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Abstract Gastrointestinal mucositis is one of the most debilitating side effects of the chemotherapeutic

agent irinotecan (CPT-11). Andrographolide, a natural bicyclic diterpenoid lactone, has been reported to

possess anti-colitis activity. In this study, andrographolide treatment was found to significantly relieve

CPT-11-induced colitis in tumor-bearing mice without decreasing the tumor suppression effect of

CPT-11. CPT-11 causes DNA damage and the release of double-stranded DNA (dsDNA) from the intes-

tine, leading to cyclic-GMP-AMP synthase (cGAS)‒stimulator of interferon genes (STING)-mediated

colitis, which was significantly decreased by andrographolide both in vivo and in vitro. Mechanistic

studies revealed that andrographolide could promote homologous recombination (HR) repair and down-

regulate dsDNA‒cGAS‒STING signaling and contribute to the improvement of CPT-11-induced gastro-

intestinal mucositis. These results suggest that andrographolide may be a novel agent to relieve

gastrointestinal mucositis caused by CPT-11.
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1. Introduction

Irinotecan (CPT-11) is a basic chemotherapy drug for the first or
second-line treatment for patients with advanced colorectal can-
cer1. According to the statistical data, up to 87% of patients who
received CPT-11 treatment would suffer from clinically significant
diarrhea, with 30%e40% incidence of diarrhea at grade 3 or 4.
Long-duration diarrhea may impede the quality of life. In addi-
tion, the effectiveness of chemotherapy would be influenced by
the need to lower the dosage or even suspend the treatment. In a
murine model, CPT-11 dose-dependently induced mucosal colon
length reduction2,3.

CPT-11, derived from the plant alkaloid camptothecin, is a
topoisomerase I inhibitor. During DNA replication, topoisomerase
I relieves torsional strain by inducing reversible single-strand
breaks. CPT-11 prevents the religation of these single-strand
breaks by interacting with the topoisomerase I/DNA complex,
leading to lethal double-stranded DNA (dsDNA) breaks. This
action eventually causes the retardation of DNA replication and
triggers apoptotic cell death4. Besides, cell death, damaged DNA
accumulation, especially dsDNA in the cytosol, triggers the innate
immune response and pro-inflammatory cytokine production5.
dsDNA can be sensed by its receptor, cyclic-GMP-AMP synthase
(cGAS), through direct colocalization with markers of DNA
damage, such as phosphorylated histone H2AX (gH2AX), or
translocating into the nucleus and binding to locations of double
strand breaks (DSBs)6. dsDNA triggers conformational changes
and induces the enzymatic activity of cGAS, which activates the
adapter molecule named stimulator of interferon genes (STING).
Upon activation, STING activated the subsequent signal axis
including TANK-binding kinase 1 (TBK1) and interferon regu-
latory factor 3 (IRF3). Phosphorylated IRF3 activates the tran-
scription of genes, such as interferon-b (IFN-b), chemokine ligand
10 (CXCL10), and CeC motif chemokine 5 (CCL5), after
dimerization and translocation to the nucleus. Overactivation of
STING-mediated signaling has been demonstrated to be involved
in the several pathological processes, including Aicardi‒Goutières
syndrome, in a range of more complex inflammatory diseases7e9.

The natural product andrographolide isolated from the plant
Andrographis paniculata exhibits wide range of bioactivities such
as anti-inflammatory, anti-tumor, antibiotic, anti-obesity, immu-
nomodulatory, anti-virus, and hypoglycemic activities10e13. Pre-
vious studies have shown that andrographolide significantly
alleviates colitis induced by 2,4,6-trinitrobenzenesulfonic acid
(TNBS) or dextran sulfate sodium (DSS)14,15. In this study, the
effect of andrographolide on CPT-11-induced colitis in vivo and
characterized the probable mechanism of action in intestinal
epithelial cells, such as the HCT116 cell line in vitro, were
investigated. Our data revealed that accelerating DNA damage
homologous recombination (HR) repair and downregulation of
cGASeSTING by andrographolide is one of the principal mech-
anisms for protecting the colon from damage induced by CPT-11.
Furthermore, andrographolide at the indicated doses for colitis
reversion did not alter the tumor suppression effect of CPT-11.
These findings provide a scientific basis for the utility of this
clinically used medicine for amelioration relieving CPT-11-
induced side-effects in cancer patients.

