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A B S T R A C T

Cancer poses a substantial global health challenge, necessitating the widespread use of chemotherapy and
radiotherapy. Despite these efforts, issues like resistance development and severe side effects remain. As such, the
search for more effective alternatives is critical. Andrographolide, a naturally occurring compound, has recently
gained attention for its extensive biological activities. This review explores the role of andrographolide in cancer
therapy, especially focusing on the molecular mechanisms that drive its anti-tumor properties. It also examines
innovative methods to enhance andrographolide’s bioavailability, thus boosting its effectiveness against cancer.
Notably, andrographolide has potential for use in combination with various clinical drugs, and both preclinical
and clinical studies provide strong evidence supporting its broader anticancer applications. Additionally, this
paper proposes future research directions for andrographolide’s anti-cancer effects and discusses the challenges
in its clinical usage along with current research efforts to address these issues. In summary, this review un-
derscores andrographolide’s potential roles and contributes to the development of improved cancer treatment
strategies.

1. Introduction

Cancer represents a major public health challenge globally, threat-
ening human life. According to data from the International Agency for
Research on Cancer, it is projected that there will be 28.4 million cancer
patients worldwide by 2040, marking a 47 % increase from 2020 and
becoming one of the leading causes of death [1,2]. Due to the complex
nature of cancer and the significant variability in how different cancer
types respond to treatment, combined with challenges such as tumor cell
immune escape, drug resistance, and severe side effects of existing
treatments, innovative strategies are urgently needed. These strategies
include targeted autophagy regulation to improve cancer drug resis-
tance [3,4], nanoparticle remodeling of the tumor microenvironment
(TME) to enhance targeted delivery and boost immune responses [5],
and the use of chitosan- and hyaluronic acid-based nanoarchitectures in
phototherapy [6], among others. However, phytotherapy also repre-
sents a crucial approach to overcoming the limitations of current
treatment regimens. Multi-targeted natural molecules offer valuable
resources for developing new anti-tumor drugs. Research has demon-
strated that active ingredients in natural plants, including alkaloids [7],
polyphenols [8], flavonoids [9], and organic acids [10], possess
anti-cancer properties. Notably, terpenoids such as β-elemene [11],
perillyl alcohol [12], paclitaxel [13], and oridonin [14] have been used
clinically in cancer treatment. Terpenoids hold significant promise as
anti-tumor candidate drugs.

Andrographis paniculata (Burm. f.) Nees, commonly known as the
"King of Bitterness," belongs to the Acanthaceae family. It has a long

history of culinary and medicinal use in Southeast Asia, including China,
Japan, and South Korea [15,16]. Studies have identified 187 chemical
constituents in Andrographis paniculata, including andrographolide
(Andro), deoxyandrographolide, neoandrographolide, andrographo-
side, and andrographosterin [17]. These chemical constituents underpin
Andro’s diverse biological activities and demonstrate significant phar-
macological effects in treating various conditions, including anti-tumor
[18], anti-viral [19], anti-inflammatory [20], anti-oxidant [21], Alz-
heimer’s disease [22], heart protection [23], and liver protection [24].
The diterpene compound Andro was first extracted from the whole plant
of Andrographis paniculata by Gorter in 1911, marking one of the
earliest comprehensive studies on the chemical constituents of the plant
[25]. Its molecular formula is C20H30O5, and its structure primarily
comprises a naphthalene ring, a γ-lactone ring, a double bond bridge
connecting the naphthalene ring and the lactone ring, an outer ring
double bond, and three hydroxyl groups (Fig. 1).

In recent years, substantial evidence has demonstrated that Andro
generally inhibits the development of various cancers and regulates the
cancer process through multiple targets, pathways, and mechanisms.
Andro holds significant potential for clinical application as a cancer
treatment. This review offers valuable insights into Andro’s role in
cancer treatment, particularly emphasizing the latest research on its
molecular mechanisms of anti-tumor action. Additionally, it highlights
the challenges associated with Andro’s clinical application and explores
ongoing efforts and future research directions aimed at overcoming
these limitations. We also proposed a chronological study to investigate
the inhibitory effect of Andro on a variety of cancers (Fig. 2).

