
O R I G I N A L  R E S E A R C H

PKCδ/MAPKs and NF-κB Pathways are Involved in 
the Regulation of Ingenane-Type Diterpenoids 
from Euphorbia neriifolia on Macrophage Function

Mingyan Jiang* 
Yong Xue* 
Jianchun Li 
Kairui Rao 
Shili Yan 
Hongmei Li 
Xuanqin Chen 
Rongtao Li 
Dan Liu

Center for Pharmaceutical Sciences and 
Engineering, Faculty of Life Science and 
Technology, Kunming University of 
Science and Technology, Kunming, 
Yunnan, People’s Republic of China  

*These authors contributed equally to 
this work  

Purpose: Euphorbia neriifolia Linn. has important medicinal value in the treatment of 
ulcers, tumors, inflammation, chronic respiratory troubles, and so on. Although many 
ingredients with anti-inflammatory activity have been discovered and isolated from the 
Euphorbia neriifolia, the current research still cannot explain its multivariate effects on the 
immune response. This article aims to introduce two Ingenane-type diterpenoids from 
Euphorbia neriifolia with macrophage regulatory effects and to investigate the mechanism 
of their action.
Methods: The stem bark of E. neriifolia was extracted with various separation methods to 
obtain ingenane-type diterpenoids. The RAW264.7 cells were treated with lipopolysacchar-
ide (LPS, 1 μg/mL) to establish an inflammatory cell model. The cell viability was detected 
by MTT assay. The secretion of PGE2, TNF-α, IL-1β, and IL-6 was tested with ELISA. The 
levels of iNOS, COX-2, IκBα, JNK, ERK, p38, p-IκBα, p-JNK, p-ERK, and p-p38 in cells 
were detected by Western blotting. The translocation of nuclear factor-kappa B (NF-κB)/p65 
subunit were evaluated by Immunofluorescence staining.
Results: Ingenane-type diterpenoids, eurifoloid A (Euri A) and a new compound euphor-
neroid E (Euph E), were isolated from the EtOAc fraction of E. neriifolia stem bark extracts. 
Euph E and Euri A exhibited significant inhibition on the levels of pro-inflammatory 
mediators NO, IL-1β, IL-6, and iNOS on LPS-induced macrophage RAW264.7. Cellular 
signaling pathway studies showed that they prevented the degradation of IκBα and the 
translocation of NF-κB/p65 subunit. Furthermore, the production of PGE2, TNFα, and 
COX-2 was dramatically increased under the influence of the compounds, which were 
closely related to the phosphorylation of protein kinase C δ (PKCδ) and activation of 
mitogen-activated protein kinase (MAPKs) signaling pathway.
Conclusion: These results demonstrated that Euph E and Euri A exhibited multidirectional 
regulation on cytokines and immune function of macrophages, in addition to a good anti- 
inflammatory activity, and which was closely related to the regulation of PKCδ/MAPKs and 
NF-κB signal pathways.
Keywords: euphorneroid E, eurifoloid A, ingenane-type diterpenoids, Euphorbia neriifolia, 
M-macrophage, immunoregulation

Introduction
Innate Immunity, considered as the first line of defense against infection, can induce 
the body to produce immune responses to endogenous and exogenous stimuli, 
meanwhile playing an important role in maintain homeostasis and immune 
regulation.1,2 Macrophages, derived from monocytes, play an important role in 
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fighting infections, anti-tumors, and participating in the 
body’s repair process based on their powerful phagocyto-
sis and immune activation effects. With the change of 
microenvironment, different types of macrophages are pre-
cisely regulated and mutually transformed, maintaining 
homeostasis in the organism. Classically activated macro-
phages can secrete inflammatory cytokines and chemo-
kines, and have a strong phagocytic function, mainly 
playing the role of immune defense. However, excessive 
activation of macrophages result in the production of 
a large number of inflammatory factors which will aggra-
vate the tissue damage of the body and cause various 
autoimmune diseases.3,4 Alternatively activated macro-
phages can alleviate the inflammatory response, and pro-
mote wound healing and tissue recovery,5 but tumor 
growth may take advantage of this feature, leading to the 
immune escape of tumor cells.6,7 Therefore, an in-depth 
study on the regulation of macrophage function is of 
important guiding significance to further elucidate the 
immune defense, immune homeostasis mechanism, and 
the treatment of various diseases.

