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Abstract: Latent HIV is a key factor that makes AIDS difficult to cure. Highly effective and specific
latent HIV activators can effectively activate latent HIV, and then combined with antiretroviral therapy
to achieve a functional cure of AIDS. Here, four sesquiterpenes (1–4) including a new one (1), five
flavonoids (5–9) including three biflavonoid structures, and two lignans (10 and 11) were obtained
from the roots of Wikstroemia chamaedaphne. Their structures were elucidated through comprehensive
spectroscopic analyses. The absolute configuration of 1 was determined by experimental electronic
circular dichroism. NH2 cell model was used to test the activity of these 11 compounds in activating
latent HIV. Oleodaphnone (2) showed the latent HIV activation effect as well as the positive drug
prostratin, and the activation effect was time- and concentration-dependent. Based on transcriptome
analysis, the underlying mechanism was that oleodaphnone regulated the TNF, C-type lectin receptor,
NF-κB, IL-17, MAPK, NOD-like receptor, JAK-Stat, FoxO, and Toll-like receptor signaling pathways.
This study provides the basis for the potential development of oleodaphnone as an effective HIV
latency-reversing agent.

Keywords: Wikstroemia chamaedaphne; natural products; daphne H; oleodaphnone; latent HIV
activators; transcriptome

1. Introduction

AIDS is an infectious disease caused by human immunodeficiency virus (HIV) that
seriously endangers human health. Combination antiretroviral therapy (cART) can maxi-
mize the inhibition of HIV replication, effectively reduce the plasma viral load, prolong
the asymptomatic period of infected people, and thus prolong the life of infected people.
However, cART cannot completely eradicate HIV-1 in the body, nor can it restore the
immune function of infected people. Importantly, the viral load will rebound rapidly after
cART is stopped. This is because some HIV-1 will persist stably in some resting CD4+ T
cells after infection, forming the HIV latency reservoir. Therefore, eliminating the HIV
latency reservoir is the key to curing AIDS. At present, the “shock and kill” strategy has
become an effective method to eliminate viral reservoirs [1]. Drugs are used to activate
the gene transcription (shock) of HIV lurking in cells, and then kill the virus (kill) through
the body’s immune system, ART, or other intervention methods to eliminate the latent
HIV. Thus, the discovery of efficient and specific HIV latency-reversing agents (LRAs) has
become the core of the “shock and kill” strategy.

Natural products have been an important source of drug discovery. At present, many
natural activators with latent HIV activation have been found, among which tigliane diter-
pene prostratin has been under clinical study [2–4]. In addition, the daphnane diterpene
gnidimacrin not only inhibited HIV replication, but also highly activated latent HIV, which
was 2000 times more effective than prostratin [5,6]. Previously a series of tigliane and
daphnane diterpenes were isolated from the buds of Wikstroemia chamaedaphne by our

Int. J. Mol. Sci. 2023, 24, 7357. https://doi.org/10.3390/ijms24087357 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24087357
https://doi.org/10.3390/ijms24087357
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-2112-585X
https://orcid.org/0000-0002-9247-6334
https://doi.org/10.3390/ijms24087357
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24087357?type=check_update&version=1


Int. J. Mol. Sci. 2023, 24, 7357 2 of 16

group [7–9]. These diterpenes were shown to activate latent HIV, and transcriptomic analy-
sis showed that they mainly affect RNA synthesis, signal transduction, protein synthesis,
and receptor activation [10]. Therefore, in order to explore more novel latent HIV activators,
the chemical investigation of the roots Wikstroemia chamaedaphne was further studied. In
this work, four sesquiterpenes (1–4) including a new one (1), five flavonoids (5–9) including
three biflavonoid structures, and two lignans (10 and 11) were obtained and identified
(Table 1). Compounds 2, 6, and 7 were isolated from this genus for the first time, and
compound 5 was isolated from this plant for the first time. NH2 cell model was used to test
the activity of these 11 compounds in activating latent HIV, and compound 2 (oleodaph-
none) showed a strong effect in activating latent HIV. The effect of oleodaphnone on latent
HIV activation showed a time and dose relationship, and the mechanism of oleodaphnone
activating latent HIV was further investigated via transcriptomic analysis.

Table 1. Chemical constituents from the roots of Wikstroemia chamaedaphne.
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(+)-pinoresinol (10), and 3,4-divanillyltetrahydrofuran (11) by comparing their NMR and
MS data (Figures S1–S13) with reported values, respectively.

Table 2. NMR data of compounds 1–4.

