
comprises multiple functional groups, including carbonyl,
carboxyl, and hydroxyl groups, and that the photolumines-
cence of CDs can be attributed to the multiphoton activation of
various oxygen-containing functional groups.”> Moreover,
a comparison of the chemical compositions of PRA and
PRAC-CDs was carried out to evaluate variations in their
components. The main active components of PRA, including
paeoniflorin and other small molecules, were observed in its
HPLC fingerprint. In contrast, small molecular components
were not found in the PRAC-CD solution following charcoal
processing and dialysis, which excluded the potential con-
effects of
hepatoprotection.

founding small molecule compounds in

In this study, ALT and AST serum levels were elevated,
indicating the successful recapitulation of the acute liver
injury model, consistent with the literature.>® Furthermore,
all doses of PARC-CDs reduced the ALT and AST levels,
especially the high dose. The metabolism of TBA and
TBIL is dependent on liver function, and serum levels of
both are proportional to the degree of liver damage. When
compared with the model group, PARC-CDs administra-
tion can reduce the increase in TBA and TBIL to a certain
extent, indicating that PARC-CDs can regulate the levels
of TBA and TBIL and have liver-protective effects. TGs
are mainly synthesized by the liver, and TG levels reflect

another aspect of liver damage. Our experimental results

show that while the PARC-CDs high-, medium- and low-
dose groups have decreased TG levels compared with the
model group, this decrease was not significant, indicating
that PARC-CDs do not improve liver injury in mice by
regulating TGs.

Lipid peroxidation is the main mechanism of CCL4-
induced liver injury. When CCL4 enters the body of
a mouse, a large number of free radicals are metabolized
to produce a chain reaction of lipid peroxidation, ultimately
leading to peroxidation of the lipid membrane.>’* The
MDA content significantly increases with damage to mem-
brane structure and function. MDA levels are often mea-
sured alongside SOD activity. The amount of MDA reflects
the severity of the attack on the body’s cells by free radicals,
and the level of SOD activity indirectly reflects the body’s
ability to scavenge oxygen free radicals.*® The results of
this experiment show that treatment with high, medium and
low doses of PARC-CDs can significantly reduce MDA
levels and increase SOD levels, indicating that PARC-CDs
can improve the body’s ability to scavenge oxygen free
radicals, inhibit free radical lipid peroxidation, and prevent
liver cell damage. The mechanism by which PARC-CDs
exert a hepatoprotective effect may prevent liver cell lipid
peroxidation and thus mitigate damage to liver cells.

Conclusions

In summary, we succeeded in synthesizing and isolating
novel CDs via simple pyrolysis of PAR. This study is the
first to demonstrate that PARC-CDs possess remarkable
hepatoprotective effects and that the underlying mechan-
ism of that effect is associated with improving the body’s
ability to scavenge oxygen free radicals, prevent lipid
peroxidation in liver cells and regulate the metabolism of
bile acids and bilirubin. This study provides a new avenue
for the research and development of therapeutic drugs for
liver injury diseases and new insights into the exploration
of the material basis of charcoal drugs.
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