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Abstract

The thunder god vine ( Tripterygium wilfordii Hook. F) is traditionally used for inflammation-
related diseases in traditional Chinese medicine. In recent years, celastrol (a natural compound
from the root of the thunder god vine) has attracted great interest for its potential anticancer
activities. The free radical nitric oxide (NO) is known to play a critical role in colorectal cancer
growth by promoting tumour angiogenesis. However, how celastrol influences the NO pathway
and its mechanism against colorectal cancer is largely unknown. In this study, we investigated the
effects and mechanism of celastrol on nitric oxide synthase (NOS) and the angiogenesis pathway
in colorectal cancer. Our data show that celastrol inhibited HT-29 and HCT116 cell proliferation,
migration, and NOS activity in the cytoplasm. The antiproliferation activity of celastrol was
associated with the inhibition of INOS and eNOS in colorectal cancer cells. Treatment with
celastrol inhibited colorectal cancer cell growth and migration, and was associated with
suppression of the expression of key genes (TYMP, CDH5, THBS2, LEP, MMP9, and TNF) and
proteins (IL-1b, MMP-9, PDGF, Serpin E1, and TIMP-4) involved in the angiogenesis pathway. In
addition, combinational use of celastrol with 5-fluorouracil, salinomycin, 1400 W, and L-NIO
showed enhanced inhibition of colorectal cancer cell proliferation and migration. In sum, our
study suggests that celastrol could suppress colorectal cancer cell growth and migration, likely
through suppressing NOS activity and inhibiting the angiogenesis pathway.
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Introduction

Colorectal cancer (CRC) is a malignant tumour arising from the inner wall of the large
intestine. In the USA, colorectal cancer is the third most common cancer diagnosed among
men and women and the second leading cause of death from cancer. During 2018, it is
estimated that 97,220 individuals will be diagnosed with colon cancer and 43,030 with rectal
cancer and 50,630 will die because of this disease [1-3]. Chemotherapy is the most common
systemic treatments which can extend and improve quality of life for patients who have had
metastatic colorectal cancer. It can also reduce the risk of recurrence in patients with high-
risk colon cancer findings at surgery. 5-Fluorouracil (5-FU) and salinomycin (Sal) are
common chemotherapeutic agents used to treat with CRC or recurrence after CRC surgery
[4-7]. However, these drugs usually lead to severe side effects, including hand-foot
syndrome, neuropathy, and allergic or sensitivity reactions [8,9].

Aside from common chemotherapeutic agents, anti-vascular endothelial growth factor
(VEGF) agents, such as bevacizumab, ziv-aflibercept, regorafenib, and ramucirumab, have
all shown efficacy in the treatment of metastatic colorectal cancer (MCRC) and are currently
approved by the United States Food and Drug Administration (FDA) for mCRC [10-12].
Since the introduction of antiangiogenic agents, there has been significant interest in
understanding angiogenesis in CRC on a molecular basis and developing potent agents with
the capability of inhibiting the angiogenesis pathway [13]. The cellular processes of
angiogenesis include the following: hypoxia induces the production of nitric oxide (NO) and
the expression of VEGF and angiopoietin-1 and -2 (Ang-1 and Ang-2), which interact with
extracellular matrix (ECM) proteases to increase the permeability of the capillary vessel
wall. Increased permeability leads to the leakage of plasma proteins and fibrinogen from
capillary vessels, promoting the formation of transient ECM. The transient ECM can support
the growth of new vessels and accelerate the proliferation and migration of CRC [14,15].

Nitric oxide synthases (NOSs) are a family of enzymes catalyzing the production of NO
from L-arginine. NO is a well-known free radical that has been reported to be actively
involved in the development of angiogenesis and cancer [16]. There is also a strong
correlation between iNOS (inducible NOS) expression and tumour angiogenesis; one of the
most important promoters of the NO-mediated angiogenesis pathway is VEGF [17]. The
association between increased NOS activity and the presence of metastases raises the
possibility that NO works as a promoter for colorectal tumour cells and suggests the
inhibitors of NOS as potential anti-CRC drugs [18].