2. Material and methods

2.1. Materials

CPT-11was provided byHengRuiMedicine Co., Ltd. (Lianyungang,
China). Andrographolide was purchased from SigmaeAldrich (St.
Louis, USA). Primary antibodies against cGAS (15102S), STING
(13647S), p-TBK1 (5483T), p-IRF3 (37829S), gH2AX (80312),
DNA repair protein RAD51 homolog 1 (RAD51, 88755), b-actin
(3700), and b-tubulin (2128) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-dsDNA (sc-80772) were
obtained from Santa Cruz Biotechnology (CA, USA). Anti-CD8-
FITC (100706), anti-CD4-FITC (100406), and anti-CD11b-PE
(101207) were obtained from BioLegend (San Diego, CA, USA).
Anti-CD11b (A15390) antibody and Quant-iT™ PicoGreen™
dsDNA Assay Kit were purchased from Life Technology (Waltham,
MA, USA). The Trevigen Comet Assay™ Kit was obtained from
Trevigen Inc. (Gaithersburg, MD, USA). Terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay kits and Cell
Counting Kit 8 (CCK-8) were purchased from Vazyme Biotech Co.,
Ltd. (Nanjing, China). Immunohistochemical (IHC) analysis Kit
(3,3ʹ-diaminobenzidine, DAB) was purchased from Proteintech
(Wuhan, China). pHPRT-DR-GFP, pCBASceI, and pimEJ5GFP
(Addgene plasmid #44026, #26476, and #26477) were purchased
from Addgene (USA).

2.2. Cell culture

HCT116 and HT29 (human colon cancer) and CT26 (mouse colon
cancer) cell lines were obtained from the Type Culture Collection of
the Chinese Academy of Sciences (Shanghai, China). CT26 and
HT29 cells were cultured in DMEM culture medium (Biological
Industries, Israel), and HCT116 cells were cultured in McCoy’s 5A
culture medium supplemented with 10% fetal bovine serum (Bio-
logical Industries), in an incubator with a humidified 5% CO2 at
37 �C.

2.3. Animals and syngeneic model

BALB/c mice and syngeneic models were raised and conducted as
previously described13. Animal welfare and experimental pro-
cedures were approved by the Institutional Animal Care and Use
Committee at Nanjing University (Nanjing, China). All efforts
were made to reduce the number of animals used and to minimize
animal suffering. For the tumor-bearing syngeneic model,

http://creativecommons.org/licenses/by-nc-nd/4.0/


264 Yuanyuan Wang et al.
CT26 cells (2 � 106) were inoculated in the right flank of mice.
Mice with a tumor volume of 50 mm3 were divided into four groups
(n Z 6 per group). Mice in group I were administered a daily oral
gavagewith phosphate buffer saline (PBS, vehicle); in groups II, III,
and IV, mice were administered the following doses intraperitone-
ally: 45 mg/kg CPT-11 on Days 1e5 and 22.5 mg/kg on Days 6e8.
Mice in groups III and IV were also administered andrographolide
(12.5 and 25 mg/kg) by intraperitoneal injection on Days 1e10.
Tumor largest diameter (a) and perpendicular (b) of the tumor were
measured and tumor volumewere calculated (volumeZ a� b2/2).
After sacrificing the mice on Day 11, solid tumors were separated.
For the non-tumor-bearing model, C57BL/6 mice were divided into
four groups. Mice in groups II, III, and IV were intraperitoneally
injectedwith 45mg/kg CPT-11 onDays 1e4, andmice in groups III
and IV were intraperitoneally injected with andrographolide at 12.5
and 25 mg/kg, respectively, on Days 5e9. Body weight was
measured daily, and the mice were sacrificed on Day 10.

2.4. Cell viability

Three thousand cells were plated into 96-well plates and incubated
with various concentrations of CPT-11 and/or andrographolide as
indicated. At the indicated timepoints, cell viability was examined
by the CCK-8 assay. CCK-8 (10 mL/well) was added and after 4 h of
additional incubation, absorption values at 470 nm were detected.