NO.
1 (CD3OD) 2 (CD3OD) 3 (CDCl3) 4 (CD3OD)

1H 13C 13C 1H 13C 1H 13C

1 144.5 144.8 83.4 1.32, overlap 56.9

2 2.12, overlap 26.6 3.18, q (21.0) 40.6
2.61, d (18.0)

52.3
1.67, overlap

25.82.43, d (18.0) 1.32, overlap

3
1.65, overlap

31.9 203.1 207.8
1.67, overlap

29.81.41, dd
(12.6, 7.8) 1.32, overlap

4 2.12, overlap 36.0 145.1 139.1 1.67, overlap 46.4
5 2.21, overlap 44.2 163.9 174.6 48.2

6
1.61, overlap

30.0
3.05, d (16.8)

35.3
2.74, d (18.6)

36.9
2.76, d (16.8)

49.51.01, d (12.6) 2.91, overlap 2.62, d (18.0) 2.24, d (16.8)

7 2.70, dd
(13.2, 6.0) 45.8 2.76, m 39.3 2.27, overlap 44.0 201.5

8 86.2 2.91, overlap 49.6
1.81, m

31.3 138.01.54, m

9
3.43, d (10.8)

63.5 201.5
1.65, m

31.9 6.84, m 145.93.29, d (10.8) 1.54, m

10 123.7 131.6 2.27, overlap 41.2
2.36, d (19.8)

25.42.13, d (19.8)
11 153.7 147.9 152.5 1.67, overlap 29.4

12
4.96, s

104.0 4.83, d (9.0) 110.3
4.78, s

109.4 0.78, t (9.6) 24.24.84, s 4.71, s

13
4.31, d (13.2)

68.9 1.82, s 19.4 1.79, s 20.5 0.95, t (9.6) 21.64.21, d (13.2)
14 1.58, s 12.3 1.98, s 16.3 1.68, s 14.6 0.87, m 17.3
15 0.62, d (7.2) 13.5 1.87, s 7.8 0.77, d (7.2) 7.8 4.24, s 62.2

Compound 1 was isolated as a colorless oil. Its molecular formula was identified as
C15H22O2 (five degrees of unsaturation) by its positive-ion HRESIMS (257.1514 [M + Na]+,
calcd. 257.1512, Figure S1). The 1H-NMR spectrum (Figure S2) displayed characteristic
signals for one methyl singlet at δH 1.58 (3H, s), one methyl doublet at δH 0.62 (3H, d,
J = 7.2 Hz), two oxymethylene groups at δH 3.29 (1H, d, J = 10.8 Hz, H-9α), 3.43 (1H, d,
J = 10.8 Hz, H-9β), 4.21 (1H, d, J = 13.2 Hz, H-13α), and 4.31 (1H, d, J = 13.2 Hz, H-13β),
and one terminal double bond at δH 4.84 (1H, s, H-12a) and 4.96 (1H, s, H-12b). The
13C-NMR and HSQC spectra (Figures S3 and S4) showed that compound 1 had 15 carbon
signals, including two groups of double bond signals (δC 153.7, 144.5, 123.7, 104.0), two
methyl signals (δC 13.5, 12.3), two sp3 oxymethylene signals (δC 68.9, 63.5), three sp3
methylene signals (δC 31.9, 30.0, 26.6), three sp3 methine signals (δC 45.8, 44.2, 36.0), and
one sp3 quaternary carbon signal (δC 86.2). The unsaturation of compound 1 minus the
two unsaturations occupied by two groups of double bonds leaves three unsaturations,
indicating that compound 1 should be a sesquiterpene with a three-ring system. Further
analysis of 1H-1H COSY and HMBC spectra (Figures S5 and S6) can confirm that compound
1 is a guaiane type sesquiterpene (Figure 1A), and the NMR signal of compound 1 is very
similar to that of the known compound daphne A [11]. After detailed comparison with
daphne A, it is found that compound 1 had one more methylene signal (δC 26.6) and
lacked one oxygenated methine signal (δC 71.1) compared with daphne A. It indicated that
compound 1 should be the product of the reduction of 2-hydroxy group in daphne A. This
conclusion was further confirmed by 1H-1H COSY and HMBC data, and this structure
was consistent with the molecular weight of compound 1. Thus, the planar structure of
compound 1 was identified as shown in the figure.
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The relative configuration of compound 1 was elucidated by the ROESY experiment
(Figure S7). The ROESY (Figure 1A, blue arrow) correlations of H-5 to H-2α and H-7,
H-7 to H2-9 indicated that H-2α, H-5, H-7, and H2-9 were co-facial and assigned as the
α-configuration. Meanwhile, the ROESY (Figure 1A, blue arrow) correlations of H3-15 to
H-2β indicated that H3-15 were assigned as β-configuration. Since compound 1 differed
from daphne A only in that the hydroxyl group in daphne A was reduced in compound
1, the absolute configuration of compound 1 can be determined by comparing the CD
spectrum with that of daphne A [11]. It can be seen from Figure 1B that the CD spectrum of
compound 1 and daphne A had the same Cotton effect, indicating that they had the same
configuration. Thus, the absolute configuration of 1 was assigned as 4S, 5S, 7R, 8S, and
named as daphne H.