Euphorbia neriifolia Linn, a succulent plant, 
belongs to the Euphorbiaceae family, and has been 
recognized as a potential therapist for edema, bronchi-
tis, piles, tuberculosis, anemia, ulcers, tumors, inflam-
mation, and chronic respiratory troubles for 
centuries.8–11 In recent years, Euphorbia has attracted 
much attention for its immunomodulatory and 

antitumor activities. However, in addition to its good 
anti-inflammatory activity, Euphorbia neriifolia has 
also been found to cause primary irritation to the skin 
and mucous membranes, resulting in swelling and 
inflammation of the skin and mucous membranes. 
There has been no clear report about these diametri-
cally opposed pharmacological effects so far. Our 
research group carried out comprehensive studies on 
the phytochemistry and pharmacology of E. neriifolia 
and found a series of novel compounds,12,13 and multi-
ple structural types of compounds with significant anti- 
inflammatory activity have been found. Recently, two 
ingenane-type diterpenoids, euphorneroid E (Euph E) 
and eurifoloid A (Euri A), were isolated from the stem 
bark of E. neriifolia, and Euph E was a new compound 
(Figure 1). Euri A was first isolated from Euphorbia 
neriifolia in 2014,14 and was subsequently found to 
have anti-HIV and reverse tumor resistance effects.15 

At present, this compound has been able to achieve 
total synthesis.16 Ingenane-type diterpenoids mainly 
existed in Euphorbia species, and the representative 
compound Ingenol 3-Angelate (PEP005) was found to 
have good antitumor activity and has been clinically 
used to treat actinic keratosis.17 We have supplemented 
some cellular biomolecular information involved in this 
study in the preface. Here Euph E and Euri A showed 
the dual effects on macrophages, this is, immune acti-
vation and anti-inflammatory immunosuppression, 
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which will help to explain the opposite pharmacologi-
cal effect of E. neriifolia.

In this study, we aimed to reveal the possible mechan-
ism of Euph E and Euri A regulating the immune function 
of macrophages, with emphasis on the hypothesis, whether 
NF-κB, MAPKs, and PKC signaling pathways were 
involved.

Materials and Methods
Plant Extraction and Compound Isolation
The stem bark of Euphorbia neriifolia Linn. was collected 
from Xishuangbanna, Yunnan Province, China, in 
May 2015, and identified by Prof. Yumei Zhang, 
Xishuangbanna Tropical Botanical Garden, CAS. 
A voucher specimen (JIN 201505) was deposited at the 
Laboratory of Phytochemistry, Faculty of Life Science and 
Technology, Kunming University of Science and 
Technology.

The air-dried and powdered stem bark of E. neriifolia 
(21.0 kg) was extracted with 75% acetone/H2O (3×30 L, 
24 hours, each) at room temperature. After removing the 
solvent by reduced pressure distillation, the crude extract 
was suspended in water and extracted with ethyl acetate 

(EtOAc) to obtain the EtOAc-soluble fraction (550.0 g), 
which was subjected to column chromatography (MCI, 
6.5×120 cm) eluted with gradient Methanol (MeOH)/ 
H2O system (30, 60, 75, 90, and 100%) to afford three 
fractions (Fr. I–III). Fraction I (1.2 g) was subjected to 
Sephadex LH-20 or silica gel repeatedly to yield Euph 
E (2.9 mg) and Euri A (7.0 mg). Their structures were 
elucidated by NMR techniques, as well as comparison 
with literature.

Cell Culture Conditions
The RAW264.7 murine macrophages cell line 
(Conservation Genetics CAS Kunming Cell Bank, 
Yunan, China, No.KCB200603YJ) was maintained in 
Dulbecco’s Modified Eagle Medium (DMEM; Thermo 
Fisher Scientific, Massachusetts, USA) supplemented 
with 10% fetal bovine serum (FBS; Thermo Fisher 
Scientific) and penicillin (10,000 U/mL)-streptomycin 
(10,000 μg/mL, Solarbio Life Sciences, Peking, China) at 
37°C in a humidified 5% CO2 atmosphere.

Cell Viability Assay
Cell viability was measured via 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. The 

Figure 1 Structures of Euph E and Euri A isolated from Euphorbia neriifolia Linn.
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RAW264.7 cells were seeded into 96-well culture plates 
(Corning Incorporated, Corning, USA) at a density of 
4×104 cells/well for 24 hours, then pretreated with various 
concentrations of Euph E or Euri A (2.5–80 μM) for 1 
hour, followed by LPS (1 μg/mL, Escherichia coli 055:B5; 
Sigma-Aldrich, St. Louis, MO, USA) for another 24 hours. 
After washing with phosphate-buffered saline (PBS) buf-
fer twice, 20 µL of MTT solution (5 mg/mL in PBS, pH 
7.4; Solarbio Life Sciences, Peking, China) was added into 
each culture well and the cells were further incubated at 
37°C for 4 hours. The MTT was carefully removed and 
150 μL of DMSO (Solarbio Life Sciences) was added into 
each well to dissolve the formazan crystals. After 15 
minutes, the optical density was measured at 490 nm 
with a Thermo Fisher Scientific microplate reader .