2.5. Western blot and real-time PCR

Western blot and real-time PCR were conducted as described
previously reported13. Primer sequences were as follows: human
IFN-b: 5ʹ-GCTTGGATTCCTACAAAGAAGCA-3ʹ and 5ʹ-AT
AGATGGTCAATGCGGCGTC-3ʹ; human CXCL10: 5ʹ-GTGG
CATTCAAGGAGTACCTC-3ʹ and 5ʹ-TGATGGCCTTCGATT
CTGGATT-3ʹ; human CCL5: 5ʹ-CCAGCAGTCGTCTTTGTCAC-
3ʹ and 5ʹ-CTCTGGGTTGGCACACACTT-3ʹ; human TGF-b: 5ʹ-
CCTCTCTCTAATCAGCCCTCTG-3ʹ and 5ʹ-GAGGACCTGGG
AGTAGATGAG-3ʹ; human IL-1b: 5ʹ-GGACAAGCTGAGGA
AGATGC-3ʹ and 5ʹ-TCCATATCCTGTCCCTGGAG-3ʹ; human
IL-18: 5ʹ-CTTCCAGATCGCTTCCTCTC-3ʹ and 5ʹ-TCAAAT
AGAGGCCGATTTCC-3ʹ; human IL-6: 5ʹ-CAGCCCTGA
GAAAGGAGACAT-3ʹ and 5ʹ-GGTTCAGGTTGTTTTCTGCC
A-3ʹ; human actin: 5ʹ-CATGTACGTTGCTATCCAGGC-3ʹ and 5ʹ-
CTCCTTAATGTCACGCACGAT-3ʹ; mouse Ifn-b: 5ʹ-AGCT
CCAAGAAAGGACGAACA-3ʹ and 5ʹ-GCCCTGTAGGTGAG
GTTGAT-3ʹ; mouse Cxcl10: 5ʹ-CCAAGTGCTGCCGTC
ATTTTC-3ʹ and 5ʹ-TCCCTATGGCCCTCATTCTCA-3ʹ; mouse
Ccl5: 5ʹ-TTTGCCTACCTCTCCCTCG-3ʹ and 5ʹ-AAGTCT
GGCTCGTTCTCAGTG-3ʹ; mouse Tgf-b: 5ʹ-TGAACTTCGGG
GTGATCGGTC-3ʹ and 5ʹ-AGCCTTGTCCCTTGAAGAGAAC-
3ʹ; mouse Il-1b: 5ʹ-CTTCAGGCAGGCAGTATCACTC-3ʹ and 5ʹ-
TGCAGTTGTCTAATGGGAACGT-3ʹ; mouse Il-18: 5ʹ-GCCTCA
AACCTTCCAAATCA-3ʹ and 5ʹ-TGGATCCATTTCCTCAA
AGG-3ʹ; mouse Il-6: 5ʹ-ACAACCACGGCCTTCCCTAC-3ʹ and
5ʹ-TCTCATTTCCACGATTTCCCAG-3ʹ; mouse actin: 5ʹ-GTAT
GCCTCGGTCGTACCA-3ʹ and 5ʹ-CTTCTGCATCCTGTCA
GCAA-3ʹ.

2.6. IHC and immunofluorescence (IF)

Staining was performed as previously reported16. The sections
were blocked with 3% goat serum, and incubated with primary
antibodies for 4 h at room temperature. The sections were then
detected using DAB (IHC) or fluorescent labeled antibodies (IF).
Images were acquired, and the optical or fluorescence intensity
was evaluated by ImageJ software (National Institutes of Health,
USA).

2.7. Quantification of dsDNA

Levels of dsDNA were detected by using the PicoGreen assay Kit
(Life Technologies, USA)3. Briefly, dsDNA in cell culture me-
dium was collected and mixed 1:1 with the PicoGreen and fluo-
rescence was then measured (ex: 485 nm, em: 528 nm). The DNA
concentrations were calculated using a standard curve.

2.8. Comet assays

Comet assays were performed as previously reported17. Cells were
collected and resuspended in PBS mixed with agarose (low-
melting), and 80 mL of cell suspension was spread on a comet
slide. Slides were placed in lysis buffer overnight, followed by
electrophoresis, transfer and stained with ethylene dibromide (EB,
20 mg/mL). Nuclei were visualized, and the percentage of DNA in
the tail was determined using the Comet Score software (TriTek,
USA).

2.9. DNA damage repair assays

DNA damage repair including HR and non-homologous end
joining (NHEJ) repair in HCT116 cells were detected as re-
ported18,19. Briefly, 5 � 105 HCT116 cells were co-transfected
with 2 mg pCBASce or empty pcDNA vector, and either 4 mg
pimEJ5-GFP or pHPRT-DR-GFP plasmid. GFP expression in cells
was analyzed using FACS at 48 h.