2.2. Oleodaphnone Is an Efficient HIV LRA

All the isolated compounds were subjected to assay for HIV latency reversal in
the HeLa-NH2 cell lines, which is a popular cell model created for studying HIV post-
integrative latency [12]. In HeLa-NH2 cells, the reversal response to latent HIV was
evaluated by detecting the expression of luciferase. By quantifying luciferase activity in
NH2 cells, we were able to generate a functionally relevant drug-response profile defined
by the fold changes of luciferase activity.

As shown in Figure 2A, all compounds except compound 2 (oleodaphnone) did not
show the effect of activating latent HIV at 10 µM. After compound 2 treatment of NH2 cells,
the fold change in luciferase activity was 40.25, and the fold changes of luciferase activity
for the positive control prostraitin was 88.05. In addition, treatment of NH2 cells with all
compounds (10 µM) for 24 h had no effect on cell survival (Figure 2B), and treatment of
NH2 cells with different concentrations of compound 2 for 48 h also had no effect on cell
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survival. To comprehensively assess the HIV latency-reversing activity of oleodaphnone,
the NH2 cells line was treated with different concentrations of oleodaphnone, (0.5, 1, 2, 5,
and 10 µM) and prostratin (10 µM) for 24 h. Following treatment, the HIV latency-reversing
activity was measured, indicating that oleodaphnone reactivated latent HIV in a dose-
dependent manner (Figure 2C). Next, we measured the time-dependent reactivation of
latent HIV. NH2 cell lines were treated with 10 µM oleodaphnone for 3, 6, 12, and 24 h and
assessed for HIV latency-reversing activity. This showed that oleodaphnone reactivated
latent HIV in a time-dependent manner (Figure 2D). The maximal HIV latency-reversing
activity of oleodaphnone might be achieved with a processing time of approximately 12 h
(Figure 2C). Altogether, these data confirmed that oleodaphnone activates latent HIV in
a dose- and time-dependent manner, supporting the conclusion that oleodaphnone is an
efficient HIV LRA.
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trating the HIV latency reversal profiles of NH2 cells screened with 11 compounds from W. 

Figure 2. Characterization of oleodaphnone as an HIV latency-reversing agent. (A) Histogram
illustrating the HIV latency reversal profiles of NH2 cells screened with 11 compounds from W.
chamaedaphne. NH2 cells were treated with the indicated compounds for 24 h and subjected to
HIV latency reversal assays. The color represented the compound. (B) Cytotoxicity evaluation of
11 compounds. NH2 cells were treated with 11 compounds at 10 µM for 24 h, and subjected to in vitro
cytotoxicity assays. The color represented the compound. Data are presented as mean± SEM (n = 3).
(C) Dose-dependent effects of oleodaphnone on the reactivation of latent HIV. NH2 cells were treated
with the indicated concentration of oleodaphnone for 24 h and subjected to HIV latency reversal
assays. The color represented the dose. Data are presented as the mean± SEM. (n = 3, * p < 0.05,
*** p < 0.001, compared with control). (D) Time-dependent effects of oleodaphnone on the reactivation
of latent HIV. NH2 cells were treated with 10 µM oleodaphnone for the indicated number of hours
and subjected to HIV latency reversal assays. The color represented the time. Data are presented as
the mean± SEM (n = 3, *** p < 0.001, compared with control).
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As far as we know, oleodaphnone is a guaiane-type sesquiterpenoid originally ob-
tained from Daphne oleoides ssp. Oleoides, which did not show any bioactivity or pharma-
cology effect [13]. This is the first report on the effects of oleodaphnone on HIV. Thus, to
extend these findings, the following studies were conducted to understand the mechanism
of action of oleodaphnone.