Celastrol (tripterine) is isolated from the thunder god vine ( 7ripterygium wilfordii Hook. F),
which is a traditional Chinese medicinal material for rheumatoid arthritis [19]. Previous
studies have investigated the effect of celastrol on lipopolysaccharide (LPS)-activated LP-1
human multiple myeloma cell-induced angiogenesis. Celastrol can down-regulate LPS-
induced TLR4 expression and inhibit LPS-induced VEGF secretion in LP-1 cells [20].
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Celastrol also targets the AKT/mTOR/P70S6K pathway, which leads to suppression of
tumour growth and angiogenesis [21,22]. Recently, reports indicated that celastrol regulates
HIF-1a at multiple levels that may together or individually contribute to its antitumour
activity against hypoxia-induced angiogenesis and metastasis [23,24]. The effects of
celastrol on endothelial cell tubulogenesis have also been tested by multiple studies. Pang
and colleagues demonstrated that celastrol inhibits VEGF-induced chemotactic motility,
capillary-structure formation, and cell viability of the human umbilical vein endothelial cells
(HUVECS) [25]. In addition, Ke et al. showed that celastrol significantly diminishes the
adhesion of HUVECS to fibronectin and inhibits HUVEC migration [26]. Celastrol has been
found to protect the TGF-B1-induced endothelial-mesenchymal transition of HUVECs and
inhibit the migration capacity of the transitioned endothelial cells [27]. Using an in vitro
angiogenesis assay, Li et al. also observed that HUVEC migration and invasion were
suppressed by celastrol-loaded nano micelles (CNMs), which also show inhibitory effects on
activated macrophage-induced corneal neovascularization (CNV) in rats [28].

Although there are several studies reporting the anti-cancer and antiangiogenesis activities of
celastrol, the effects and mechanism of celastrol on the angiogenesis and upstream NO-
related signalling pathways in CRC is largely unknown. In this study, we have explored the
effects of celastrol on CRC and its mechanism, and also investigated the effects of the
combinational use of celastrol and other chemotherapeutic agents (5-FU, salinomycin, 1400
W, and L-NI0O) in CRC.

Materials and methods

Cell culture, transfection and reagents

NOS assay

Two CRC cell lines, HT29, and HCT116 cells were obtained from ATCC. Cells were
maintained in Minimum Essential Medium (MEM) (Cellgro) supplemented with 4 mM L-
glutamine, 100 units/mL penicillin, 100 ug/mL streptomycin, 1% sodium pyruvate, 1% non-
essential amino acids, and 10% fetal bovine serum (FBS) at 37 °C with 5% CO,. For shRNA
transfection, HT29 and HCT116 cells were seeded (1 x 10%/well) in 6-well plates a day
before transfection and treated with iNOS (Santa Cruz) or eNOS (Santa Cruz) shRNA
plasmids for 48 hours with Lipofectamine 2000 (Invitrogen, Paisley, UK) according to the
manufacturer’s instructions. The iNOS or eNOS knockdown cell populations were selected
with puromycin treatment for 3 days. 1400 W and L-NIO were purchased from Cayman
Chemical (Ann Arbor, USA).

HCT116 cells with/without a stable knockdown of iNOS or eNOS, treated with celastrol or
vehicle control, were analyzed for NO production with a NOS assay, using the Ultra-
sensitive assay for the nitric oxide synthase kit (Oxford Biomedical Research, Oxford, MI,
USA). Cell culture media were collected or cell lysates were extracted with cell lysis buffer
(1% Triton X-100, 50 mM Tris-HCI pH 7.4, 5% glycerol, 100 mM NaCl) supplemented
with protease inhibitor cocktail (Roche Applied Science, Indianapolis, USA) and were
subjected to NOS assay. One hundred microliters of standards or samples were loaded onto a
96-well microplate in triplicate. After the colour reagents were added, the absorbance values
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were read at 540 nm in a microtiter plate reader (SpectraMax M5; Molecular Devices,
Sunnyvale, CA, USA).

Cell viability assay

The MTS cell proliferation assay (Promega, Southampton, UK) was performed according to
the manufacturer’s instructions. Briefly, cells were seeded at 8000 cells (in 100 uL medium)
per well into 96-well plates, incubated overnight and exposed to treatments for the indicated
time periods. Then 20 pL of CellTiter ® 96 Aqueous One Solution Reagent was added to
each well. After 4-h incubation at 37 °C, the quantity of formazan product was measured by
recording the absorbance at 490 nm with a 96-well plate reader (SpectraMax M5; Molecular
Devices). Cell viability was calculated as a percentage of the control group (hormalized to
100%).