2.10. Intestinal barrier function assay

Fluorescein isothiocyanate-labeled dextran (FITC-dextran) was
used to assess intestinal barrier function as previously reported20.
Mice were administrated FITC-dextran (4 kD, SigmaeAldrich, ig,
0.6 mg/g body weight). Serum was collected 4 h later. Fluores-
cence emission was measured on a microplate reader (ex: 490 nm,
em: 530 nm).

2.11. Statistical analysis

GraphPad Prism Software Version 5.0 (La Jolla, CA, USA) was
used to analyze the data which were expressed as mean � standard
error of mean (SEM). A two-tailed Student’s t-test was performed
to compare the two groups, differences were considered statisti-
cally significant at P < 0.05.

3. Results

3.1. Andrographolide had no impact on the tumor suppression
effect of CPT-11 in a colorectal cancer model

To examine whether andrographolide affects the chemotherapeutic
effect of CPT-11, a CT26 colon cancer cell transplant mouse
model was generated. CPT-11 and andrographolide treatments
were conducted as described in Fig. 1A. Tumor growth was
significantly inhibited by CPT-11 monotherapy, and neither dose
of andrographolide promoted the tumor suppression effect of



Figure 1 Andrographolide did not alter the tumor suppressive effect of CPT-11 in vivo. Tumor-bearing mice were treated with 45 mg/kg

CPT-11 (ip) on Days 1e5 and 22.5 mg/kg on Days 6e8. Meanwhile andrographolide was injected (ip, 12.5 and 25 mg/kg) on Days 1e10. (A)

Schematic overview of the experiment design. ip, intraperitoneal injection. Tumor volumes were recorded. (B) Tumor was photographed. (C)

Tumor tissues were weighed immediately after the masses were stripped from mice. (D) Representative images of hematoxylin-eosin (H&E)

staining. (E) Expression of PCNA examined by IHC and quantified by ImageJ of three random images in each group. (F) TUNEL staining and the

quantification of TUNEL-positive cells in CT26 tumor tissues. Data are represented as mean � SEM (n Z 6 in each group). *P < 0.05,

**P < 0.01. ns, not significant. Scale bar: 100 mm.
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CPT-11 (andrographolide alone showed no inhibitory effect); no
difference in tumor volume was observed between CPT-11 mon-
otherapy and co-therapy with CPT-11 and andrographolide
(Fig. 1A and B). Tumor weight markedly decreased with CPT-11
monotherapy compared with that in the control group, whereas the
co-therapy group showed no further decrease (Fig. 1C). The
morphology of tumor tissue in each group was examined by H&E
staining, while proliferation and apoptosis of tumor cells were
analyzed for proliferating cell nuclear antigen (PCNA) and
TUNEL staining of tumor tissues (Fig. 1D‒F). In the CPT-11-
treated groups, the structure of tumor tissue became loose with
proliferation inhibition and enhanced apoptosis; no further in-
crease in proliferation inhibition or enhanced apoptosis was
observed in the co-therapy group. These results indicated that
co-therapy with CPT-11 and andrographolide provide no
improvement in the anti-neoplastic effect.

3.2. Andrographolide relieved CPT-11-induced colitis in
tumor-bearing mice

Although andrographolide did not enhance the tumor suppression
effect of CPT-11, a significant improvement in intestinal mucositis
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caused by CPT-11 was observed after co-treatment with androg-
rapholide. It was observed that CPT-11 exposure caused sub-
stantial body weight loss in mice. This weight loss was
significantly ameliorated in the CPT-11 plus 25 mg/kg androgra-
pholide treatment group compared to that in the CPT-11 group.
All mice subsequently regained their weight when CPT-11 was
stopped (Fig. 2A). After sacrificing the mice on Day 11, the colon
lengths of mice treated with CPT-11 alone were shortened
compared to those in the control group. Colon length shortening
was inhibited when andrographolide was co-administered (Fig. 2B
and C). To observe the damage to colon tissues in each group, the
tissues were analyzed by H&E and IHC staining. Tissue damage
was markedly happened in the villi and crypts in the CPT-11-
treated mice, while the damage was reduced after andrographo-
lide administration (Fig. 2D and E). As a marker of tight junction
structure21,22, the distribution and expression of tight junction
protein ZO-1 (ZO-1) were diminished by CPT-11, which was
reversed by andrographolide (Fig. 2F). Furthermore, a “thera-
peutic” model was set up by CPT-11 on Days 1e4 and androg-
rapholide was injected ip with doses of 12.5 or 25 mg/kg on Days
5e9. Administration of andrographolide after CPT-11 challenge
also decreased the body weight loss (Fig. 3A) and colon damage
(Fig. 3B‒E). The above findings suggest that andrographolide can
all alleviate the colon damage triggered by CPT-11.
3.3. Andrographolide down-regulated CPT-11-induced cGAS‒
STING signaling pathway in vivo