Fig. 1. Chemical formula of andrographolide and andrographolide.
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2. Method

We searched the PubMed and Web of Science databases for relevant
articles published from January 1, 2014, to July 5, 2024, using the
keywords "Andrographolide and Cancer". After excluding duplicate ar-
ticles, reviews, conference abstracts, Chinese articles, and those deemed
unrelated or underrepresented, 142 articles were included in the review.
Details of this literature search are presented in Fig. 3.

3. The anti-tumor mechanism of Andro

As a novel anti-tumor agent, the mechanism of Andro involves

multiple targets, pathways, and mechanisms (Fig. 4). This section re-
views the molecular mechanisms underlying Andro’s anti-tumor effects,
with the aim of promoting its application in cancer treatment (Table 1).

3.1. Inhibition of proliferation

Uncontrolled cell proliferation is a hallmark of tumor cells. During
the progression from normal to tumor cells, cells acquire the ability to
generate growth signals, increase growth factor receptor (GFR) expres-
sion, evade growth inhibition signals, replicate indefinitely, and avoid
terminal differentiation. This leads to uncontrolled cell cycle progres-
sion and unlimited proliferation. Andro can inhibit tumor cell

Fig. 2. Describe the timeline of the research activities of andrographolide in the treatment of tumors.

Fig. 3. Flow chart of literature retrieval process.
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proliferation by targeting these proliferation-related processes.

3.1.1. Inhibition of growth signal transmission
Compared with normal cells, tumor cells can escape dependence on

growth factors by increasing the production of growth signals, upregu-
lating GFRs, or altering the extracellular domain of GFRs to continuously
send growth stimulation signals without ligand activation [26]. Studies
have shown that Andro inhibits the proliferation of non-small cell lung
cancer cells (H3255) by downregulating Transforming Growth
Factor-β1 (TGF-β1) expression and Na+-K+-adenosine 5′-triphosphate
(ATP) enzyme activity [27]. Additionally, in nasopharyngeal carcinoma
cells (HK1 and CNE-1), Andro treatment reduces the expression of
Epidermal Growth Factor Receptor (EGFR), Survivin, and Cyclin D1,
thereby inhibiting tumor cell proliferation [28].

3.1.2. Regulating cell cycle-related proteins
The cell cycle is fundamental to cell life, and tumor cells maintain

this process to support proliferation. In the normal cell cycle, Cyclin-
dependent Protein Kinase (CDK) binds to Cyclin to drive the process
forward [29]. Andro regulates cell cycle-related proteins through mul-
tiple pathways to block the cell cycle and inhibit tumor proliferation
(Fig. 5). For instance, Andro C-3 and C-19 aryl acetal derivatives
(Compounds 1 and 2, Fig. 6) interfere with colon and prostate cancer
cells [30,31]. Additionally, in PANC-1 (with mutant tumor suppressor
protein p53 R273H), HuCCT1 (with mutant p53 R175H), and HuCCT1
cell-transplanted mice, Andro inhibits Signal Transducer and Activator
of Transcription 3 (STAT3) and induces the expression of Heat Shock
Protein 70 (Hsp70), leading to the degradation of mutant p53 and
upregulation of p21, which causes G0/G1 phase arrest [32]. Moreover,
Andro C-17 and C-19 modified derivatives (Compound 3, Fig. 6) induce
DNA damage and Poly (ADP-ribose) Polymerase-1 (PARP-1) cleavage by
inhibiting DNA Topoisomerase II Alpha (TOP2A), upregulating p53, and
inhibiting Cyclin D and CDK6, which results in G1 phase arrest [33].