NO Assay
The production of NO was measured by the determination of 
nitrite in culture supernatant by Griess reaction (Beyotime 
Institute of Biotechnology, Shanghai, China). RAW264.7 
cells were seeded into 96-well cell culture plates at a density 
of 6×104 cells/well and incubated for 24 hours. Then, the cells 
were pretreated with Euph E or Euri A at concentrations of 
2.5, 5, 10, and 20 µM for 1 hour and activated with LPS (1 μg/ 
mL) for 24 hours in a 37°C, 5% CO2 incubator. The culture 
supernatant (70 µL) was mixed with Griess reagent A (50 µL) 
and Griess reagent B (50 µL) and incubated for 10 minutes on 
the Shaking table at room temperature. Then the absorbance 
of the mixture was measured at 540 nm with a microplate 
reader (Thermo Fisher Scientific,).

Enzyme-Linked Immunosorbent Assay
To detect the inflammatory cytokines produced by mouse 
macrophages RAW264.7, such as IL-1β, IL-6, TNF-α, and 
PGE2, cells were seeded into 24-well cell culture plates at 
a density of 4×105 cells/well. After incubation of 24 hours, 
the cells were pretreated with 2.5–20 μM of Euph E or Euri 
A for 1 hour and then activated with LPS (1 μg/mL) for 24 
hours. Subsequently, cell supernatants were collected from 
each well. According to the manufacturer’s instructions, 
ELISA kit (IL-1β and IL-6: R&D Systems, Minneapolis, 
USA; TNFα: BOSTER, Wuhan, China; PGE2: CUSABIO 
Biotech CO., Hubei, China) was used to determine the 
levels of IL-1β, IL-6, TNF-α, and PGE2 in the supernatants.

Immunofluorescence Staining
RAW264.7 cells were incubated on round glass coverslips 
in 24-well plates overnight, pretreated with compounds for 

1 hour, then stimulated with LPS (1 μg/mL) for 30 min-
utes. After washing with PBSCM three times, they were 
fixed in 4% paraformaldehyde for 30 minutes, followed by 
being permeabilized with 0.1% Triton X-100 for 15 min-
utes, and blocked in fluorescence antibody dilution buffer 
for 1 hour. After that, the cells were incubated with rabbit 
anti-NF-κB/p65 polyclonal antibodies (1:100 dilution; Cell 
Signaling Technology, Danvers, USA) at 4°C overnight. 
The coverslips were washed with PBSCM and incubated 
with Cy3-conjugated sheep anti-rabbit IgG at room tem-
perature for 1 hour. Finally, immunofluorescence was 
observed with laser scanning confocal microscopy 
(Nikon, Japan).

Western Blot Analysis
RAW264.7 cells were added to 6-well culture plates at 
a density of 1×106 cells/well and cultured for 24 hours. 
After pretreating with 2.5–20 μM of Euph E or Euri 
A for 1 hour, cells were co-incubated with LPS (1 μg/ 
mL) for 30 minutes (for MAPKs, IκBα, and PKCδ; 
Cell Signaling Technology) or 18 hours (for iNOS 
and COX-2; Cell Signaling Technology) in a 37°C, 5% 
CO2 incubator. Then, cells were collected and and 
lysed with lysis buffer (Beyotime Institute of 
Biotechnology, Shanghai, China) containing 1 mM 
PMSF (Beyotime Institute of Biotechnology) and 1:25 
Complete Mini Protease Inhibitor cocktail (PI; Roche, 
Boehringer Mannheim, Germany). The cytosolic frac-
tions were prepared by centrifuging and Western blot 
analysis of supernatants was performed as described 
previously.18

Statistical Analysis
Statistical analysis was performed using one-way analysis 
of variance (ANOVA), and was based on at least three 
independent experiments. The results were considered to 
be statistically significant when the p-value was less than 
0.05. All statistical tests were conducted by the computer 
program SPSS (SPSS Inc., Chicago, USA).

