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Abstract: Holarrhena pubescens Wall. ex G. Don (H. pubescens), belonging to the Apocynaceae family, is
distributed in deciduous forests of the tropical Himalayas. H. pubescens is an important traditional
medicinal plant, especially its seeds and barks. Therefore, we assessed the antioxidant capacity of
H. pubescens extracts in Lipopolysaccharide (LPS)-induced dendritic cells (DCs) for sepsis treatment.
Our results indicated that H. pubescens extracts with different doses (25 µg/mL, 50 µg/mL, 100 µg/mL)
reduced the reactive oxygen species (ROS) level, and weakened the nitric oxide synthases (NOS)
activity and nitric oxide (NO) level in LPS (100 ng/mL)-irritated DCs. In addition, H. pubescens
extracts decreased the oxidized glutathione (GSSG) production but increased the reduced glutathione
(GSH) production, thereby preserving the cellular reductive status owing to the raised GSH/GSSG
ratio. Furthermore, H. pubescens extracts strengthened the antioxidant enzymes activity in LPS-
induced DCs, such as glutathione peroxidase (GPx), catalase (CAT), and superoxide dismutase (SOD).
Finally, we found that H. pubescens extracts significantly improved the expression of the nuclear factor
erythroid 2-related factor 2 (Nrf2) and the heme oxygenase 1 (HO–1) in LPS-irritated DCs. These
results indicated that H. pubescens extracts suppressed the LPS-irritated oxidative stress in DCs via
Nrf2/HO–1 signaling pathway, providing a potential strategy for sepsis therapy.

Keywords: herbal medicines; H. pubescens; oxidative stress; dendritic cells

1. Introduction

As antigen-presenting cells (APCs), dendritic cells (DCs) act as a bridge between
innate and adaptive immunity [1]. During antigen recognition and processing, DCs are
activated with phenotypic changes, and then mature DCs activate naïve T cells and promote
the adaptive immune response, following a large increase production of cytokines and
chemokines [2]. DCs play a crucial role not only in initiating protective immunity, but
also in inducing immune tolerance. Therefore, DCs are critical for maintaining immune
homeostasis [3]. Currently, DCs play a role in the therapy of some illnesses, such as sepsis,
multiple sclerosis (MS), psoriasis, and rheumatoid arthritis [4–7]. All sepsis patients exhibit
immune imbalance, and the joint detection of DCs phenotypes has the high prognostic
value for the prognosis of patients [8]. Therefore, DCs may be a key target in various
treatment approaches.

Oxidative stress refers to a state of imbalance between oxidation and antioxidation,
which means that redox homeostasis tends to oxidation [9]. When excess production of
reactive oxygen species (ROS) or inadequate antioxidant defense occurs, oxidative stress
takes place, causing cytotoxicity and tissue damage, DNA repair system disorder, and
mitochondrial impairment [10–12]. Under the inflammatory conditions induced by sepsis,
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the redox homeostasis is destroyed and excess ROS and RNS is produced, in turn enhanc-
ing dysfunction caused by sepsis, leading to a vicious cycle [13,14]. In addition, previous
studies have reported that many sepsis patients exhibit features of ROS overproduction
and antioxidant system dysfunction, implying that oxidative stress is closely related to
sepsis [15,16]. Moreover, the occurrence and development of many illnesses are related
to oxidative stress, including traumatic brain injury (TBI), osteoporosis, and atherosclero-
sis [17–19]. Some studies have found that lipopolysaccharide (LPS) can destroy the immune
function of DCs during the development of sepsis [20,21]. ROS, acting as a mediator of
oxidative stress, can also destroy the immunomodulatory function of DCs. For instance,
ROS-triggered endoplasmic reticulum stress disrupts the antitumor immune function of
DCs in ovarian cancer [22]. This may be linked to the immune dysfunction of DCs caused
by oxidative stress. Our previous studies indicated that the inhibition of oxidative stress
protected LPS-stimulated DCs from immunosuppression and reduced inflammatory reac-
tion in an LPS-induced sepsis murine model [23–25]. Therefore, a DC-targeting strategy
could be a significant and potential sepsis treatment.