Andro not only blocks the G0/G1 phase but also interrupts the tumor
cell cycle in the G2/M phase through multiple pathways. Research has
shown that Andro induces DNA damage by increasing reactive oxygen
species (ROS) levels in HepG2, Huh7, and Hep3B hepatoma cells. It
promotes p62 aggregation, degrades RAD51 recombinase (RAD51) and

p53-binding protein 1 (53BP1), impairs DNA repair, increases p53
expression, inhibits Cyclin B1 and Cyclin-dependent Kinase 1 (CDC2),
and induces cell cycle arrest in the G2/M phase [34]. Additionally,
Andro downregulates SRY-Box Transcription Factor 9 (SOX9) by
inhibiting T Cell Factor 1 (TCF-1) and bypassing β-catenin, which pro-
motes the expression of p21 in chondrosarcoma cells and inhibits Cyclin
D1, Cyclin E1, Cyclin E2, and Cyclin B1, leading to G2/M phase arrest
[35]. Moreover, Andro increases the expression of Avian Myelocyto-
matosis Virus Oncogene Cellular Homolog (C-Myc) and upregulates p53
by activating Extracellular Signal-Regulated Kinase (ERK) 1/2, which
activates BCL2-Associated X (Bax) and blocks DBTRG-05MG brain
cancer cells in the G2/M phase [36]. Concurrently, Andro inhibits the
phosphorylation of Glycogen Synthase Kinase-3β (GSK-3β), reduces
β-catenin accumulation, decreases the expression of C-Myc and Cyclin
D1, and blocks the cell cycle in the G2/M phase in osteosarcoma 143B,
U2OS, MG-63, and SaoS-2 cells, as well as in 143B cell transplantation
mouse models in vivo [37]. C-Myc is also involved in cell differentiation;
its overexpression can compete with Mad to form the Max-Myc complex,
inhibiting tumor cell differentiation and enhancing proliferation [38].
However, the effect of Andro on C-Myc’s role in cell differentiation re-
mains unstudied.

Researchers have made progress in understanding Andro ’s impact
on upstream targets of cell cycle-related proteins. Using computer-
simulated molecular docking technology, it was discovered that Andro
has a high affinity for Smoothened (Smo) in the Hedgehog pathway. It
downregulates the expression of Smo and GLI Family Zinc Finger 1
(Gli1) in colon cancer HCT116 cells, thereby inhibiting CDC2 and Cyclin
B1 expression and ultimately inducing G2/M phase arrest [18]. Addi-
tionally, a study using proteomic chips found that Andro binds to Pro-
grammed Cell Death 2 (PDCD2), affecting PDCD2’s role in transporting
cyclin RNA to cytoplasmic ribosomes. This interaction inhibits the nu-
clear export efficiency of CDC2, CDK2, CDK4, and CDK6 mRNA, reduces
CDK protein expression, and blocks A549 lung cancer cells and HeLa
cervical cancer cells in the G2/M phase [39]. However, these findings
need further validation through surface plasmon resonance and biofilm
light interference techniques.

Fig. 4. Pharmacological activity of andrographolide.
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Table 1
Information on the mechanism of andrographolide on various tumors.

Cancer type Animal/cell model Types Routes Dose Effects and related mechanisms Ref

Colon HCT116 cell In
vitro

- 16–512 μM ↑ROS, Bax, Bad ↓Bcl− 2, Cyclin B1, CDK1, Smo,
Gli1

[18]

HCT116 cell
HCT116 subcutaneous xenografts in Female Balb/C
mice

In
vitro
In
vivo

-
ip

0.1–10 μM
100 mg/kg

↑p21 ↓CDK4 [30]

HCT116 cell In
vitro

- 1–10 μM ↑tBid, Cleaved Caspase 8 ↓Caspase 8, Bid [56]

HCT116 cell In
vitro

- 10–20 μM ↓p47phox, ROS, p-Src, p-Erk1/2, p-p38, p-c-Fos, p-c-
Jun, p-p65, p-IкBα, IL− 8

[95]

HT− 29 cell In
vitro

- 16–256 μM ↑ROS, Caspase 3activity [46]

HT− 29 cell In
vitro

- 1–10 μM ↑p53, Cleaved PARP ↓TCF, β-catenin, C-Myc,
Cyclin D1, Survivin, MMP− 7

[72]

HT− 29 cell
HT− 29 subcutaneous xenograft male C57BL/6
mice

In
vitro
In
vivo

-
ip

5 μM
2 mg/kg

↓p-VEGFR2, p-mTOR, p-AKT, p-MEK1/2, p-ERK1/
2, p-p38

[85]

DMBA induced colon cancer female Sprague
Dawley rals

In
vivo

po 10, 30,
100 mg/kg

↑p53 ↓Caspase 3 [40]