2.3. Oleodaphnone Reprograms the Transcriptome of NH2 Cells

Given the remarkable potential induction of latent HIV transcription by oleodaphnone,
we next sought to dissect the influence of oleodaphnone on the gene transcription profiles of
model cells. To address this, transcriptome-wide sequencing (RNA-Seq) was first performed
to quantitate gene transcription changes in NH2 cells after treatment with oleodaphnone.
NH2 cells were treated with 10 µM oleodaphnone for 0 h, 3 h, 6 h, and 12 h (Figure 3A).
Three biological replicates of each treatment were assembled to generate 12 independent
samples by collecting cell cultures on different days. The 12 independent samples were
grouped into four groups, and the three replicate samples of each group formed a tight
cluster in the principal component analysis (PCA) and cluster analysis, showing that
samples were available with good reproducibility (Figure 3B,C).
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In addition, the clusters of every treatment group were clearly distinguished, indi-
cating that oleodaphnone could change the transcriptome of NH2 cells over the course of 
treatment (Figure 3B,C). Indeed, a comparison of the gene expression levels among all 
groups revealed a total of 2108 differentially expressed genes (|log2FoldChange| > 1, p-
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Figure 3. Time course evaluation of the gene transcription profiles of oleodaphnone-treated NH2 cells.
(A) Diagram of the protocol used to generate samples for transcriptome-wide sequencing. NH2 cell
cultures were treated with 10 µM oleodaphnone at the indicated time points and collected at the last
time point. (B) PCA of 12 independent samples treated under the indicated conditions. The transcript
levels of each independent sample were subjected to principal component analysis (PCA) regression
of principal components. (C) Heatmap showing clustering of differentially expressed genes in NH2
cells treated with oleodaphnone for different times. (D) The volcano plot of the mRNA-seq analysis
of NH2 cells after oleodaphnone exposure. Red indicates upregulated differentially expressed genes
(DEGs), and blue indicates downregulated DEGs.
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In addition, the clusters of every treatment group were clearly distinguished, indi-
cating that oleodaphnone could change the transcriptome of NH2 cells over the course
of treatment (Figure 3B,C). Indeed, a comparison of the gene expression levels among
all groups revealed a total of 2108 differentially expressed genes (|log2FoldChange| > 1,
p-value < 0.05) (Table S1). The 3 h, 6 h and 12 h oleodaphnone treatments upregulated
494, 438, and 417 differentially expressed genes (DEGs), respectively, and downregu-
lated 313, 314, and 132 DEGs (Figure 3D and Table S1). Thus, oleodaphnone induced
a time-dependent change in gene expression patterns, suggesting a salient capacity of
oleodaphnone to reprogram the transcriptome of NH2 cells.

2.4. Identifying Biological Processes and Cell Signaling Responses to Oleodaphnone

In order to gain insight into the mechanism of oleodaphnone activation of latent
HIV, gene ontology (GO) enrichment analysis was performed on the DEGs in NH2 cells
affected by oleodaphnone. A functional enrichment analysis of gene ontology (GO) terms is
composed of cellular component, molecular function, and biological process. The biological
process reflects the whole biological effect of the cell treated with drugs, so we found that the
biological process affected by oleodaphnone mainly included cell surface receptor signaling
pathway, cell communication, multicellular organism development, positive regulation
of gene expression and defense response, etc. To further analyze the overall change state
of the biological processes induced by oleodaphnone at different times, the first 25 GO
terms at 3 h, 6 h, and 12 h were selected for heat map analysis (Table S2). As can be seen
from Figure 4A, the summarized biological processes in the three time periods were mainly
divided into five categories: DNA synthesis, signal transduction, gene expression, biological
regulation, and cellular processes. With the extension of treatment time, DNA synthesis
and gene expression decreased. With the extension of treatment time, the expression of
signal transduction process was up-regulated at 6 h and significantly decreased at 12 h.
Among them, the response to stimulus, external stimulus, organic substance, cytokines, and
chemicals was enhanced with the extension of time. The regulation and negative regulation
of response to stimulus were the strongest at 6 h and the weakest at 12 h. The intracellular
response to stimulus, chemicals, cytokines, and organic substance was also enhanced. The
process of cell population proliferation and cell adhesion showed the maximum value at
6 h after treatment, and decreased to a certain extent at 12 h. In the biological regulation
process, it was clearly observed that the positive regulation of RNA biosynthetic process of
NH2 cells treated with oleodaphnone for 6 h showed a significant reduction.