Herbal medicines play a vital role in global medical development. In developing Asian
countries, 70–80% of rural people conduct primary health care mainly using traditional
medicine [26]. Holarrhena pubescens Wall. ex G. Don (H. pubescens), belonging to the Apoc-
yanaceae family, is an important natural medical material. H. pubescens is usually distributed
in the tropics and subtropics of Asia, especially in the deciduous forests of the tropical
Himalayas, at altitudes ranging from 900 to 1250 m [27]. H. pubescens is usually used as a
conventional medicine for parasitosis, such as malaria, amoebic dysentery, and intestinal
helminthiasis treatment, further studies found that H. pubescens has multiple functions,
including anti-microbial, anti-inflammatory, analgesic, anti-amnesic, and neuroprotective
functions [28]. In addition, H. pubescens can be developed as a potential drug against
diabetes and various enteric skin diseases. Each part of H. pubescens has different functions,
for example, its barks and seeds are mostly used to treat diarrhea and dysentery, its roots
can resist malaria, and its leaves can control stomachache and vomiting [29–32]. Most of the
known chemical constituents are found in the stem, bark, leaves, and seeds of H. pubescens,
and 68 alkaloids have been reported, including steroidal alkaloids and steroid alkaloids [27].
These alkaloids have many functions, such as antidiarrheal properties, antiplasmodial ac-
tivity, and antibacterial function [33,34]. Of note, we previously evaluated some features of
100 traditional medicinal plants methanol extracts, and found that H. pubescens extracts can
remove free radicals, implying a potential antioxidant capacity [35].

Here, we attempt to characterize the antioxidant capacity of H. pubescens extracts in
the LPS-induced DCs, providing a DC-targeting strategy based on antioxidant properties
for potential sepsis treatment.

2. Materials and Methods
2.1. Materials

Methanol extracts of H. pubescens seeds and barks were from Tibet and stored at the
Korea Plant Extract Bank (Daejeon, Korea) [35]. Escherichia coli 026: B6-derived Lipopolysac-
charide (LPS) was purchased from Sigma-Aldrich (St. Louis, MO, USA). RPMI 1640 basal
medium was from Thermo Fisher Scientific’s brand Gbico (Waltham, MA, USA). Fetal
bovine serum (FBS) was from YLESA (Shanghai, China). Penicillin and streptomycin (Pen
Strep) were from Invitrogen (Grand Island, NY, USA). Interleukin-4 (IL-4) and recom-
binant mouse granulocyte macrophage colony stimulating factor (GM-CSF) were from
Peprotech (Rocky Hill, NJ, USA). Erythrocyte lysis solution, Radio Immunoprecipitation
Assay (RIPA) lysis buffer, phenylmethanesulfonyl fluoride (PMSF), NO assay kit, ROS
assay kit, and CAT assay kit were from Beyotime (Shanghai, China). NOS assay kit,
T-GSH/GSSG assay kit, GPx assay kit, and SOD assay kit were from JianCheng Bioengi-
neering Institute (Nanjing, China). Fixation buffer and permeabilization wash buffer were
from BD Biosciences (Franklin Lakes, NJ, USA). PE-nuclear factor erythroid 2-related factor
2 (Nrf2) and respective isotype were from Cell Signaling Technology (Danvers, MA, USA).
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Alexa Fluor 647-heme oxygenase 1 (HO–1) and respective isotype were from Abcam
(Cambridge Science Park, UK).

2.2. Generation and Culture of Murine Bone Marrow-Derived DCs (BMDCs)

BMDCs were obtained and cultured by means of our improved approach [36]. Briefly,
4–6-week-old C57BL/6 mice were euthanized by cervical dislocation, the tibias and femurs
were isolated and washed, marrows were collected and treated by erythrocyte lysis solution,
and then bone marrow cells were cultured with complete medium (10% FBS, 1% Pen Strep,
10 ng/mL IL-4 and 10 ng/mL GM-CSF in RPMI 1640) at 37 ◦C in 5% CO2 atmosphere. The
stale culture medium was changed lightly at 60 h. Loosely adherent cells and suspended
cells were collected and then cultured in plate overnight on day 6. Cells with purity over
90% (CD11c level tested by flow cytometry (FCM)) will be chose for later experiments.