SW− 480 cell In
vitro

- 16–512 µM ↑ROS, Bax, Bad ↓Bcl− 2, Notch 1, Jagged 1 [96]

DLD1 cell In
vitro

- 80~ 320 μM ↑ROS, Caspase 3 activity [97]

Colo205, T84 cell In
vitro

- 45 μM ↑ROS, IRE1, XBP1, CHOP, Caspase 3 ↓Cyclin B1, p-
AKT

[58]

T84, HCT116, Colo205 cell In
vitro

- 45 μM ↑IRE1, XBP1, CHOP, Caspase 3 ↓Bcl− 2 [59]

Colo205, T84 cell In
vitro

- 45 µM ↑RASSF1A, TSP− 2 ↓VEGFR1, VEGFR2, p-AKT,
FOXM1

[82]

HT− 29, HCT116 cell
HT− 29 Subcutaneous xenografts in male nude mice

In
vitro
In
vivo

-
ip

4 μM
2 mg/kg

↑ROS, p-JNK1/2, Cleaved Caspase 9, Cleaved
Caspase 3, Cleaved PARP

[98]

Liver cancer HUVECs cell
Hep3B subcutaneous xenografts in C57BL/6 mice

In
vitro
In
vivo

-
ip

Andro：2.5 μM
3, 10, 30 mg/
kg

↓p-ERK1/2, p-p38, p-JNK/SAPK, p- VEGFR2 [84]

HepG2，Huh7，Hep3B cell
p62 knockout HepG2/ HepG2 subcutaneous
xenografts in Balb/c nude mice

In
vitro
In
vivo

-
ig

30 μM
15/30 mg/kg

↑ROS, p62, p53, Cleaved PARP, Bax, Cleaved
Caspase 3, BRCA1 ↓Cyclin B1, CDK1, RAD51,
53BP1

[34]

SK-Hep− 1，HepG2 cell
SK-Hep− 1 subcutaneous xenografts and lung
metastases tail vein injected in Balb/c nude mice

In
vitro
In
vivo

-
ig

0–100 μM
20, 40 mg/kg

↑MIR22HG, Cleaved Caspase 9, Cleaved Caspase 7,
Cleaved Caspase 3 ↓Bcl− 2, Caspase 9, Caspase 7,
Caspase 3, HMGB1, MMP− 9

[57]

Hep3B，HepG2 cell
Hep3B subcutaneous xenografts in specific
pathogen-free nude male mice

In
vitro
In
vivo

-
ip

25, 50 μM
5, 10 mg/kg

↓c-Jun, VEGFD [78]

Hep3B，HepG2 cell
Hep3B subcutaneous xenografts in specific
pathogen-free nude male mice

In
vitro
In
vivo

-
ip

0–50 μM
10 mg/kg

↓MTA1, HDAC1, HIF− 1α, VEGFA [80]

Hep3B，SMCC7721 cell
Hep3B subcutaneous xenografts in specific
pathogen-free nude male mice

In
vitro
In
vivo

-
ip

50 μM
10 mg/kg

↑miR− 222–3p, miR− 106 b− 5p, miR− 30 b− 5p,
miR− 23 a− 5p

[99]

Lung cancer A549 cell In
vitro

- 1–5 μM ↑ROS [47]

H3255 cell In
vitro

- 1–5 μM ↓VEGF, TGF-β1, PKC [27]

H1975 cell In
vitro

- 0–20 μM ↑Bax, Bak, PEPCK1, FBP1, PFK, Cyt C, Cleaved
Caspase 8, Cleaved Caspase 9, Cleaved Caspase 3
↓Bcl− 2, PKM2, LDHA, GLUT1

[91]

H460，H1650 cell
Lewis subcutaneous homografts of C57BL/6 mice

In
vitro
In
vivo

-
ip

0–30 μM
5, 10 mg/kg

↑ROS ↓GPX4, SLC7A11 [63]

H1975，H1299 cell
H1975 subcutaneous xenografts in female nude
mice, Lewis homograft female C57bl/6 J mice