In order to further understand which signaling pathways were significantly affected
in oleodaphnone-induced NH2 cells, Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis was performed to annotate the DEGs. The results showed that a
total of 284 signaling pathways were enriched (Table S3). According to p-value < 0.05, the
top 15 signal pathways with the highest correlation were selected for heat map analysis
(Figure 4B). Significantly enriched signaling pathways were found to include TNF, C-type
lectin receptor, NF-κB, IL-17, MAPK, NOD-like receptor, JAK-Stat, FoxO, and Toll-like
receptor signaling pathways. To further analyze how oleodaphnone significantly altered
these signaling pathways at different time periods, the significance levels of up-regulated
and down-regulated DEGs at 3 h, 6 h, and 12 h were further analyzed by heat map respec-
tively. The results showed that TNF signaling pathway was most significantly expressed.
With the extension of treatment time, C-type lectin receptor and NF-κB signaling pathway
were significantly down-regulated, and the most up-regulated DEGs were significantly
down-regulated. The significance levels of IL-17, MAPK, and JAK-STAT signaling path-
ways all showed a peak at 6 h after treatment, and then began to be down-regulated. Hippo
and TGF-β signaling pathways were down-regulated with the increase in treatment time,
most of the down-regulated DEGs in the former were significantly down-regulated, and
most of the up-regulated DEGs in the latter were significantly down-regulated. In particu-
lar, Wnt signaling pathway was significantly down-regulated in oleodaphnone-induced
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NH2 cells for 6 h and 12 h. Both up-regulated and down-regulated DEGs showed extremely
significant down-regulation.
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2.5. PPI Network Analysis and Identification of Hub Genes

The 3 h, 6 h, and 12 h oleodaphnone treatments upregulated 494, 438, and 417 differ-
entially expressed genes (DEGs), respectively, and downregulated 313, 314, and 132 DEGs
(Figure 3D and Table S1). Among these results, 194 overlapped DEGs were obtained,
including 169 upregulated DEGs and 25 downregulated DEGs. Protein–protein interac-
tion (PPI) network analysis on the overlapped DEGs was performed by using the String
database online service platform, and the results including 191 nodes and 599 edges are
shown in Figure 5A. Then we performed GO analysis and KEGG pathway analysis on the
194 overlapped DEGs. Finally, 945 BPs, 23 CCs, 63 MFs, and 74 KEGG pathways were
obtained (p value < 0.05).
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GO analysis showed that oleodaphnone might regulate biological processes such as
response to tumor necrosis factor, CD4-postive, alpha-beta T cell activation and differen-
tiation, etc (Figure 5B). The KEGG pathway analysis showed that oleodaphnone might
regulate TNF signaling pathway, NF-κB signaling pathway, IL-17 signaling pathway, etc
(Figure 5C).

In order to obtain the hub genes, we imported the PPI network into the Cytoscape
platform, and the Cytohubba plug-in was used for the identification of hub genes. The top
10 nodes generated by degree method were regarded as hub genes, i.e., TNF, IL6, CXCL8, FOS,
EGFR, NFKBIA, CCL2, EGR1, ICAM1, and DUSP1. The PPI network of the 10 hub genes
had 10 nodes and 44 edges, with an average node degree of 8.8 and p value of 6.36 × 10−13

(Figure 5D).

2.6. Validation on the Changes of TNF and IL-17 Signaling Pathways Induced by Oleodaphnone

To evaluate the effect of oleodaphnone on the TNF and IL-17 signaling pathways,
we detected mRNA expressions of CCL2, CCL20, CXCL8, and IL6 genes using RT-qPCR
methods. As shown in Figure 6, the expressions of CCL2, CCL20, CXCL8, and IL6 were
significantly increased in the oleodaphnone treated groups compared with blank control
group (p value < 0.05). At the same time, it was also observed that CCL2, CCL20, CXCL8,
and IL6 genes were highly expressed in oleodaphnone treatment for 3 h. Then, with the
extension of treatment time, the expression of CCL2, CCL20, CXCL8, and IL6 genes began
to decline. This trend is consistent with results from transcriptomic.
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Figure 6. RT-qPCR analysis for CCL2, CCL20, CXCL8 and IL6 genes. (n = 3, * p < 0.05, ** p < 0.01,
*** p < 0.001, compared with blank control group).

3. Discussion

Since HIV-1 infects host cells, its viral genome can be integrated into the host cell
genome to form silent proviruses. These silent proviruses do not transcribe or replicate at
very low levels, thus avoiding the attack of the host immune system and antiretroviral and
thus remain dormant for a long time [14,15]. However, once the environment changes, such
as the withdrawal of antiviral drugs, latent HIV can recover the ability to replicate, leading
to rapid deterioration of HIV patients [16,17]. Therefore, efficient elimination of HIV-1
latent reservoir has become the key to overcome the AIDS problem. Currently, LRA has
been found to mainly include histone deacetylase inhibitor (HDACi), BRD protein inhibitor,
PKC activator, P-TEFb activator, DNA methylase inhibitor, cytokine, etc. Although a few star
molecules have entered clinical trials [4,18], the clinical results are not satisfactory, which may
be due to the inadequate immune response of the host and the insufficient activation activity
of LRA in vivo [19,20]. In addition, LRA can generally cause some toxic side effects, such as
over-activation of CD4+ T cells and immune disorders, which is also an urgent problem to be
solved [21,22]. Therefore, based on the “Shock and Kill” treatment strategy, screening safe
and efficient LRA and discovering new activation mechanisms and targets are the foundation
and key issues of the current AIDS drug research and development.