To further explore the effect of andrographolide on CPT-11-
induced damage in vivo, the activation of the cGAS‒STING
signaling pathway in colon tissues was examined. In the CPT-11
monotherapy group, protein levels of p-TBK-1 and p-IRF3 were
markedly increased compared to those in the control group
Figure 2 Andrographolide prevented intestinal mucositis caused by C

45 mg/kg CPT-11 (ip) on Days 1e5 and 22.5 mg/kg on Days 6e8. Mean

1e10. (A) Body weight was recorded. (B) The colon was photographed

histopathology of the colon sections from tumor-bearing mice. (E, F) IHC s

as mean � SEM (n Z 6 in each group). *P < 0.05. Scale bar: 100 mm.
whereas this increase was strongly suppressed by andrographolide
at either 12.5 or 25 mg/kg (Fig. 4A). The same trend was observed
in the mRNA expression of cytokines downstream of
cGASeSTING, such as Ifn-b, Cxcl10, and Ccl5 (Fig. 4B), as well
as inflammatory cytokines, including Il-1b, Tnf-a, and Il-18
(Fig. 4C). Moreover, the increased infiltration of immunocytes,
including CD11b, CD4, as well as CD8, was also inhibited by
andrographolide treatment (Fig. 4D and E). These results suggest
that andrographolide may exert its colon-protective actions via
inhibition of the cGAS‒STING pathway activity.
3.4. Andrographolide down-regulated CPT-11-induced cGAS‒
STING signaling pathway in vitro

dsDNA can activate the cGAS‒STING‒TBK1‒IRF3 signaling
to initiate IFN-b transcription23. Hence, we were interested in
determining whether the same pathway is involved in dsDNA
release stimulated by CPT-11. The mRNA expression levels of
IFN-b, CXCL10, and CCL5 were enhanced in HCT116, CT26,
and HT29 cells by CPT-11 as compared to the levels in the
control at 24 h, which was significantly reduced following
treatment with 3 mmol/L andrographolide (Fig. 5A‒C). In
addition, the levels of p-TBK1 and p-IRF3 were
time-dependently upregulated in HCT116 cells activated by
30 mmol/L CPT-11, and these were dramatically inhibited by
3 mmol/L andrographolide (Fig. 5D). Notably, p-TBK1 and
p-IRF3 were dose-dependently reduced by andrographolide
when HCT116 and HT29 cells were cultured with 30 mmol/L
CPT-11 for 48 h (Fig. 5E and F). More importantly, the mRNA
expression levels of inflammatory cytokines activated by
CPT-11 were reduced after andrographolide treatment, such as
TNF-a, IL-1b, and IL-18 (Fig. 5AeC). In general, these findings
imply that andrographolide was able to alleviate the cGAS‒
PT-11 in tumor-bearing mice. Tumor-bearing mice were treated with

while, andrographolide was injected (ip, 12.5 and 25 mg/kg) on Days

. (C) Colon length was measured. (D) Representative images of the

taining and qualification of ZO-1 in colon tissues. Data are represented



Figure 3 Andrographolide ameliorated intestinal mucositis caused by CPT-11. Mice were treated with 45 mg/kg CPT-11 (ip) only on Days

1e4. Andrographolide was injected (ip, 12.5 and 25 mg/kg) on Days 5e9 in groups III and group IV, respectively. (A) Body weight was recorded.

(B) Effect of CPT-11 on intestinal permeability in vivo was examined. (C) The colon was photographed. (D) Colon length was measured. (E)

Representative images of the histopathology of the colon sections. Data are represented as mean � SEM (n Z 6 in each group). *P < 0.05,

**P < 0.01. Scale bar: 100 mm.

Figure 4 Andrographolide down-regulated CPT-11-induced activation of the cGAS‒STING pathway in vivo. (A) Western blot analysis of

protein in cGAS‒STING signal pathway in colon tissues isolated from tumor-bearing mice treated with PBS, CPT-11 alone, or with androg-

rapholide. (B, C) The relative expression level of Ifn-b, Cxcl10, and Ccl5 as well as Il-1b, Il-18, and Tnf-a in colon tissues. (D, E) Representative

images and qualification of CD11b (red), CD4 (green), CD8 (green) immunostaining, and DAPI nuclear staining (blue) in colon tissues. Data are

represented as mean � SEM (n Z 6 in each group). **P < 0.01.