Wound healing assay

A wound healing assay was used to assess cell migration of both the HT-29 and HCT-116
cancer cell lines upon treatment with celastrol, salinomycin, 1400 W, L-NIO or 5-FU and
their combinations. HT-29 and HCT-116 cells were seeded at 1 x 106 cells per well (6-well
plate). After the cells reached 90% confluence, the cells were wounded by scratching with a
sterile pipette tip and subsequently washed with phosphate buffered saline (PBS) to
eliminate the impaired cells. The medium was changed to medium with 1% fetal bovine
serum. The cells were subjected to different treatments and observed for 24 h. The wound
area was measured using Image-J software (NIH, Bethesda, MD, USA). The wound area
percentage was calculated as the wound area from 24 h vs. the wound area from 0 h in each

group.

Human angiogenesis PCR array

HT 29 cells were treated with drugs or vehicle control for 24 hours. RNA was then extracted
from the cells and converted into complementary DNA using a cDNA synthesis kit
(Invitrogen). The cDNAs were then subjected to an angiogenesis PCR array. The Human
angiogenesis RT?2 Profiler™ PCR Array (Qiagen, Valencia, CA, USA) profiles the
expression of 84 key genes involved in modulating the biological processes of angiogenesis,
which includes growth factors and their receptors, chemokines and cytokines, matrix and
adhesion molecules, and proteases and their inhibitors, as well as transcription factors.

Proteome profiler human angiogenesis array

HT29 cells were treated with celastrol (CEL) or control for 24 hours. Proteins were then
extracted from the cells using cell lysis buffer. Protein concentrations were analyzed with a
BCA assay using a Pierce™ BCA Protein Assay Kit (Thermo Fisher). The proteins were
then subjected to a proteome profiler angiogenesis array (R&D Systems, Minneapolis, USA)
according to the manufacturer’s instructions. Briefly, samples were mixed with a cocktail of
biotinylated detection antibodies and then incubated with the array membrane, which was
spotted in duplicate with capture antibodies to specific target proteins. Captured proteins
were visualized using chemiluminescent detection reagents. The image quantification was
performed by Image-J software (NIH, Bethesda, MD, USA).
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MRNA expression correlation analysis using TCGA database

Statistics

Results

The mRNA expression of the angiogenesis-related molecules in 636 patients with colorectal
adenocarcinoma (colorectal adenocarcinoma, TCGA provisional) from the TCGA database
was analyzed. The expression of TYMP was correlated with CDH5, THBS2, LEP, TNF,
IL1B, PDGFB, SERPINEL, and TIMP4. Detailed information on the RNA-Seq experiments,
protocols, and software used can be found at the TCGA Data Portal at https://tcga-
data.nci.nih.gov/tcga/. All correlation analyses and Spearman’s correlation coefficients were
generated using cbioportal for cancer genomics (http://www.chioportal.org/).

SPSS 23.0 statistical software was used for statistical analysis. The measurement data were
expressed as mean + standard deviation. Comparison between groups was done using
analysis of variance; two pairs of comparison was done using Student’s #test; when the
variance was not uniform, comparisons were performed using a rank sum test. p < .05 for
the difference was considered statistically significant.

Celastrol suppresses colorectal cancer cell proliferation and migration

To investigate the effects of celastrol on CRC cells, a cell proliferation assay and a wound
healing assay were performed on HT-29 and HCT116 cells after treatment with celastrol in
different concentrations. Celastrol treatment resulted in a significant decrease in proliferation
of HT-29 and HCT116 cells in a dose-dependent manner (p < .05) (Figure 1(A)).

In the wound healing assay, after treatment of HT-29 and HCT-116 cells with celastrol over
24 h, the remaining wound areas were much bigger than those of control cells (Figure 1(B)).
Quantification of the wound area suggests a statistically significant difference (p < .05)
(Figure 1(C,D)), which indicates that celastrol suppresses the migration of CRC cells.