Results
Structural Elucidation
Euph E was obtained as white amorphous powder. Its 
HR-ESI-MS (Supplementary Figure S1) exhibited 
a quasi-molecular ion peak at m/z 557.2526 [M+Na]+ 

(calcd 557.2510), suggesting a molecular formula of 
C32H38O7 with 14 degrees of unsaturation. Its IR 
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spectrum showed the presence of hydroxy (3,437 cm−1), 
carbonyl (1,711 cm−1), and olefinic (1,651 cm−1) func-
tional groups. The 1H NMR spectroscopic data (Table 1, 
Supplementary Figure S2) of Euph E showed a group of 
protons for a monosubstituted benzene ring at δH 7.45 
(2H, t, J=7.8 Hz, H-3’’ 5’’, 7.57 (1H, t, J=7.4 Hz, H-4’’ 
and 8.06 (2H, d, J=7.0 Hz, H-2’’ 6’’), three olefinic 
protons at δH 5.85 (1H, m, H-7), 5.97 (1H, d, J=1.1 
Hz, H-1), and 6.16 (1H, qd, J=7.2, 1.2 Hz, H-3ʹ), two 
oxymethine protons at δH 3.74 (1H, br s, H-3) and 5.26 
(1H, br s, H-5), a pair of oxymethylene protons at δH 

4.49 (1H, d, J=11.9 Hz, H-17a) and 4.59 (1H, d, J=11.9 
Hz, H-17b), together with six methyl groups at δH 1.23 
(3H, s, Me-16), 1.00 (3H, d, J=7.0 Hz, Me-18), 1.82 

(3H, s, Me-19), 1.52 (3H, s, Me-20), 1.99 (3H, dq, 
J=7.2, 1.2 Hz, Me-4ʹ), and 1.94 (3H, s, Me-5ʹ). The 
above 1H NMR data combined with the carbon reso-
nances at δC 16.0, 20.7, 126.9, 140.2, 167.1; 128.3, 
129.5, 130.3, 132.9, and 166.8 in the 13C NMR spec-
trum (Table 1), was suggestive of the existence of an 
angeloyloxy group and a benzoyloxy group.19 The 
13C NMR spectrum in combination with the DEPT 
spectrum (Supplementary Figure S3) showed 20 other 
signals: four methyls, two methylenes (one oxymethy-
lene at δC 66.3), eight methines (two oxymethines at δC 

77.2 and 80.3, and two olefinic methines at δC 125.0 and 
129.6), and six quaternary carbons (including one 
ketone at δC 206.0, two olefinic at δC 135.2 and 139.5, 
and one oxygenated at δC 85.2). The aforementioned 
data suggested that Euph E was structurally similar to 
(3S,4S,5R,8S,10S,11R,13R,14R,15R)-3β-O-angeloyl-17- 
benzoyloxy-20-deoxyingenol, a known ingenane-type 
diterpenoid.19 The major difference was that Euph 
E had an angeloyloxy group located at C-5, rather than 
C-3, which was supported by the HMBC correlations 
(Figure 2, Supplementary Figure S4, S5) from H-5, 
H-3ʹ, and H-5ʹ to the ester carbonyl carbon at δC 167.1 
(C-1ʹ). Moreover, the HMBC correlations from H2-17, 
H-2’’and H-6’’to the other ester carbonyl carbon at δC 

166.8 (C-1’’ suggested that the benzoyloxy group was 
connected to C-17. Thus, the planar structure of Euph 
E was constructed according to the above spectroscopic 
data analysis. The relative configurations of C-3, C-4, 
C-5, and C-10 were found to be identical to those of 
known analogues through comparing their chemical 
shifts and coupling constants and from the key 
ROESY correlations (Figure 2) of H-3/H-5.20,21 The 
NOE cross-peaks (Supplementary Figure S6) of H-8/ 
H-11, H-8/H2-17, H2-17/H-11, and H2-17/H-12β indi-
cated that these protons were cofacial and assigned as β- 
orientation, while the ROESY correlations of Me-18/ 
H-12α, H-13/H-12α, and H-13/H-14 revealed that they 
adopted an α-orientation. Thus, the structure of Euph 
E was assigned as depicted in Figure 1.

The structure of Euri A was determined by comparison 
of its spectroscopic data with those in the literature.14

Characterization of Euph E
White amorphous powder; [α]20.6 D=+13.6 (c 0.10, MeOH); 
1H NMR (600 MHz, CDCl3) and 13C NMR (150 MHz, 
CDCl3) data, see Table 1; HRESIMS m/z 557.2526 [M+Na]+ 

(calcd for C32H38NaO7
+, 557.2510).

Table 1 1H-(600 MHz) and 13C-(150 MHz) NMR Data of Euph 
E in CDCl3 (δ in Ppm, J in Hz)