Andrographolide relieves CPT-11-induced intestinal mucositis. 267



Figure 5 Andrographolide down-regulated the CPT-11-induced activation of cGAS‒STING pathway in cancer cells. (AeC) HCT116, CT26,

and HT29 were treated with CPT-11 (30 mmol/L) alone or with andrographolide for 24 h. Quantitative PCR analysis of downstream cytokines of

cGAS‒STING, including IFN-b, CXCL10, and CCL5, respectively. (D) HCT116 cells were treated with CPT-11 (30 mmol/L) for the indicated

time alone or with andrographolide (3 mmol/L). Expression of protein related to cGAS‒STING signal pathway were examined. (E, F) Western

blot analysis of p-TBK1 and p-IRF3 in HCT116 and HT29 cells with CPT-11 (30 mmol/L) alone or with andrographolide for 24 h. Data are

expressed as mean � SEM (n Z 3). *P < 0.05, **P < 0.01.
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STING‒TBK1‒IRF3 pathway activated by CPT-11, thus
relieving intestinal mucositis caused by CPT-11 chemotherapy.

3.5. Andrographolide inhibited CPT-11-induced dsDNA release
in vitro

To evaluate whether andrographolide could affect CPT-11-induced
cytotoxic effects in vitro, the cytotoxic effect of CPT-11, alone and
in combination with andrographolide, on HCT116, CT26, and
HT29 cells at 24, 48, and 72 h was detected by CCK-8.
Andrographolide did not increase the cytotoxic effect of CPT-11
at concentrations less than or equal to 3 mmol/L (Fig. 6A‒C).
Next, we examined dsDNA release in intestinal epithelial cells in
the cytoplasm and supernatants treated with CPT-11 and androg-
rapholide. IF monitoring revealed the level of dsDNA was upre-
gulated by CPT-11 monotherapy and downregulated by co-



Figure 6 Andrographolide inhibited CPT-11-induced dsDNA release in intestinal epithelial cells. (AeC) HCT116, CT26, and HT29 were

treated with CPT-11 (30 mmol/L) alone or with andrographolide for the indicated time. Cell viability was detected by CCK-8. (D) HCT116 cells

were treated with CPT-11 and/or andrographolide for 24 h, dsDNA (red) in the cells were analyzed by IF. (E) HCT116 were treated with CPT-11

(30 mmol/L) and andrographolide for the indicated time and dose. Concentrations of dsDNA in the culture medium of were examined. (F) CT26

and HT29 cells were treated with CPT-11 (30 mmol/L) and andrographolide (3 mmol/L) for 24 h and dsDNA (green) in the cells were analyzed by

IF. (G, H) CT26 and HT29 were treated with CPT-11 (30 mmol/L) and andrographolide (3 mmol/L) for the indicated time and dose. Concentrations

of dsDNA in the culture medium of were examined. Data are expressed as mean � SEM (n Z 3). *P < 0.05, **P < 0.01. Scale bar: 100 mm.
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treatment with CPT-11 and andrographolide (Fig. 6D). CPT-11-
induced dsDNA release was decreased significantly at 48 h with
3 mmol/L andrographolide using the PicoGreen assay (Fig. 6E),
which was also observed in CT26 and HT29 cells (Fig. 6F‒H).
These data indicated that andrographolide relieved DNA damage
caused by CPT-11 in cells.
3.6. Andrographolide accelerated DNA damage repair
triggered by CPT-11

To confirm whether andrographolide affects DNA damage
induced by CPT-1124 in HCT116 cells, cells were incubated
with CPT-11 (30 mmol/L) for 24 h and then with 3 mmol/L
andrographolide for 1, 2, 4, 6, and 8 h. Then the comet assay
was conducted to measure DSBs. The reduced tail length of
DNA in the andrographolide-treated group revealed that repair
of DSBs was advanced compared to that in the medium-treated
group, and DNA damage was almost repaired at 8 h post CPT-11
stimulation (Fig. 7A and B). Western blot analysis showed that
andrographolide treatment downregulated the level of gH2AX at
4 h and almost decreased to null at 8 h (Fig. 7C). In vivo, IHC
analysis showed a sharp increase of gH2AX-positive cells in
colon tissues in the CPT-11 monotherapy group, which was
downregulated almost to normal by co-therapy with CPT-11 and
andrographolide (Fig. 7D and E). In summary, these data sug-
gest that andrographolide could protect colon tissue from
damage induced by CPT-11 chemotherapy by promoting DNA
damage repair.
3.7. Andrographolide improved the HR-mediated DNA damage
repair