In
vitro
In
vivo

-
ip

0–50 μM
Andro：2.5, 5,
10 mg/kg
anti-PD− 1：
10 mg/kg

↑ROS, p62, LC3B ↓p-STAT3, PD-L1 [87]

(continued on next page)
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Table 1 (continued )

Cancer type Animal/cell model Types Routes Dose Effects and related mechanisms Ref

A549，H292 cell In
vitro

- 0–75 μM ↑ROS, Cleaved Caspase 9, Cleaved Caspase 3,
Cleaved PARP ↓PDK1, PDK2, PDK3, p-PDH1

[89]

A549，H1299 cell In
vitro

- 0–50 μM,
0–20 μM

↑ATF4, Noxa, Cleaved PARP, Cleaved Caspase 3
↓Puma, Bid, Bim, Bik, Bax, Bak, C-Myc, Caspase 3

[100]

A549, H1975 cell
A549 Subcutaneous xenograft BALB/c nude female
mice

In
vitro
In
vivo

-
ip

0–20 μM
50, 100,
150 mg/kg

↑p53, p21, γ-H2AX, p27 ↓Skp2 [101]

Lymphoma MCF− 7 cell In
vitro

- Andro：16 μM
TRAIL：8 ng/
ml

↑ROS, DR4, p53, Bid, Bax, Cleaved Caspase 9,
Cleaved Caspase 8, Cleaved Caspase 3, Cleaved
PARP, Cleaved GSDME

[65]

MCF− 7 cell
MMTV-PyMT mice

In
vitro
In
vivo

-
ip

70 μM
5 μg/g

↑PDCD4 ↓p65, p-p65, miR− 21–5p [102]

MDA-MB− 231 cell In
vitro

- 0–10 μg/ml ↑E-cadherin ↓N-cadherin, Vimentin, EGFR, p-
EGFR, p-STAT1, HDAC4

[67]

MDA-MB− 231 cell
MDA-MB− 231 heterozygous anterior tibial
tuberosity injected BALB/c mice

In
vitro
In
vivo

-
ip

0–30 μM
50 mg/kg

↓p-IκBα, MMP− 9 [70]

MDA-MB− 231 cell In
vitro

- 5–20 μM，
20 μM

↑TIMP3 ↓miR− 21–5p, MMP− 9 [86]

4T1 cell
4T1 homozygous tail vein injection of female
BALB/c mice

In
vitro
In
vivo

-
ip

50–200 nM
1, 5 mg/kg

↓MMP− 2, MMP− 9 [75]

HUVECs cell
4TI in situ homograft BALB/c nude mice

In
vitro
In
vivo

-
po

20 μM,
5, 10, 20 mg/
kg

↓p-VEGFR2, p-ERK, p-AKT [83]

MDA-MB− 231，MCF− 7 cell
MDA-MB− 231 subcutaneous xenografts in BALB/c
female athymic nude mice

In
vitro
In
vivo

-
-

0–20 μM
5, 10 mg/kg

↑Bax, Cleaved Caspase 9, Cleaved Caspase 3
↓Bcl− 2, COX− 2, p300 HAT, p65/p50, c-Fox,
CREB2, CD31

[81]

MDA-MB− 231，HCC1937，HCC1806 cell
MDA-MB− 231 was injected subcutaneously into
the mammary fat pad in BALB/c mice, HCC1806,
4T1 was injected subcutaneously into the
mammary fat pad in Female NOD/SCID mice

In
vitro
In
vivo

-
ip

25 μM
200 mg/kg

↓Wnt− 5a, β-catenin, MMP− 9, MMP− 2, PDGF-AA,
CCL2

[93]

T47D，MDA-MB− 231 cell
MDA-MB− 231 intraperitoneal injection in BALB/c
females nude mice

In
vitro
In
vivo

-
po

0.1–1 μM
25, 50,
100 mg/kg

↑p− 4EBP1, p-P70S6K ↓HIF− 1α, p-AKT, p-mTOR [103]

Prostate cancer PC− 3 cell
PC− 3 subcutaneous xenografts in BALB/c mice

In
vitro
In
vivo

-
ip

Andro：
20 μM；
TRAIL：20 ng/
ml
Andro：
10 mg/kg
TRAIL：100 μg

↑ROS, DR4, p53, p-p53, Cleaved Caspase 8,
Cleaved Caspase 3, Cleaved PARP ↓FLIP, Caspase 8,
Caspase 3