In this study, 11 compounds isolated from the stem of Wikstroemia chamaedaphne were
tested for the activation of latent HIV for the first time, and one guaiane type sesquiterpene
oleodaphnone showed strong activation of latent HIV. Further study showed that oleodaph-
none activated latent HIV in a time- and concentration-dependent manner, indicating that
oleodaphnone was a potential LRA. The transcriptomic profile also showed that the biolog-
ical processes of NH2 cells regulated by oleodaphnone were significantly time dependent.
In particular, two biological processes, DNA synthesis and gene expression, which were
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significantly affected by oleodaphnone after 3 h, returned to normal after 12 h. Similarly, the
signal pathways regulated by oleodaphnone were evident after 3 h of treatment, but these
pathways began to be reversed after 6 h and 12 h. It can be seen that the time dependence
of the biological processes and signaling pathways affected by oleodaphnone was just
consistent with the effect of oleodaphnone on the activation of latent HIV, and the best time
for oleodaphnone to activate latent HIV was 3 h. Since HIV is main latent in the CD4+ T cell
genome, it took time for oleodaphnone to activate latent HIV expression before it reached
the genome. In addition, this activation process was a drug metabolism process. The
time-dependent results of oleodaphnone activation of latent HIV are different from those
of wikstroelide E [10]. The biological processes and signaling pathways affected by oleo-
daphnone and wikstroelide E are also quite different. Although oleodaphnone also affected
signaling pathways such as NF-κB, JAK-STAT, MAPK, and HIPPO, which had been shown
to be effective in activating latent HIV, oleodaphnone displayed the most significant effects
on TNF signaling, and C-type lectin receptor signaling. Many studies have shown that
TNF plays an important role in HIV infection and progression; for example, demonstrating
that hepatitis C virus core protein can enhance HIV-1 replication and activate latent HIV
expression in human macrophages by upregulating TNF-α [23,24]. C-type lectin expressed
on dendritic cells (DCs), can sequester HIV virus in multi-vesicular bodies [25]. A specific
C-type lectin receptor expressing in Langerhans cells, named langerin, is involved in HIV
capture and destruction [26]. HIV is an extremely harmful virus, HIV mainly infects a vari-
ety of immune cells with CD4+ T and chemokine receptors CXCR4/CCR5 on their surface,
making them in a latent infection state [27]. Therefore, although the extent to which the
compounds activate latent HIV activity is different, the induced signaling pathways may
have similarities and particularities. This may be related to the target of latent HIV activator.
PKC may be the direct target of diterpene activation of latent HIV like wikstroelide E, but
the target of oleodaphnone may be more related to TNF, IL6, CXCL8, FOS, EGFR, NFKBIA,
CCL2, EGR1, ICAM1, and DUSP1.

As far as we know, oleodaphnone was first isolated from Daphne oleoides ssp.
Oleoides [13]. Oleodaphnone showed neither cytotoxic effect against MKN-45, SKOV3, and
Du145 cell lines at 20 µM nor inhibitory effects on ferroptosis in HT-22 cells at 40 µM [28,29].
In addition, then no biological activity was reported about oleodaphnone. This is the first
report of the activation on latent HIV of oleodaphnone, and also the first report of the
activation on latent HIV by this sesquiterpene. However, compound 3, also guaiane type
sesquiterpene, did not show the effect of activating latent HIV. The difference between
oleodaphnone and compound 3 is that oleodaphnone has an extra pair of α,β-unsaturated
ketone. The α,β-unsaturated ketone are known to form stable covalent bonds with cysteine
residues via Michael addition. We speculate that oleodaphnone may form complexes with
some key targets regulating the latent HIV and inhibit the function of these targets, thus
playing a role in activating latent HIV. Therefore, exploring the target of oleodaphnone to
activate latent HIV may provide a basis for the discovery of novel biological activities of
this sesquiterpene.