2.3. Determination of Reactive Oxygen Species (ROS)

Endogenous ROS level was tested by ROS assay kit according to the user’s manual.
Under certain conditions, 2′,7′ dichlorofluorescein diacetate (DCFH-DA) can be oxidized.
In short, after stimulation with H. pubescens extracts or plus LPS (100 ng/mL) for 24 h, DCs
were collected from different groups, then the medium was removed, and the cells were
washed with PBS and incubated with DCFH-DA (10 µM) at 37 ◦C for 20–30 min. DCs
were washed with PBS three times and then tested by FCM. The data were analyzed using
FlowJo software V10.0 (Stanford, CA, USA).

2.4. Determination of Nitric Oxide Synthases (NOS) Activity and Nitric Oxide (NO) Production

For the detection of NOS activity, DCs were collected, and then lysed using RIPA
buffer including 1 mM PMSF at 4 ◦C for 10–20 min. Supernatant was obtained from lysate
by centrifuging at 10,000× g for 20 min. The intracellular NOS activity was examined by
the NOS assay kit in accordance with the user’s instruction. NOS catalyzed L-Arg and
molecular oxygen to generate NO, and NO can react with nucleophile to form colored
compounds which could be detected at 530 nm. As a significant index of NO synthesis,
nitrite (NO2

−) in the supernatant of cell cultures was tested by using the Griess reagent.
Following the instructions of the NO assay kit, 50 µL DC culture supernatant, 50 µL Griess
reagent I, and 50 µL Griess reagent II were added in 96-well plates in succession at room
temperature. The OD540 of the samples and the standard model sodium nitrite (NaNO2)
were detected quickly, and the NO content in the DC supernatant was computed via the
standard curve formula.

2.5. Determination of the Reduced Glutathione (GSH) and the Oxidized Glutathione (GSSG)

DCs were cultured with the designed concentrations of H. pubescens extracts or plus
LPS (100 ng/mL) for 24 h in vitro. Then, DCs were collected and washed with PBS, and
then lysed in pre-cooled reagent 4 of T-GSH/GSSG assay kit by sonication. In addition,
lysate was then centrifuged at 10,000× g at 4 ◦C for 10–20 min to obtain supernatant.
Following the user’s manual, the T-GSH/GSSG assay kit was taken to test the total glu-
tathione (T-GSH) content and GSSG content of lysate supernatant. The OD405 of the yellow
compound was tested instantly. GSH content was calculated according to the formula
GSH = T-GSH–2 × GSSG (value), and then the GSH/GSSG ratio was determined.

2.6. Determination of the Antioxidant Enzymes Activity

DCs were cultured with the designed concentrations of H. pubescens extracts or plus
LPS (100 ng/mL) for 24 h in vitro. Then, DCs were collected and lysed using RIPA buffer
including 1 mM PMSF. In addition, lysate was then centrifuged at 10,000× g for 10–20 min
to obtain supernatant. The GPx assay kit was used to detect the endogenous glutathione
peroxidase (GPx) activity in the cell lysate supernatant. The OD412 of the polymerized
products was measured instantly. The intracellular Superoxide dismutase (SOD) level
in the cell lysate supernatant was tested using the SOD assay kit according to the user’s
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instructions. The OD450 of the polymerized products was detected instantly. Following the
user’s instructions, the catalase (CAT) level of the cell lysate supernatant was measured
using the CAT assay kit. The OD520 of the polymerized products was detected instantly.

2.7. Determination of Nrf2 and HO–1

In short, DCs were cultured with the designed concentrations of H. pubescens extracts
or plus LPS (100 ng/mL) for 24 h in vitro. In addition, then DCs were collected from
different groups, washed with PBS, and then fixed and permeabilized by fixation buffer
and permeabilization wash buffer by the user’s instruction. PE-Nrf2 antibody and Alexa
Fluor 647–HO–1 antibody or respective isotypes were incubated with DCs at 4 ◦C for
20–30 min. After being washed with PBS, DCs were tested by FCM.

2.8. Statistical Analysis

All results were analyzed and processed by GraphPad Prism 8 software (San Diego, CA, USA)
and the results expressed as means± SD. One-way analysis of variance (ANOVA) was adopted to
analyze and contrast the variance of each group. Statistically significant differences in groups are
shown as asterisks in the figures. ** p < 0.01, * p < 0.05.