It is known that DNA DSBs damage are repaired mainly via NHEJ
and HR18,19,25,26. To identify the DSB repair pathway altered by



Figure 7 Andrographolide accelerated DNA damage‒repair in vitro and in vivo. (AeC) HCT116 were treated with CPT-11 (30 mmol/L) for

24 h and withdraw. Then the cells were cultured with or without andrographolide (3 mmol/L) for the indicated time. Comet assay were done to

examine the DNA damage (A, B) and Western blot for expression gH2AX (C). (D, E) Representative IHC images and quantification of gH2AX-

positive stain in colon tissues from tumor-bearing mice. Data are expressed as mean � SEM (n Z 3). *P < 0.05, **P < 0.01. Scale bar: 100 mm.
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andrographolide, a site-specific DSB induced by the I-SceI endo-
nuclease using direct repeat-GFP (DR-GFP) and the total-NHEJ-
GFP reporter systems for HR and NHEJ were employed. Androg-
rapholide significantly promoted HR, but not NHEJ (Fig. 8A).
Moreover, the recruitment of one critical HR factor, RAD51, toDSB
foci in response toDNAdamage caused byCPT-11was significantly
promoted after andrographolide treatment (Fig. 8B), which is
consistentwith the favorable role of andrographolide in homologous
HR. Finally, it is interesting that andrographolide was shown to in-
crease the RAD51 expression both in vivo and in vitro (Fig. 8C and
D). These results indicate that andrographolide decreases dsDNA
production by accelerating HR repair.

4. Conclusions and discussion

The occurrence of mucosal damage manifested as diarrhea and
enteritis is one of obstacles for the treatment of cancer patients
with CPT-11. Novel agents for relieving these side effects are
required. In this study, we verified that andrographolide exhibited
an appreciable effect in protecting the damaged colon tissue from
chemotherapy by promoting DNA repair mediated by HR and
downregulating the cGAS‒STING pathway.

As a natural diterpenoid, andrographolide was shown to sup-
press tumor growth in mice (approximately 200 mg/kg)27.
Andrographolide enhanced 5-FU-induced hepatocellular carci-
noma apoptosis in a caspase-8-dependent manner12. Our previous
study pointed out that andrographolide elevated 5-FU sensitivity
in 5-FU resistant HCT116 cells by elevating BAX expression13. In
this study, andrographolide did not enhance the efficacy of CPT-11
in tumor-bearing mice at low doses (12.5 and 25 mg/kg) in vivo.
However, a significant protective effect against CPT-11 induced
intestinal mucosal injury was observed after andrographolide co-
treatment in vivo. Nevertheless, this activity by andrographolide
may prolong the treatment duration, as the common side effect
resolved can improve drug tolerance in patients.

Traditionally, the DNA damage response (DDR) is thought to
mainly affect genome integrity and cell fate, and accumulating
evidence suggests that genomic instability has impact on the in-
flammatory response, which was connected with aberrant activa-
tion of the cGAS‒STING pathway28. In Aicardi‒Goutières
syndrome, cGAS‒STING pathway and chronic IFN signaling are
excessively activated in mouse models deficient in nuclear DNA
damage relative genes such as Trex129 or RNase H218. Impor-
tantly, cGAS‒STING is considerably stimulated in the mucosa of
patients with inflammatory bowel diseases30. In our study, dsDNA
caused by CPT-11 accumulated in the cytosol and released into the
extracellular space, which was sensed by cGAS in intestinal
epithelial cells themselves, causing the activation of the IRF3 and



Figure 8 Andrographolide improved homologous recombination pathway mediated DNA damage repair. (A) HCT116 cells (5 � 105) were

seeded in 6-well plates co-transfected with 2 mg I-SceI expression plasmid (pCBASce) and either 4 mg pimEJ5-GFP or pHPRT-DR-GFP plasmid.