Celastrol inhibits NOS activity in CRC cells

To determine whether celastrol could suppress NO synthesis, the NOS activity of HCT116
was tested by measuring the concentration of nitrite. The NOS assay results showed that
there was no significant change in nitrite production in the HCT116 cell culture medium
upon celastrol treatment (Figure 2(A)). However, the amount of nitrite production in
HCT116 cell lysates was significantly decreased by celastrol treatment (p < .01) (Figure

2(B)).

The function of iINOS and eNOS in celastrol’s action on cell proliferation was further
investigated by shRNA knockdown of iNOS (iNOS-KD) or eNOS (eNOS-KD) in HCT116
cells. INOS-KD suppressed CRC cell proliferation by more than 50% (o < .01). In iNOS-KD
cells, the celastrol treatment did not display further inhibition of cell proliferation (Figure
2(C)). The data suggest that celastrol may at least partially rely on iNOS to exert its
inhibitory effects on HCT116 cell proliferation.
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In addition, eNOS- KD also suppressed CRC cell proliferation by more than 50% (p < .01).
In contrast, celastrol treatment enhanced the inhibitory effects of eNOS-KD on HCT116 cell
proliferation (p < .05) (Figure 2(D)).

Celastrol systematically inhibits angiogenesis-related gene transcription in CRC

To analyze the effects of celastrol on angiogenesis, we used the PCR array to analyze the
transcription of key genes in the angiogenesis pathway. Interestingly, among the 86 tested
angiogenesis-related genes, a majority of them were down-regulated by celastrol treatment
at the mRNA level (Figure 3(A)). Increasing the concentration of celastrol from 2 to 3 uM
further shifted the gene transcriptions to lower levels (Figure 3(B)). This trend is also clearly
presented for each gene by the heatmap and gene clustering in Figure 3(C).

Our data show that celastrol inhibited the gene transcription of angiogenesis-related growth
factors and receptors, with thymidine phosphorylase (TYMP) as the most affected gene,
which was down-regulated by about 12-fold (Figure 4(A)). In addition, celastrol also
inhibited the transcription of adhesion molecules, such as CDH5 and THBS2 (Figure 4(B)).
The mRNA levels for matrix proteins encoding genes LEPand MMP9I, which are known as
important regulators of angiogenesis, were down-regulated by more than 10-folds (Figure
4(C)). Similarly, multiple cytokine- and chemokine-encoding genes, such as 7TA/F, were
down-regulated by celastrol treatment (Figure 4(D)). These results suggest that celastrol may
regulate angiogenesis in CRC cells in a systematic way.

Celastrol suppresses human angiogenesis-related proteins in CRC

To further investigate the mechanism of celastrol on angiogenesis, the key proteins in the
angiogenesis pathway have been analyzed by the proteome profiler angiogenesis array in
HT29 cells. Results show that celastrol treatment significantly down-regulated the protein
expression levels of various important molecules in angiogenesis pathways. The
quantification proteome results indicated that IL-1p, MMP-9, PDGF, Serpin E1, and
TIMP-4 were mostly down-regulated by celastrol treatment (Figure 5A and B).

Celastrol improves the efficacy of chemotherapeutic drugs in CRC

To investigate the effects of a combination of celastrol with other chemotherapeutic drugs,
cell proliferation of HT29 cells was analyzed upon treatment with celastrol and 5-FU,
celastrol and salinomycin, celastrol and 1400 W, and celastrol and L-NIO, respectively.
Compared to celastrol (2 UM, ~10% inhibition (p < .05)) or 5-FU (2.5 pM, ~20% inhibition
(p< .01)) alone, the combination of celastrol and 5-FU showed synergistic effects (~60%
inhibition (p < .001)) (Figure 6(A)). The combination of celastrol and salinomycin, a cancer
stem cell inhibitor, resulted in enhanced effects (~40% growth inhibition (p < .01))
compared to celastrol (~10% inhibition (p < .05)) and salinomycin (~20% (p < .05), single
treatment, Figure 6(B)). 1400 W is a slow and highly selective inhibitor of inducible nitric
oxide synthase. Our data show that the combination of celastrol and 1400W also resulted in
enhanced effects (~60% growth inhibition (o < .001)) compared to celastrol alone (~10%
inhibition (p < .05)) or 1400 W alone (~15% (p < .05), Figure 6(C)). L-NIO is another NOS
inhibitor that inhibits the activity of eNOS and nNOS. Compared to celastrol (~10%
inhibition (p < .05)) or L-NIO (~5% inhibition) alone, the combination of celastrol and 5 L-
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NIO showed slightly synergistic effects (~30% inhibition (o < .01)) (Figure 6(D)). These
results suggest that celastrol could be considered for future combinational regimens with
these drugs for CRC treatment.