Position Euph E

δH δC

1 5.97 (d, J=1.1 Hz, 1H) 129.5
2 139.5

3 3.74 (br s, 1H) 80.3

4 85.2
5 5.26 (br s, 1H) 77.2

6 135.2

7 5.85 (m, 1H) 125.0
8 4.42 (d, J=11.4 Hz, 1H) 43.5

9 206.0

10 72.7
11 2.46 (m, 1H) 39.4

12α 1.90 (m, 1H) 30.9

12β 2.24 (m, 1H)
13 0.98 (m, 1H) 24.0

14 1.20 (dd, J=12.1, 8.3 Hz, 1H) 23.8

15 27.9
16 1.23 (s, 1H) 24.5

17a 4.49 (d, J=11.9 Hz, 1H) 66.3

17b 4.59 (d, J=11.9 Hz, 1H)
18 1.00 (d, J=7.0 Hz, 1H) 17.0

19 1.82 (s, 1H) 15.5

20 1.52 (s, 1H) 21.4
1’ 167.1

2’ 126.9
3’ 6.16 (qd, J=7.2, 1.2 Hz, 1H) 140.2

4’ 1.99 (dq, J=7.2, 1.2 Hz, 1H) 16.0

5’ 1.94 (s, 1H) 20.7
1ʹʹ 166.8

2ʹʹ 130.3

3ʹʹ7ʹʹ 8.06 (d, J=7.0 Hz, 1H) 129.5
4ʹʹ6ʹʹ 7.45 (t, J=7.8 Hz, 1H) 128.3

5ʹʹ 7.57 (t, J=7.4 Hz, 1H) 132.9
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Effects of Euph E and Euri A on 
Macrophage Cells Viability
The effect of Euph E and Euri A on macrophage cells 
viability was studied by a cytotoxicity test using MTT 
assay. Cells were incubated with Euph E or Euri A at 
various concentrations (2.5, 5, 10, 20, and 40 µM). The 

results showed that compounds displayed cytotoxicity when 
the concentration of them was above 20 µM, but did not 
significantly affect the viability of RAW264.7 cells com-
pared to untreated controls at 2.5 μM to 20 μM (Figure 3). 
Thus, the concentration of 20 μM of Euph E and Euri A was 
used as the maximum dose in subsequent experiments.

Figure 2 (A) Key HMBC correlations and (B) ROESY correlation of Euph E.

Figure 3 Effects of compounds on cell viability in RAW264.7 macrophages. Cells were treated with Euph E or Euri A (2.5-40 μM) and LPS (1 µg/mL) for 24 h; Cell viability 
was measured by MTT assay. Values are expressed as means ± SD of three independent experiments.
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Effects of Euph E and Euri A on NO 
Production and iNOS Expression
In order to investigate the effects of Euph E and Euri A on 
macrophage function, we first measured the levels of nitrite in 
supernatants to investigate the ability of RAW264.7 macro-
phages to secrete NO in response to LPS stimulation. As 
shown in Figure 4A, the production of NO was significantly 
inhibited in a concentration-dependent manner (2.5–20 μM) with 
the treatment of Euph E or Euri A. The half maximal inhibitory 
concentration (IC50) values of them were 6.37 μM and 5.78 μM, 
respectively, compared with the positive control L-NMMA (NG- 
Monomethyl-L-arginine, an iNOS inhibitor), with an IC50 value 
of 16.13 μM. Furthermore, iNOS, a key enzyme that promotes 
the production and circulation of nitric oxide in the body, was 
investigated in LPS-induced cells by Western blot analyses. 
Comparing with LPS-stimulation only, Euph E or Euri 
A treatment significantly suppressed the protein expression of 
iNOS in macrophages (Figure 4B). In conclusion, Euph E and 

Euri A could inhibit LPS-induced NO production, probably 
through down-regulating iNOS protein expression.

Euph E and Euri A Reduced Secretion of 
IL-1β and IL-6
Based upon the inhibitory effect of Euph E and Euri 
A on the levels of NO and iNOS, ELISA assay was 
performed to evaluate the regulatory effects of com-
pounds on inflammatory cytokines, such as IL-1β and 
IL-6. As shown in Figure 5, LPS (1 μg/mL) stimulation 
significantly up-regulated IL-1β and IL-6 production of 
RAW264.7 cells compared to the control group 
(p<0.001), whereas pretreating with Euph E or Euri 
A (2.5–20 μM) markedly inhibited LPS-induced secretion 
of IL-1β and IL-6 in a dose-dependent manner (p<0.001 
or p<0.05). These results showed that Euph E and Euri 
A exhibited significant down-regulation effects on IL-1β 
and IL-6.