Twenty-four hours post transfection, cells were incubated with andrographolide (3 mmol/L) for another 24 h. Cells were harvested and analyzed by

flow cytometry analysis for GFP expression. (B, C) HCT116 were treated with CPT-11 (30 mmol/L) for 24 h and withdraw. Then the cells were

cultured with or without andrographolide (3 mmol/L) for the indicated time. The cells were subjected to IF analysis for RAD51 and gH2AX foci

(B) and Western blot for expression of RAD51 and gH2AX (C). (D) IHC staining of RAD51 in colon tissues resected from tumor-bearing mice.

Data are expressed as mean � SEM (n Z 3). *P < 0.05, **P < 0.01. Scale bar: 100 mm.
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upregulation of inflammatory cytokines in vitro and in vivo. This
mechanism is different from a previous report that CPT-11
induced intestinal inflammatory responses are mediated by ab-
sent in melanoma 2 (AIM2) inflammasome activation in macro-
phages3. Importantly, the activation of cGAS‒STING pathway
both in CPT-11 treated mice and colonic epithelial cells were
inhibited by andrographolide. This action was shown to contribute
to the relief of CPT-11-induced intestinal mucositis. As a widely
reported anti-inflammatory natural product, andrographolide has
been shown to attenuate inflammation by inhibiting activation and
function of macrophages31e34. For example, by inhibiting the
NLR family pyrin domain containing 3 (NLRP3) inflammasome
in macrophages, andrographolide alleviates colitis and prevents
colitis-associated cancer14. However, the effect of andrographo-
lide on colonic epithelial cells has not yet been explored. A recent
study showed that andrographolide could ameliorate chronic co-
litis by decreasing intestinal fibrosis21, suggesting that colonic
epithelial cells may also be the target of andrographolide. Here,
inhibition of the cGAS‒STING pathway in CPT-11 chemotherapy
induced colonic epithelial damage was shown to be a new
mechanism for andrographolide.

As dysregulation of the DDR and the immune system are at the
core of many human afflictions35e37, the regulation of DNA
damage repair plays an indispensable role in disease determina-
tion. A previous study revealed that the inhibition of nucleus
translocation of cGAS could resume HR by interrupting the in-
teractions between cGAS and proteins involved in DNA repair,
including poly ADP-ribose polymerase 1 (PARP1) and H2AX18.
Moreover, by compacting bound dsDNA, cGAS prevented the
amenable to invasion by RAD51, which also inhibited HR DNA
repair25. RAD51 plays a central role in DSB repair and replication
fork processing while defects of which triggers a STING-
dependent immune response38,39. In our study, andrographolide
improved the HR pathway of DNA damage in HCT116 cells via
elevating protein levels of RAD51 both in vitro and in vivo.
Accordingly, restoration of RAD51 expression by andrographolide
could inhibit the dsDNA-mediated STING activation. Our data
suggest that the regulation of RAD51 might be a novel strategy for
DNA damage-triggered inflammation. Thus, further research
focusing on the mechanism by which andrographolide regulates
RAD51 expression is required.

In summary, we demonstrated that DNA damage-induced
cGAS‒STING pathway activation plays a pivotal role in
mucosal damage induced by CPT-11, and that andrographolide
could accelerate HR of repair and downregulate cGAS‒STING
thereby improved chemotherapeutic outcome. It has been re-
ported that CPT-11 could activate NLRP3 inflammasome
through JNK and NF-kB signaling in macrophage2 and AIM2
inflammasome via “self-DNA” released from colonic epithelial
cells3. Andrographolide-driven mitophagy mediated NLRP3
inflammasome inhibition has significant alleviation effect on
colitis14. All these effects of andrographolide were investigated
on macrophages. And reports have showed that andrographo-
lide could affect various cells or signaling pathway in different
disease40,41. Although it is difficult to rule out other effects of
andrographolide on macrophage or T or other cells involved in
its improvement on CPT-11-induced damage in vivo, the study
here found out the effect of andrographolide on CPT-11-
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induced damage on colonic epithelial cells in vitro and in vivo
as no studies was reported before from this point of view. As
probed by andrographolide in this study, we found that pro-
motion of DNA damage repair as well as downregulation of
cGAS‒STING pathway activation in colonic epithelial cells
services for the relief of CPT-11-induced intestinal mucositis.
On one side, this investigation provided scientific support for
clinical use of andrographolide or other cGASeSTING in-
hibitors with CPT-11. On the other side, our study here sug-
gested a direction for andrographolide structure optimization by
working on the phenotype including HR promotion or
cGASeSTING inhibition.
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