Discussion

In the present study, we demonstrated that celastrol (a distinct compound from 7ripterygium
wilfordii Hook. F) suppressed proliferation, migration, NOS activity, and NO production in
CRC cells. The results of the PCR array and proteome profiler angiogenesis array indicated
that the anticancer effect of celastrol is likely associated with its inhibition of angiogenesis-
related gene transcription and protein expression. In addition, celastrol also enhanced the
efficacy of other chemotherapeutic drugs, including 5-FU, salinomycin, 1400 W, and L-NIO,
in inhibiting CRC cell proliferation.

NOSs are a family of enzymes catalyzing the production of NO from L-arginine. NO is a
retrograde neurotransmitter, which also helps modulate vascular tone, insulin secretion,
airway tone, and peristalsis, and functions in angiogenesis and neural development [17]. NO
is mediated in mammals by the calcium-calmodulin-controlled isoenzymes: eNOS
(endothelial NOS) and nNOS (neuronal NOS). The iNOS is inducible isoform NOS, which
binds calmodulin at physiological concentrations, and produces NO [18]. However, NO has
been reported to exert variable effects in the multistage model of cancer. It could promote
the progress of cancer via modulating different cancer-related events (such as angiogenesis,
apoptosis, cell cycle, invasion, and metastasis) [16].

The possible role of iNOS in promoting VEGF-mediated angiogenesis in human tumours
has been suggested in some previously published studies [15,29]. Marrogi and colleagues
showed that iINOS expression is positively correlated with the expression of both MVD and
VEGF in nonsmall-cell lung cancer [30]. Ambs and colleagues found that VEGF protein
levels in adenomas (which have high iNOS expression) are higher than those in adjacent
normal mucosa (low iNOS expression) [31-33]. These authors hypothesized that the
excessive production of NO could stimulate VEGF production and angiogenesis, and even
result in the vascularization of colon adenomas transitioning into adenocarcinoma [15,34].
Our study showed results consistent with previous findings that knockdown of either iNOS
or eNOS impairs CRC cell proliferation. We have also, for the first time, showed a reduction
in the cellular level of NO in celastrol-treated CRC cells (Figure 2). Intriguingly, in iNOS-
KD cells, the celastrol treatment did not further inhibit cell proliferation, indicating that
celastrol may at least partially rely on inhibiting iNOS in order to exert its inhibition on
HCT116 cell proliferation. This topic warrants future investigation.

We also conducted PCR arrays and proteome profiler angiogenesis arrays to test whether
celastrol treatment could affect the key molecules in the angiogenesis pathway at the gene
and protein levels (Figures 3-5). Our results show that celastrol systematically inhibits
angiogenesis-related gene transcription and protein levels, with the most affected genes
including MMP9, TNFa, IL1p, etc. Interestingly, this effect is found to be dependent on the
dosage of celastrol. The majority of the gene transcriptions were down-regulated more upon
increasing the concentration of celastrol.
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The systemic inhibition of angiogenesis-related genes/proteins and cytokines by celastrol
was also observed in other types of cancers in previous studies. Jung and colleagues reported
that the production of NO, TNFa, and IL1p in BV-2 microglial cells was largely inhibited in
the presence of celastrol [35]. Similar effects were observed when celastrol incorporated into
dendrimer nanocarriers was used to treat microglia [36]. The inhibition of MMP proteins by
celastrol in CRCs was also observed in another recent report [21]. In our study, we observed
a systemic down-regulation of angiogenesis-related molecules from celastrol treatment.
Interestingly, correlations between these molecules in CRCs have been reported in some
other studies. For example, the most down-regulated growth factor, TYMP (thymidine
phosphorylase), identified in our PCR array was previously found to be correlated with other
angiogenic factors (e.g. VEGF) and extracellular matrix modelling proteins in the prognosis
of CRC by analyzing the tissue samples from 97 patients with CRC [37]. Thus, we also used
RNA sequencing data from the TCGA database with 636 colorectal adenocarcinoma patient
samples to analyze the correlation of the molecules, mostly down-regulated by celastrol
treatment, identified by our PCR array (Figures 3 and 4) and the proteome profiler
angiogenesis array (Figure 5). Interestingly, we found a significant positive correlation
between most of these molecules (Supplemental Figure 1). These results suggest there are
signalling interactions and transcription regulations between these molecules. The
mechanism for these correlations and the related signalling would be a very interesting
subject for future investigation.