[42]

PC− 3，DU145，LNCaP cell In
vitro

- 0.1–100 μM ↑Cleaved caspase 8, Cleaved caspase 9, tBid, Bax
↓Cyclin D1, CDK4, CDK1, Caspase 8, Caspase 9,
Bid, Bcl− 2

[31]

PC− 3，DU145，C4–2b cell In
vitro

- 7.5–20 μM ↓CXCR3, CXCR7 [76]

PC− 3，22RV1 cell
22RV1 in situ xenograftmale ICR-SCID mice

In
vitro
In
vivo

-
ip

10–25 μM
10 mg/kg

↑ATM、BRCA2、BRIP1、CLSPN, NBN, γH2AX
↓MMP− 11, pH3, Ki− 67

[104]

Melanoma B16 cell
B16 subcutaneous homografts of C57BL/6 J mice

In
vitro
In
vivo

-
ip

10 μM
5 μg/g

↓TLR4, MyD88, p-IκBα, p-p65, p-p50, CXCR4, IL− 6 [77]

CD133+ tumour stem cell
CD133+ tumour stem cell + B16F10 subcutaneous
homograft in NOD/SCID or C57BL/6 J mice

In
vitro
In
vivo

-
ip

50–150 μM
50, 150 mg/kg

↓Notch1, NICD1, CD133, p- MEK3/6, p-p38, c-Jun,
c-Fos, MMP− 2, MMP− 9, VEGF

[79]

Glioma DBTRG− 05 MG cell In
vitro

- 13.95, 27.9 μM ↑ERK1/2, C-Myc, p53 [36]

C6 cell
C6 Subcutaneous homografts in ICR male mice

In
vitro
In
vivo

-
is

5–20 μM
30 μL
（20 μM）

↑Cleaved caspase 7, Cleaved PARP, p-p53, p53, p-
ERK1/2, p-p38 MAPK

[49]

(continued on next page)
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Table 1 (continued )

Cancer type Animal/cell model Types Routes Dose Effects and related mechanisms Ref

U251，U87 cell
U87 (shPCSK5/ shNC) subcutaneous xenograft
Female athymic BALB/c nude mice

In
vitro
In
vivo

-
iv

0–100 μM
10 mg/kg

↑E-cadherin ↓N-cadherin, Vimentin, PCSK5, p-
STAT3, MMP− 2, MMP− 9

[73]

GBM8401，U251 cell In
vitro

- 0–40 μM ↑p-c-Raf, p-MEK, p-ERK1/2, p-JNK1/2 ↓CREB,
MMP− 2

[74]

Gastric cancer SGC7901 cell In
vitro

- 5–40 μM ↑Bax, Bak, TIMP− 1, TIMP− 2, Cyclin B1, p-CDC2
↓Bcl− 2, Survivin, MMP− 2, MMP− 9, CD147

[69]

SGC7901，AGS cell In
vitro

- 20 μM ↑p53 ↓MDM− 2, Bcl− 2, Caspase 9, Caspase 3, PARP [48]

MKN74，NUGC4 cell In
vitro

- 40 µg/ml ↑HMOX1, GCLC, GCLM [105]

AGS，SNU601，SUN638 cell In
vitro

- Andro:10,
15 μM
TRAIL:5,
10 ng/ml

↑ROS, p53, p21, DR4, DR5, Bak, Bax ↓Bcl− 2 [41]

Osteosarcoma SW1353，Hs819.T cell In
vitro

- 5–50 μM ↑p21, Bad, Cleaved Caspase 3, β-Tubulin
↓p27, Cyclin D1, Cyclin E2, Bcl− 2, TCF− 1, SOX9,
Lamin-A

[35]

MG− 63，U2OS cell In
vitro

- 3–60 μM ↑LC3B, Beclin, ATG5, PI3K classIII, E-cardherin
↓PI3K classI, p-AKT, p-mTOR, p-JNK, p-ERK, p-p38
Vimentin, N-cardherin, Snail

[61]