2.9. Ethics Statement

The study was performed in compliance with the guidelines of the Ethical Committee
and Jiangsu Laboratory Animal Welfare, and agreed by the Jiangsu Administrative Com-
mittee of Laboratory Animals (permission number: SYXK (SU) 2017-0044). The Yangzhou
University Animal Research Center (Yangzhou, China) provided us with C57BL/6 mice
(4–6 weeks old). Mice were euthanized by cervical dislocation. We tried our best to mini-
mize the number of mice used and to relieve their suffering.

3. Results
3.1. H. pubescens Extracts Inhibited the ROS Level in LPS-Irritated DCs

As a signaling molecule, ROS at low concentration plays physiological roles in var-
ious cellular processes. Pathogen infection can induce ROS production to kill invading
pathogens, including bacteria and fungi [12,37]. However, excess production of ROS can
damage cells and tissues [38]. As shown in Figure 1, the ROS level of LPS-induced DCs
increased significantly, which was effectively inhibited by the extract of H. pubescens extracts
in a dose-dependent manner.
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Figure 1. H. pubescens extracts inhibited the ROS level in LPS-irritated DCs. (A,B) DCs were cultured
with the designed concentrations of H. pubescens extracts or plus LPS (100 ng/mL) for 24 h, and then
were collected and incubated with 2′,7′ dichlorofluorescein diacetate (DCFH-DA). ROS production
was tested by FCM. All of the data are shown as means ± SD from three experiments. Analysis of
variance (ANOVA) was employed. ** p < 0.01.
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3.2. H. pubescens Extracts Reduced the NOS Activity and NO Level in LPS-Irritated DCs

Oxidative stress is always accompanied by excessive generation of reactive nitrogen
species (RNS), such as NO. NO is synthetized enzymatically from L-arginine (L-Arg) under
the action of NOS [39]. Therefore, the NOS activity was first tested (Figure 2A). H. pubescens
extracts were shown to significantly weaken the NOS activity in LPS-irritated DCs. Then,
the NO level was detected. As shown in Figure 2B, LPS remarkably raised the NO level in
DCs relative to the control group. As expected, H. pubescens extracts were able to effectively
lower the NO level in LPS-irritated DCs.
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Figure 2. H. pubescens extracts reduced the NOS activity and NO level in LPS-irritated DCs. (A,B)
DCs were cultured with the designed concentrations of H. pubescens extracts or plus LPS (100 ng/mL)
for 24 h. (A) DCs were lysed, and the intracellular NOS activity was measured using a commercial
kit. (B) NO content in the DC supernatant was tested using Griess reagent I and II. All of the data
are shown as means ± SD from three experiments. Analysis of variance (ANOVA) was employed.
** p < 0.01, * p < 0.05.

3.3. H. pubescens Extracts Regulated the Intracellular GSH, GSSG, and GSH/GSSG Ratio in
LPS-Irritated DCs

As one of the most significant intracellular redox regulator, glutathione consists of the
reduced form glutathione (GSH) and the oxidized form glutathione (GSSG) [40]. Many
studies have declared that one of the critical indices of measuring the redox status is the
GSH/GSSG ratio [41,42]. Therefore, we further investigated the effects of H. pubescens
extracts on intracellular GSH and GSSG in LPS-irritated DCs. As shown in Figure 3, com-
pared with the control group, LPS obviously reduced the intracellular GSH (A) content and
increased the intracellular GSSG (B) content. Correspondingly, the intracellular GSH/GSSG
ratio fell noticeably. Furthermore, H. pubescens extracts effectively reversed those effects in
a dose-dependent manner.
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Figure 3. H. pubescens extracts regulated the intracellular GSH, GSSG, and GSH/GSSG ratio in
LPS-irritated DCs. DCs were collected and washed with PBS after being cultured with the designed
concentrations of H. pubescens extracts or plus LPS (100 ng/mL) for 24 h. Then, DCs were lysed to
detect the GSH content (A), the GSSG content (B), and the GSH/GSSG ratio (C) using a commercial
kit. All of the data are shown as means ± SD from three experiments. Analysis of variance (ANOVA)
was employed. ** p < 0.01, * p < 0.05.
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3.4. H. pubescens Extracts Strengthened the Capacities of Antioxidant Enzymes in
LPS-Irritated DCs