Figure 4 Euph E and Euri A inhibit NO production and iNOS expression. Cells were pretreated with Euph E or Euri A (2.5-20 μM) and then co-incubated with LPS (1 
μg/mL). (A) NO production was determined by measuring the level of nitrite in culture medium. (B) The expression of iNOS protein was determined by Western blot 
analysis. Actin served as an internal control. The values represent the mean ± SD of three independent experiments (Supplementary Figure S7). Compared 
with control group, ###P<0.001; Compared with LPS group, *P<0.05, ***P<0.001. 
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Euph E and Euri A Suppressed NF-κB 
Signaling Pathway in Macrophages
It is widely believed that bacterial products trigger 
a series of intracellular signal transduction by binding 
to various cell surface receptors in LPS-induced 
inflammatory response, resulting in activation of NF- 
κB.22 Therefore, we examined the effects of Euph 
E and Euri A on the NF-κB signaling pathway. As 
shown in Figure 6A, LPS stimulation induced the 
IκBα phosphorylation in RAW264.7 cells, and when 
Euph E and Euri A were added prior to LPS treatment, 
it could be significantly suppressed (when concentra-
tions >10 μM, p<0.001). We next investigated whether 
compounds also inhibit the translocation of the NF-κB/ 
P65 subunit from cytosol to nucleus, as P65 is a major 
participant in NF-κB activation in LPS-activated 
macrophages. Immunofluorescent staining of NF-κB 
showed that LPS stimulation resulted in a greater pro-
portion of P65 translocated to the nucleus. However, 
compounds pretreatment effectively suppressed p65 

nuclear accumulation (Figure 6B). This suggested that 
the regulating effect of Euph E and Euri A on LPS- 
induced inflammatory mediators expression (NO, IL- 
1β, IL-6, and iNOS) might be closely related to the 
role of blocking the activation of NF-κB signaling 
pathways.

Euph E and Euri A Up-Regulated PGE2 and 
TNF-α Secretion and COX-2 Expression

In view of the regulatory effects of the Euph E and Euri A on 
inflammatory factors in the above results, we further exam-
ined the effects of the compounds on PGE2 and TNF-α. 
Interestingly, as shown in Figure 7A, the expression of 
TNF-α and PGE2 were up-regulated by treatment of Euph 
E or Euri A at 10–20 μM (p<0.001) (Figure 7B). 
Accordingly, the expression of COX-2, a critical rate- 
limiting enzyme for regulating PGE2,23 was also significantly 
promoted by Euph E or Euri A on stimulation in macro-
phages (p<0.05), which was confirmed by Western blotting 

Figure 5 Euph E and Euri A reduced IL-1β and IL-6 secretion. Cells were pretreated with Euph E or Euri A (2.5-20 μM) and then co-incubated with LPS (1 μg/mL) for 24 h. 
The secretion of (A) IL-1β and (B) IL-6 in culture medium were determined using ELISA kits. The values represent the mean ± SD of three independent 
experiments. Compared with control group, ###P<0.001; Compared with LPS group, *P<0.05,**P<0.01, ***P<0.001.
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assay (Figure 7C). These results indicated that compounds at 
higher concentrations could promote the production of mar-
kers associated with the activation of classically activated 
macrophages, which might contribute to the enhancement of 
phagocytic function and immune defense function of 
macrophages.

Euph E and Euri A Promoted LPS-Induced 
MAPK Pathways Activation
The MAPKs signaling pathways, which are closely 
related to regulating of the above cytokines,24 were 
detected by Western blotting. As shown in Figure 8, 
the levels of phosphorylated ERK, JNK, and p38 
MAPK were significantly enhanced by compounds sti-
mulation, compared to that measured in the macro-
phages treated with LPS alone (p<0.05). Therefore, it 
provided a reasonable explanation that our compounds 
might promote the growth and differentiation of macro-
phages and the secretion of some cytokines by increas-
ing the phosphorylation of MAPK signaling pathway.

Euph E and Euri A Promoted PKCδ 
Phosphorylation in Macrophages
Based on the results about MAPKs, we examined the reg-
ulatory effects of Euph E and Euri A on upstream kinases – 
protein kinase C, a family of signaling isoenzymes that 
played critical roles in regulating cell proliferation, differ-
entiation, and apoptosis.25,26 As shown in Figure 9, com-
pounds significantly induced the phosphorylation of PKCδ 
in a dose-dependent manner (p<0.05) in RAW264.7 macro-
phages, suggesting that the compounds might be an agonist 
of PKC isoenzymes.

Immune Activation Induced by Euph E and 
Euri A Could Be Inhibited by PKCδ Inhibitors
To check whether the activation of PKCδ is related to the up- 
regulation of downstream MAPKs signaling pathway and 
inflammatory mediators such as COX-2, RAW264.7 cells 
were preincubated with compounds (20 µM) in the absence 
or presence of PKCδ inhibitors (200 nM) and then stimulated 
with 1 µg/mL LPS. We measured the phosphorylation of 