143B，U2OS，MG− 63，SaoS− 2 cell
143B injected into the proximal tibia periosteum of
female nude mice

In
vitro
In
vivo

-
ig

5–20 μM；
5, 10, 15 mg/
kg

↑Bad, Cleaved Caspase 3, Cleaved PARP, E-
cardherin ↓PCNA, Cyclin B1, Bcl− 2, Snail,
Vimentin, N-cardherin, MMP− 2, MMP− 7,
MMP− 9, β-catenin, C-Myc, Cyclin D1, p-GSK3-β, p-
AKT, p65

[37]

HOS，U2OS，SAOS− 2，MG− 63 cell
HOS-Luc subcutaneous xenografts in Female Balb/
c- nude mice

In
vitro
In
vivo

-
ip

0–80 μM；
15, 30 mg/kg

↑ROS, Cleaved Caspase 9, Cleaved Caspase 8,
Cleaved Caspase 3, Cleaved PARP, p-JNK ↓PARP

[106]

Leukaemia U937 cell In
vitro

- 5.4 μM ↑Bax, Bad, Cyto-Cyt c, Cleaved PARP, Beclin 1,
ATG3, ATG7, ATG5 ↓Bcl-XL, Bcl− 2, Mito-Cyt c,
PARP, p-PI3K, p-AKT, p-PDK1, p-GSK3β, p-mTOR,
LC3BI/II

[62]

Jurkat cell
Jurkat subcutaneous xenografts in Nude mice

In
vitro
In
vivo

-
ip

5–20 μg/ml
50, 100,
200 mg/kg

↑Cleaved Caspase 3, p-p38, p-p53 ↓Caspase 3, p-
AKT

[107]

Bladder cancer T24 cell In
vitro

- Andro：8 μM
TRAIL：2 ng/
ml

↑Cleaved PARP1, Cleaved Caspase 3, Cleaved
Caspase 9, DR4, DR5, p53 ↓CD147, MMP− 9,
PARP1, Caspase 3, Caspase 9, Caspase 8, RelA,
clAP2

[43]

T24，5637 cell
5637 Subcutaneous xenografts in BALB/c nude
mice

In
vitro
In
vivo

-
ip

0–40 μM,
0–80 μM
10 mg/kg

↑Cleaved Caspase 3, Cleaved Caspase 9, Bax
↓MMP− 9, Bcl− 2, p65, Survivn, p- PI3K, p- AKT, p-
mTOR

[52]

Multiple myeloma OPM1 cell In
vitro

- 1–10 μM ↓TLR4, NF-κB [51]

RPMI− 8226，U266 cell In
vitro

- 20, 40 μM ↑p21, p-p38 ↓CDK2, CDK4, Cyclin D1, Nrf2, HO− 1,
GPX4, SLC7A11

[64]

Nasopharyngeal
Carcinoma

C666–1 cell In
vitro

- 25–100 μM ↑Bax, Cleaved Caspase 3, p-LKB1, p-AMPK ↓ Bcl− 2,
Caspase 3, p-P70S6K, p-S6

[53]

HK1，CNE− 1 cell In
vitro

- 5–25 μM ↓EGFR, Survivin, Cyclin D1, MMP− 9, VEGF,
ICAM− 1

[28]

Kidney cancer 786–0，OS-RC− 2，ACHN cell In
vitro

- Andro：5 μM
TRAIL：50 ng/
ml

↑γ-H2AX, Bax, Cleaced PARPP, Cleaced Caspase 8,
Cleaced Caspase 9, DR4 ↓PARP, Caspase 8

[44]

HEK− 293 cell In
vitro

- 0–20 μM ↑p53, Bax, Cleaved PARP ↓Bcl-XL, NF-κB [50]

Bile duct cancer KKU-M213 cell In
vitro

- 8.0 μM ↑Cleaved PARP1, p53, Bax ↓TOP2A, CDK6, Cyclin
D1

[33]

KKU-M213 cell In
vitro

- 0–50 μM ↑p-p38, Snail, p-JNK ↓claudin− 1 [108]