Antioxidant system has been evolved by cells against the excess ROS, which consists
of some enzymatic antioxidants and some non-enzymatic antioxidants to reduce oxidative
stress [43]. Therefore, we tested the effects of H. pubescens extracts on the capacities
of antioxidant enzymes in LPS-irritated DCs. As shown in Figure 4, LPS significantly
weakened the GPx (A), CAT (B), and SOD (C) activity of DCs compared with the control
group. As expected, H. pubescens extracts were able to strengthen the levels of these
antioxidant enzymes in LPS-irritated DCs.
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Figure 4. H. pubescens extracts strengthened the capacities of antioxidant enzymes in LPS-irritated
DCs. DCs were collected and washed with PBS after being cultured with the designed concentrations
of H. pubescens extracts or LPS (100 ng/mL) for 24 h. The intracellular GPx capacity (A), CAT
capacity (B), and SOD capacity (C) of the DC lysate supernatant were tested using commercial kits.
All of the data are shown as means ± SD from three experiments. Analysis of variance (ANOVA)
was employed. ** p < 0.01, * p < 0.05.

3.5. H. pubescens Extracts Upregulated Both Nrf2 and HO–1 Expression in LPS-Irritated DCs

Nrf2 is an important regulator of oxidative stress, playing a key role in maintaining
redox homeostasis [44]. HO–1 is closely related to antioxidant activation [45], which is one
of the key and common effectors of Nrf2 [46]. Therefore, we conducted FCM to test the
expression of Nrf2 and HO–1 in DCs. As shown in Figure 5, H. pubescens extracts evidently
increased the expression level of Nrf2 (A,B) molecules and HO–1 (C,D) molecules in DCs
irritated by LPS, implying that H. pubescens extracts are able to suppress oxidative stress
via the Nrf2/HO–1 signaling pathway.

Figure 5. Cont.
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Figure 5. H. pubescens extracts upregulated both Nrf2 and HO–1 in LPS-irritated DCs. DCs were
collected and washed with PBS after being cultured with the designed concentrations of H. pubescens
extracts or plus LPS (100 ng/mL) for 24 h. Nrf2 (A,B) and HO–1 (C,D) expression of DCs were tested
by FCM. All of the data are shown as means ± SD from three experiments. Analysis of variance
(ANOVA) was employed. ** p < 0.01.

4. Discussion

H. pubescens tastes astringent and bitter, and is traditionally used to treat several
diseases, including intestinal parasites, animal bites, indigestion, blood-related ailments,
and dental or oral ailments [47,48]. H. pubescens, as an important medicinal plant, possesses
potential medicinal properties. H. pubescens has been reported to have many activities,
including anti-diabetic function, anti-diarrheal effect, anti-inflammatory and analgesic
efficacy, and free radical scavenging properties [27]. Here, we systematically evaluated
the antioxidative effects of H. pubescens extracts in LPS-irritated DCs in vitro, and found
that H. pubescens extracts are able to inhibit LPS-irritated oxidative stress in DCs via the
Nrf2/HO–1 axis.

Low-level ROS is required for many important signaling reactions [49]. NO is an
important molecule that is considered to regulate cellular functions involving in various
pathological and physiological functions, such as endothelial vasodilation, cardiovascular
functions, antimicrobial effect, wound healing, immune function, blood pressure regulation,
and cytotoxicity, etc. [50,51]. However, oxidative imbalance leads to oxidative stress and
the excessive production of ROS and NO [52], leading to apoptosis, resulting in protein
and organelle damage, mitochondrial membrane disruption, and cell death [53,54]. The
antioxidant system of DCs was unable to effectively clear the over-accumulation of ROS
and NO, leading to immune dysfunction in DCs. The data presented here suggest that
H. pubescens extracts reduce the level of ROS, NOS, and NO in LPS-irritated DCs.