4. Materials and Methods
4.1. General Experimental Procedure

The ECD spectra were obtained with a BioLogic MOS-450 spectropolarimeter (Bio-
Logic Co., Ltd., Grenoble, French). The 1D and 2D spectra were recorded on a Bruker-
ARX-600 spectrometer (600 and 150 MHz, Karlsruhe, Germany): δ in ppm, J in Hz. High
resolution electrospray ionization mass measurements (HRESIMS) were recorded in posi-
tive ion mode on a Micro TOF-Q (quadrupole-Time of Flight) instrument with a Bruker
ESI source. Semipreparative HPLC was performed with an Agilent 1200 series (Califor-
nia, Agilent Technologies Co., Ltd., USA) with UV detection, using a C18 Agilent column
(9.4 × 250 mm, 5 µm; Agilent) at a flow rate of 3.0 mL/min. Column chromatography was
performed on silica gel (10–40 µm, Qingdao Marine Chemical Factory, Qingdao, China) and
Sephadex LH-20 (40–70 µm, Amersham Pharmacia Biotech AB, Uppsala, Sweden). MPLC
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was performed on Büchi Sepacore System (Büchi Labortechnik AG, Flawil, Switzerland), and
columns packed with ODS C18 (40–75 µm, Fuji Silysia Chemical Ltd., Mizuho-Tori, Japan).

4.2. Plant Material

The roots of Wikstroemia chamaedaphne Meisn. were collected from Jiangxian County
(latitude 35◦52′ N; longitude 111◦49′ E), Shanxi Province, People’s Republic of China, in July
2018, and identified by Prof. Feng Zhang at Institute of Loess Plateau, Shanxi University,
China. The voucher specimen (No. 20180702C) was deposited in the Key Laboratory of
Chemical Biology and Molecular Engineering of Education Ministry, Institute of Molecular
Science, Shanxi University, China.

4.3. Extraction and Isolation

The air-dried root of W. chamaedaphne (5 Kg) was extracted with ethanol (50 L) under
reflux two times, 2 h for each time. The combined extracts were concentrated to yield a dry
residue (420 g). This residue was divided into six fractions (A-F) by silica gel column chro-
matography. Fraction C (50.0 g) was chromatographed on C-18 eluted with MeOH/H2O
(1:4–5:0) to afford subfractions C1-C7. Subfraction C6 (1.7 g) was subjected to Sephadex
LH-20 eluted with MeOH/H2O (9:1, v/v) to yield C6a and C6f. C6d was followed by purifi-
cation over semipreparative HPLC (85% MeOH in H2O) to yield compounds 1 (1.2 mg) and
2 (8.6 mg). Subfraction C5 (29.5 g) was subjected to gel chromatography again, and divided
into three subfractions (C5a-C5c) by the mobile phase was CHCl3/MeOH. Subfraction C5c
was followed by purification over semipreparative HPLC to yield compounds 3 (5.2 mg),
4 (23.2 mg), 10 (9.3 mg), and 11 (35.8 mg). Subfraction C5a (2.6 g) was eluted by gel Sephadex
LH-20 (chloroform/methanol 1:1) and recrystallized to obtain compound 8 (4.3 mg). Sub-
fraction C4 (32.3 g) was subjected to column chromatography eluted with CHCl3 containing
an increasing amount of MeOH to afford C4a-C4d. C4c (32.3 g) was subjected to Sephadex
LH-20 (eluted with MeOH), followed by purification over semipreparative HPLC to yield
compounds 5 (9.5 mg), 6 (38.7 mg), and 7 (20.3 mg). After the same column chromatography,
compound 9 (8.8 mg) was isolated from component C4d.

4.4. Cell

NH2 cells were generated with pcDNA3-Tat-HA by transfection of NH1 cells contain-
ing an integrated HIV-1 LTR-luciferase reporter, and then, they were selected with G418
to obtain a stable clone [30]. The production of Tat-HA in the G418-resistant clone NH2
was confirmed by western blotting [31]. NH2 cell lines were cultured in DMEM complete
medium. All complete medium was supplemented with 10% fetal bovine serum (Sijiqing;
Zhejiang Tianhang Biotechnology Co., Ltd., Hangzhou, China), 50 µg/mL penicillin, and
50 µg/mL streptomycin.

4.5. HIV Latency-Reversing Assays

Luciferin was used as a substrate to detect luciferase activity. During incubation, the
HIV pro-viral gene was silenced, so luciferase was not expressed in the cell. After being
activated, the HIV pro-viral gene begins to be expressed, and luciferase is also expressed
in cells. The expression of luciferase indicated that the HIV provirus in NH2 cells was
activated for transcription. The cells were treated with compounds and then subjected to a
luciferase assay with a Luciferase Reporter Gene Assay Kit (RG005, Beyotime Biotechnology,
Shanghai, China). The ability of the drug (compounds) to activate latent HIV was indicated
by the fold change in luciferase activity and calculated by the following formulas.

Fold change (luciferase activity) = Ldrug/LDMSO, where drug indicates the drug-treated
groups and DMSO indicates the DMSO-treated groups as drug-untreated groups.