Figure 6 Effects of compounds on IκBα/NF-κB signaling pathway in macrophages. Cells were pretreated with Euph E or Euri A for 1 h, followed by co-incubated with LPS (1 
μg/mL) for 30 min. (A) The protein levels of phospho-IκBα and IκBα were detected by Western blot analysi. Actin was probed as an internal control. The experiments were 
performed in triplicate (Supplementary Figure S7). Compared with control group, ###P<0.001; Compared with LPS group, ***P<0.001. (B) The nuclear translocation of NF- 
κB p65 was detected by immunofluorescence. Nuclei were stained with DAPI (blue). Scale bar=20 μm.
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PKCδ, JNK, and ERK, and the expression of COX-2 using 
Western blotting assays. The experiment results showed that 
PKCδ inhibitors significantly inhibited phosphorylation of 
PKCδ induced by Euph E or Euri A. Correspondingly, the 
phosphorylation levels of JNK and ERK which were signifi-
cantly up-regulated by compounds treatment were obviously 
inhibited in the presence of PKCδ inhibitors, also suppressed 
was the expression of COX-2 (Figure 10). These results 
revealed that PKCδ might be a key target of compounds 
induced immune activation of macrophages.

Discussion
Macrophages are one of the most important immune cells 
with strong plasticity and can be activated into different types 
to perform different functions due to the different microen-
vironments and activators. Imbalance of macrophage subsets 
is associated with the occurrence and progression of auto-
immune diseases, tumors, and other diseases.27 Therefore, 
the regulation of macrophage activity plays an important role 

in maintaining the stability of the body’s internal environ-
ment and regulating innate immunity.

Activated macrophages are known to release a variety of 
cytokines that affect the proliferation, differentiation, and 
function of immune cells, thereby regulating cellular and 
humoral immune responses, and they can also act as killers 
of microorganisms and tumor cells.28 In previous studies, we 
found that abietane-type, pimarane-type, and atisane-type 
diterpenoids isolated from the Euphorbia neriifolia have sig-
nificant anti-inflammatory activity,29 which well confirmed 
the good anti-inflammatory activity of E. neriifolia in tradi-
tional use. Likewise, Euph E and Euri A also showed strongly 
anti-inflammatory activity. iNOS are considered as the main 
enzyme catalyzing the production of NO among the three 
isoforms of nitric oxide synthase (NOS). The release of NO 
is conducive for activated macrophages to kill invading patho-
gens and tumor cells,30,31 at the same time, its excessive 
production is also an important reason for causing damage to 
adjacent tissues and cells, inducing abnormal dilatation of 

Figure 7 Euph E and Euri A promoted PGE2 and TNF-α secretion and COX-2 expression. Cells were pretreated with Euph E or Euri A (2.5-20 μM) for 1 h and then co- 
incubated with LPS (1 μg/mL). The production of (A) TNF-α and (B) PGE2 in culture medium were measured using ELISA kits. (C) The expression of COX-2 protein was 
determined by Western blot analysis. Values are expressed as means ± SD of the three independent experiments (Supplementary Figure S7). Compared with control group, -
###P<0.001; Compared with LPS group, *P<0.05, **P<0.01, ***P<0.001.
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blood vessels and lymphatic vessels and increasing perme-
ability. IL-1β and IL-6 are the most important cytokines 
secreted by macrophages, which mediate a variety of biologi-
cal functions and are involved in the response to infection, 
injury, and inflammation,32,33 and the overexpression of which 
always tends to promote tumorigenesis and inflammatory 
damage. In our study, Euph E and Euri A markedly inhibited 

the production of NO, IL-1β, and IL-6 and the expression of 
iNOS in the LPS-induced RAW264.7 cells, these results pro-
vided important evidence for the good anti-inflammatory 
activity of the compounds.

Increasing evidence indicates that NF-κB is a key transcrip-
tion factor that regulates the expressions of inflammatory med-
iators, including NO, IL-1β, IL-6, and others.34 NF-κB is 

Figure 8 Euph E and Euri A promoted MAPK pathways activation. Cells were pretreated with compounds (2.5-20 μM) for 1 h, then were stimulated with LPS (1 μg/mL) for 
30 min. Protein extracts were analyzed by Western blot analyses using (A) anti-phospho-p38MAPK, anti-p38MAPK, (B) anti-phospho-JNK, anti-JNK, (C) anti-phospho-ERK 
and anti-ERK antibodies against the activated MAPKs. Actin was assessed as a loading control. The data shown are representative of at least three independent 
experiments (Supplementary Figure S8). Compared with control group, ###P<0.001; Compared with LPS group, *P<0.05, **P<0.01, ***P<0.001.
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usually present in the cytosol before the cells are stimulated. 
When cells are exposed to inflammatory stimuli, such as LPS, 
the phosphorylation and degradation of the IκB-α protein 
promote NF-κB transcription into the nucleus and activate 
the transcription of inflammatory genes. Our studies found 
that Euph E and Euri A inhibited the phosphorylation of 
IκBα and the translocation of the p65 subunit of NF-κB from 
the cytosol to the nucleus in macrophages, which indicated that 
NF-κB dependent cascade was involved in the signaling lead-
ing to compounds-induced inflammatory mediator 
downregulation.