One of the interesting features of celastrol is its widely observed chemosensitization activity.
A number of plausible mechanisms have been proposed, although the exact mechanism is
still obscure. Celastrol has been found to potentiate the apoptosis induced by TNF and
chemotherapeutic agents (paclitaxel and doxorubicin) in a panel of different cancer cells
[38]. It has also been shown to sensitize lung cancer cells to TRAIL-induced apoptosis via
regulation of mitochondrial transmembrane potential and reactive oxygen species [39]. The
enhancement of TRAIL-induced cancer cell apoptosis by celastrol was also found to be
correlated with its effects on the up-regulation of death receptors 4 and 5 [40,41]. The
sensitization of lung cancer cells to DNA crosslinking agents by celastrol was linked to its
induction of proteasomal degradation of FANCD2 (FA Complementation Group D2) [42].
Celastrol has also been found to sensitize human prostate cancer to radiation therapy by
inducing DNA damage [43]. By inhibiting HSP90, celastrol was shown to induce apoptosis
in imatinib-resistant chronic myelogenous leukaemia cells harbouring the T3151 mutation
[44]. Celastrol was also shown to exert synergistic inhibitory effects with the BH3 mimetic
drug ABT-737 by inducing ER stress [45]. In addition, celastrol synergistically enhances
temozolomide cytotoxicity in melanoma cells, although the mechanism is unclear [46]. In
our study, we have revealed the inhibitory effects of celastrol on the NOS activity and the
angiogenesis pathway in colorectal cancer, which may also contribute to celastrol’s
chemosensitization activity. Future investigations regarding the exact mechanism for the
synergistic effect of celastrol with chemotherapeutic drugs would be very valuable.

Although VEGF inhibitors and other chemotherapeutic reagents are widely used in clinical
treatment, drug resistance is still the major obstacle for CRC therapy. For example,
insensitivity to 5-FU, a front-line chemo drug for colon cancer treatment, has been reported
in many colon cancer studies [4,9]. Therefore, there is an urgent need to develop a
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combination treatment with 5-FU in order to improve 5-FU’s efficacy. Here we have made
the first test of celastrol combined with other reagents and demonstrated that the
combination of celastrol with NOS inhibitors (1400 W or L-NI10O) and chemotherapeutic
reagents (5-FU or salinomycin) resulted in enhanced antiproliferation effects in CRC cells
compared to using these chemotherapeutic reagents alone. Our research outcomes may
guide us to develop a novel combinational treatment strategy for colon cancer treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Celastrol suppresses colorectal cancer cell proliferation and migration. (A) HT-29 and

HCT116 cells were treated with celastrol for 48 h at the indicated concentrations (0, 2.5, 5,
10 pM), respectively. A dosage-dependent inhibition of cell proliferation was observed by
MTS assay. All data are shown as the mean + SEM. *p < .05, ***p < .001 vs. Control group.
(B) Images of the scratch on HT-29 and HCT116 cells (treated with 0, 2, 3 uM celastrol)
were taken at time 0 and 24 h later. (C and D) Quantification of the wound healing assay for
HT29 and HCT116 respectively. All data are shown as the mean = SEM. *p < .05, ***p <.
001 vs. the corresponding wound at 0 hours.
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Figure 2.