4.6. Transcriptome Analysis

Oleodaphnone (10 µM) was added to the cells incubated for 0 h, 3 h, 6 h, and 12 h,
and three parallel wells were established in each group. The cells were collected and
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transferred to a 15 mL centrifuge tube at 500× g for 5 min, and the supernatant was
removed. TRIzol (1 mL) was added to every 5 × 106 cells. RNA was extracted with TRIzol
and 75% ethanol. After extracting RNA, total RNA quality inspection, mRNA purification,
mRNA fragmentation, cDNA synthesis, and library quality inspection were performed.
Based on the Illumina HiSeq sequencing platform, paired-end sequencing was performed
to obtain the raw data in FASTQ format (Raw Data). Then, Sanger quality value evaluation
was performed on the off-machine data, with statistically filtering and sorting of the data.
FastQC was used to perform quality inspection again, focusing on four indicators: GC
content distribution, base content distribution, single base quality, and sequence base
quality. Then, expression analysis was performed to evaluate the data quality. Differentially
expressed genes were screened. Through the comparison of gene expression (RPKM),
DESeq was used to analyze the differential genes. The screening conditions were as follows:
expression fold difference|log2fold change| > 1, significance p value < 0.05.

4.7. Bioinformatics Analysis

GO-Term Finder was used to identify GO terms that annotate a list of enriched genes
with a significant p-value < 0.05 [32]. The KEGG is a collection of databases dealing with
genomes, biological pathways, diseases, drugs, and chemical substances (https://www.
kegg.jp/ (accessed on 1 February 2023)). In-house scripts were used to find KEGG pathways
enriched in DEGs. All unigene sequences were also annotated using BLAST against the
nr, Clusters of Orthologous Genes (COG), Swiss-Prot, KEGG, and GO databases. PPI
network analysis on the DEGs was performed by using the String database online service.
Visualization of PPI network was performed on software Cytoscape and the Cytohubba
plug-in was used for the identification of hub genes.

4.8. RT-qPCR Analysis

Total RNA was extracted with an RNA Extraction Kit (Takara), and reverse transcribed
with RT Master Mix (Takara) according to the manufacturer’s protocol. Then, the generated
cDNA was subjected to quantitative RT-PCR analysis, with the use of TB Green® Premix
(Takara) and a QuantStudio 96 RT-PCR system (Thermo). Actin protein β-actin was used
as an internal control. The primer sequences were shown in Table 3.

Table 3. The sequences of the primers.

Primer Forward Primer (5′ to 3′) Reverse Primer (5′to 3′)

CCL2 AGAATCACCAGCAGCAAGTGTCC TCCTGAACCCACTTCTGCTTGG
CCL20 TGACTGCTGTCTTGGATACACAGA TGATAGCATTGATGTCACAGCCT
CXCL8 GTCCTTGTTCCACTGTGCCT GCTTCCACATGTCCTCACAA

IL6 AGACAGCCACTCACCTCTTCAG TTCTGCCAGTGCCTCTTTGCTG
β-actin AAGGATTCCTATGTGGGCGAC CGTACAGGGATAGCACAGCC

4.9. Statistical Analysis

Data are representative of three independent experiments, and error bars represent
the standard deviation. Two treatment groups were compared by the two-tailed unpaired
Student’s t test using Microsoft Excel and Prism 7.0 (GraphPad). Statistical significance is
indicated at * p < 0.05, ** p < 0.01 or *** p < 0.001.

5. Conclusions

In conclusion, 11 compounds including a new guaiane type sesquiterpene were ob-
tained from the roots of Wikstroemia chamaedaphne. The structure of the new sesquiterpene
along with the absolute configuration was elucidated by spectroscopic analysis. All the
11 compounds were tested to activate latent HIV, and only sesquiterpene oleodaphnone
was shown to be effective in activating latent HIV. Oleodaphnone activated latent HIV
in a time- and concentration-dependent manner, demonstrating that oleodaphnone is a
potent HIV LRA for HIV therapy. Mechanistically, transcriptome analysis indicated that

https://www.kegg.jp/
https://www.kegg.jp/
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oleodaphnone regulated the TNF, C-type lectin receptor, NF-κB, IL-17, MAPK, NOD-like
receptor, JAK-Stat, FoxO, and Toll-like receptor signaling pathways. Indeed, PPI analysis
revealed that TNF, IL6, CXCL8, FOS, EGFR, NFKBIA, CCL2, EGR1, ICAM1, and DUSP1
might be the targets of oleodaphnone to activate latent HIV.
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s Singlet (Spectroscopic)
d Doublet (Spectroscopic)
J Coupling constant (in NMR)
δ Chemical shift in parts per million downfield from TMS
2D NMR Two dimensional NMR
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