Our results also showed that Euph E and Euri 
A significantly increased the releases of TNF-α, PGE2, 
and the expression of COX-2 in macrophages. TNF-α 
and COX-2, as pro-inflammatory cytokines secreted by 
macrophages, are involved in a variety of immune and 
inflammatory responses, including chronic inflammation, 
malignant tumors, and other diseases.35 The expression 
level of them is an important indicator of immune function 
of macrophages and monocytes, and also affects the polar-
ization of macrophages and the prognosis of tumor 
therapy.36,37 Euphorbia neriifolia is usually easy to cause 
primary irritation, swelling, inflammation, and allergic 
reactions to the skin and mucous membranes during tradi-
tional use, which is probably closely related to the up- 
regulation of various proinflammatory factors mentioned 
above. This group of Ingenane-type diterpenoids might 
play an important role in further activation of macrophages 
and enhancement of immune response.

Our further results proved that Euph E and Euri 
A dramatically increased PKCδ phosphorylation, 

thereby activating the PKC signaling pathway. PKCδ 
belongs to the novel subtype of PKC isoenzymes 
family, which widely distributes in mammalian tissues 
and cells and plays an important biological role in 
cell growth, metabolism, proliferation, and 
differentiation.38 Combined with the structural informa-
tion of the compounds, Euph E and Euri A were struc-
tural analogues of PEP005, which is considered as an 
effective activator of PKCs. It indicated that the signal-
ing mechanism of the compounds may be related to the 
regulation of PKC isoenzymes. The activation of PKCs 
regulates downstream cellular kinases, such as 
MAPKs,39 which plays a principal role in regulating 
cell growth and differentiation as well as the secretion 
of cytokines.40 At least three distinct MAPK protein 
subfamilies have been found in eukaryotic cells, includ-
ing ERKs, JNKs, and p38 MAPKs. Once activated by 
upstream specificity kinases, these MAPKs phosphory-
late and activate specific substrates on amino acid resi-
dues and affect downstream targets.41 In our study, 
Euph E and Euri A enhanced the phosphorylation of 
JNK, ERK, and p38 MAPK in LPS-stimulated 
RAW264.7 cells. Additionally, previous works had 
reported that MAPKs cascade was one of the pivotal 
signaling mechanisms that regulated cytokine induced 
COX-2 protein expression and prostaglandin 
biosynthesis.42 Our results also showed that under the 
action of PKCδ inhibitors, the phosphorylation levels of 
PKCδ, JNK, and ERK and the expression of COX-2 
induced by Euph E and Euri A were significantly inhib-
ited, suggesting that PKCδ was a key target of immune- 

Figure 9 Euph E and Euri A promoted PKCδ activation in macrophages. Cells were co-incubated with LPS (1 μg/mL) for 30 min after pretreated with Euph E or Euri A for 1 
h. Protein extracts were then analysed for PKC-δ phosphorylation by Western blotting. Actin was assessed as a loading control. The experiments were performed in 
triplicate (Supplementary Figure S9). Compared with LPS group, *P<0.05, ***P<0.001.
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Figure 10 PKCδ inhibitors inhibited compounds inducing immune activation. Cells were preincubated with compounds (20 µM) in the absence or presence of PKCδ 
inhibitors (200 nM) for 1 h and stimulated with 1 μg/mL LPS for 30 min (for p-PKCδ, p-JNK and p-ERK) or 18 h (for COX-2). Actin was assessed as a loading 
control. Compared with control group, ###P<0.001; Compared with LPS group, *P<0.05, **P<0.01, ***P<0.001.
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activated macrophages induced by the compounds. 
Taken together, we concluded that the compounds prob-
ably acted on PKCδ and then activated the MAPK 
signaling pathway and downstream cytokines, which 
further actively regulate phagocytic and immune func-
tions of macrophages.

Conclusion
Taken together, our current studies demonstrated that Euph 
E and Euri A provided a pivotal signaling transduction 
mechanism that might be involved in the regulation of macro-
phage function, and were closely related to the regulation of 
PKCδ/MAPKs and NF-κB signaling pathways (Figure 11). 
The multidirectional effects of Euph E and Euri A on inflam-
matory mediators indicated that the compounds complicatedly 
regulated and balanced the functions of these important 
inflammatory cytokines and might activate certain negative 
feedback mechanisms in inflammatory response of macro-
phages. At the same time, it also reasonably explained the 
dual effects of immune activation and anti-inflammatory 
immune suppression in the immunopharmacological activity 
of Euphorbia neriifolia, and was conducive to the more rea-
sonable development and utilization of it.
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