Celastrol inhibits NOS activity in CRC cells. (A) HCT116 cells were treated with celastrol
(2, 3 uM) or vehicle control for 24 h. The NOS activity was tested by measuring nitrate
concentration. No significant change of medium nitrate concentration after celastrol
administration was observed. (B) HCT116 cells were treated with celastrol (2, 3 uM) or
vehicle control for 24 h. Cell lysates were extracted with cell lysis buffer and were subjected
to NOS assays. (C) HCT116 cells were treated with iNOS shRNA plasmids for 48 h, and the
iNOS knockdown cell population was selected with puromycin treatment for 3 days. The
cells with stable knockdown of iNOS were then treated with 2 uM celastrol or vehicle
control for 24 h and cell proliferation analyzed by MTS assay. (D) The HCT116 cells with
stable knockdown of eNOS were treated by adding 2 uM celastrol or vehicle control for 24 h
and then the cell proliferation was analyzed by MTS assay. All data are shown as the mean +
SEM. *p< .05, **p < .01, ***p < .001 vs. control group; #p < .05 vs. eNOS knockdown
group. CEL = celastrol. INOS KD = shRNA-knockdown iNOS. eNOS KD = shRNA-
knockdown eNOS.

Free Radic Res. Author manuscript; available in PMC 2019 August 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

© Up-regulated ® Unchanged ® Down-regulated

(C) &
(A) :
3 &
1 ‘ .
s %
213
o [ —
L 1
Logi(FoId-change: CEL 2 uM/Control)
(B)
‘g‘ . w v, g € $ -'.
- . .. oy
o . L] L -.. 8 "
> P ’.'. -: '.."..
[] bt .
Q ." .f -‘ .
— P s
o .
i &
=14}
2 %

Log2(Fold-change: CEL 3 pM/Control)

Anaug) LD

Figure 3.
Celastrol systematically inhibits angiogenesis-related gene transcription in CRC. HT29 cells

were treated with celastrol or vehicle control for 24 h. RNA was then extracted from cells
and converted into complementary DNA using a cDNA synthesis kit. The cDNASs were then
subjected to the angiogenesis PCR array. (A) A plot comparing the 2 uM celastrol-treated
group with the control group. (B) A plot comparing the 3 uM celastrol-treated group with
the control group. Among the 86 genes tested, most of the genes were down-regulated by
celastrol treatment at the mRNA level. Yellow dots indicate up-regulated genes. Black dots
indicate unchanged genes. Blue dots indicated down-regulated genes. (C) The heat map
displays the gene expression pattern in the angiogenesis pathway of CRC cells treated with
or without celastrol. CEL = celastrol.
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Celastrol inhibits key genes involved in modulating angiogenesis. (A) Celastrol (2, 3 mM)
inhibits angiogenesis-related growth factors and receptor gene transcription. The most
affected gene was TYMP (down-regulated ~12 fold, marked with a red arrow). (B) Celastrol
(2, 3 uM) inhibits adhesion molecules (CDH5 and THBS2 are the most affected genes,
marked with red arrows). (C) Celastrol (2, 3 uM) inhibits matrix proteins, with LEP and
MMP9 downregulated by more than 10-fold (marked with red arrows). (D) Celastrol (2, 3
uM) inhibits cytokines and chemokines, with the TNF gene transcription down-regulated
more than 10-fold (marked with a red arrow). CEL = celastrol.
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Celastrol suppresses human angiogenesis-related proteins in CRC. (A) The membranes of
control and celastrol treated cells were analyzed by a proteome profiler human angiogenesis
array. The boxes and arrows indicate the down-regulated proteins (1-5). (B) The image was
analyzed by ImageJ. The pixel intensity of each spot was analyzed and normalized to the
reference spots. The most affected proteins, shown in B, including IL-1f (1), MMP-9 (2),
PDGF-AB/PDGF-BB (3), Serpin E1 (4), and TIMP-4 (5), were down-regulated by celastrol
treatment. CEL = celastrol.
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Figure 6.

Celastrol improves the efficacy of chemotherapeutic drugs in CRC. (A) HT29 cells were
treated with 2 uM celastrol and 2.5 pM 5-FU or the combination for 24 h, and cell
proliferation was analyzed by MTS assay. (B) HT29 cells were treated with 2 uM celastrol
and 1 uM salinomycin or the combination for 24 h, and cell proliferation was analyzed by
MTS assay. (C) HT29 cells were treated with 2 uM celastrol and 2 mM 1400W or the
combination for 24 h, and cell proliferation was analyzed by MTS assay. (D) HT29 cells
were treated with 2 uM celastrol and 2 mM L-NIO or the combination for 24 h, and cell
proliferation was analyzed by MTS assay. All data are shown as the mean + SEM. *p<.05,
**p<.01, ***p<.001 vs. control group. CEL = celastrol. Sal = Salinomycin.
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