As an antioxidant, GSH is used as a free radical scavenger and an antidote in cells,
and is involved in many processes such as cell proliferation and differentiation. In addition,
as the most common metabolite, GSH is usually tested when oxidative stress occurs.
When oxidative stress occurs, GSH is converted into GSSG upon its reaction with ROS
under the catalysis of GSH-dependent peroxidases [55]. GPx acted as a catalyst to lead
hydrogen peroxide (H2O2) to produce reduction in this reaction [56]. Mitochondrial
matrix is at a highly reducing environment to conduct appropriate protein folding and
maintain protein function. Furthermore, a high GSH/GSSG ratio promotes synthesis of
deoxyribonucleotides from ribonucleotides and maintains sulfhydryl groups in proteins for
nucleic acid biosynthesis and DNA repairment [40]. Previous studies have confirmed that
LPS decreased the GSH/GSSG ratio in DCs [57]. Low GSH/GSSG ratio resulted in a failure
to resist the excess expression of ROS and subsequent breakage, leading to oxidative stress
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in DCs, and then losing lose the immune regulation ability [20,55]. Crucially, the addition
of H. pubescens extracts to LPS-irritated DCs dramatically increased the GSH content and
raised the GSH/GSSG ratio, and enhanced the level of GPx.

Additionally, CAT and SOD, the other two important antioxidant enzymes, also play a
very significant role in preventing cells from being subjected to harm as a result of oxidative
stress. Antioxidant enzymes are in charge of maintaining the balance between the functions
of free radical formation and removing their excessive amounts. Arguably, superoxide
(O2−) and hydrogen peroxide can be seen as the common and most–produced ROS, with
the former eliminated by SOD and the latter by CAT, GPx, and peroxiredoxins (PRX) [58,59].
Therefore, the capabilities of CAT and SOD were detected, and the data suggested that
H. pubescens extracts significantly upregulated the capabilities of CAT and SOD in DCs
irritated by LPS for preventing the oxidative stress.

Nrf2 is a transcription factor that is responsible for the regulation of cellular redox
balance and protective antioxidant and phase II detoxification responses in mammals [60].
An increasing number of antioxidant response elements (AREs) have been found and
studied, including glutamate-cysteine ligase (GCL), thioredoxin reductase 1 (Txnrd1),
NAD(P)H-quinone oxidoreductase 1 (NQO1) and HO–1. The discovery of AREs has led to
the conclusion that AREs can combine with Nrf2 to perform functions [61]. This leads to
cascading events, which alter oxidative status of the cells and provide powerful protection
against oxidative stress in the end [62]. Among Nrf2 signaling pathways, one of the most
crucial intracellular protection mechanisms, Nrf2/HO–1 is the most classic approach [63].
Moreover, NO and NOS overproduction can be inhibited by mass expression of HO–1 [64].
Here, our study found that H. pubescens extracts upregulated both Nrf2 and HO–1 in
LPS-irritated DCs, making clear that Nrf2/HO–1 signaling pathway may play a vital role
in this process.

5. Conclusions

Here, H. pubescens extracts were shown to reduce the intracellular ROS level and
weaken the NOS activity and NO level in LPS-irritated DCs. As expected, H. pubescens
extracts increased GSH production and decreased GSSG production led by LPS, and the
GSH/GSSG ratio was increased during this process. Meanwhile, H. pubescens extracts
effectively enhanced the capacities of three antioxidant enzymes. Moreover, H. pubescens
extracts significantly improved the expression of the Nrf2 and the HO–1 in LPS-irritated
DCs. These findings suggested that H. pubescens extracts is a potential candidate drug
target as a novel antioxidant and can be applied to clinical combination therapy in sepsis.
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ROS reactive oxygen species
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GSH reduced glutathione
GPx glutathione peroxidase
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SOD superoxide dismutase
Nrf2 nuclear factor erythroid 2-related factor 2
HO–1 heme oxygenase 1
APCs antigen-presenting cells
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TBI traumatic brain injury
FBS Fetal bovine serum
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GM-CSF recombinant mouse granulocyte macrophage colony stimulating factor
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DCFH-DA 2′,7′ dichlorofluorescein diacetate
FCM flow cytometry
NO2

− nitrite
NaNO2 sodium nitrite
T-GSH total glutathione
ANOVA analysis of variance
RNS reactive nitrogen species
L-Arg L-arginine
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O2− superoxide
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ARE antioxidant response element
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Txnrd1 thioredoxin reductase 1
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