Cervix Hela, Siha cell
HeLa subcutaneous xenograft in Female C57 BL/6
mice

In
vitro
In
vivo

-
ip

0–10 μM
15, 30 mg/kg

↑PTEN，Bax ↓NF-κB, COX− 2, PI3K, p-AKT, Bcl− 2 [54]

Burkitt’s
lymphoma

Burkitt’s lymphoma patient-derived xenografts in
NOD-SCID or BALB/c nude mice

In
vivo

ip 25 mg/kg ↑c-Jun, Caspase 3 [55]

Thyroid cancer 8505 C，CAL62 cell In
vitro

- 60 μM ↑Cleaved PARP, Cleaved Caspase 3 ↓PARP, Caspase
3, Bcl− 2, Bcl-XL, HK2, PKM 2, PFKM, LDHA

[90]

Abdominal aortic
aneurysm

Mouse aortic smooth muscle cell Elastase perfusion
induces abdominal aortic aneurysms in Male
C57BL/6 J mice

In
vitro
In
vivo

-
ip

15 μM
5 mg/kg

↓p-NF-κB, α4 integrin, CCL2, CXCL10, TNFα, IFNγ [94]

(continued on next page)
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3.1.3. Inhibition of abnormal telomerase activation
Telomeres are DNA repeat sequences at the ends of eukaryotic

chromosomes that maintain chromosome stability and ensure proper
cell division in conjunction with telomere-binding proteins. As cells
divide, telomeres gradually shorten but are stabilized through telome-
rase activity. Tumor cells maintain telomere length by activating telo-
merase, which promotes division and stabilizes chromosomes.
Regulating telomerase activity can help inhibit tumor cell proliferation.
Studies have shown that Andro inhibits telomerase activity and disrupts
chromosome stability in a rat colon and lung cancer model induced by
7,12-Dimethylbenz[a]anthracene (DMBA), thereby impeding tumor cell

progression through the cell cycle [40]. However, the specific mecha-
nism by which Andro affects tumor telomerase requires further inves-
tigation, which may offer new avenues for innovative treatment
strategies.

3.2. Inducing programmed cell death

Programmed cell death (PCD) represents a controlled form of cell
death regulated by various biological macromolecules, distinguishing it
from accidental cell death. PCD is crucial in numerous biological pro-
cesses, including development, cell differentiation, maintenance of

Table 1 (continued )

Cancer type Animal/cell model Types Routes Dose Effects and related mechanisms Ref

Pancreatic
Bile duct cancer

PANC− 1，HuCCT1 cell
HuCCT1 subcutaneous xenografts in female BALB/c
mice

In
vitro
In
vivo

-
ip

12.5–100 μM
10 mg/kg

↑wtp53, p21, Cleaved Caspase 3, Hsp70, Hsp90
↓mtp53, Caspase 3, MDM2, STAT3

[32]

Lung cancer
Cervical cancer

A549，HeLa cell
A549 Subcutaneous xenografts in nude mice

In
vitro
In
vivo

-
ip

12.5, 25 μM；
30 mg/kg

↓PD2, CDK1, CDK2, CDK4, CDK6 [39]

Leukaemia
Multiple
myeloma

THP− 1，H929 cell In
vitro

- 50 μM ↑ROS ↓Caspase 7, Caspase 3 [45]

Nasopharyngeal
Cancer
Oral Cancer

HONE1-EBV，SCC25-EBV，HSC1-EBV cell In
vitro

- 35–36.3 μM ↑DNMT1, DNMT3B, HDAC5, RIPK1, RIPK3, MLKL
↓MEF2D, SP1, SP3

[60]

Oral cancer C33A，SiHa，CaSki cell In
vitro

- 0–160 μM ↑E6, p53 ↓HERC4, SMURF2 [109]

Breast Cancer
Ovarian cancer

MDA-MB− 231，SKOV− 3 cell In
vitro

- 0–50 μM； ↑TIMP1 ↓p-p65, MMP− 7 [110]

↓indicates inhibition/reduction, while ↑indicates increase/promotion; ip, Intraperitoneal; Ig, intragastric; po, Oral administration; iv, Intravenous; is, In situ injection

Fig. 5. Anti-proliferation mechanism of andrographolide. Andrographolide regulates the CDK-cyclin complex by downregulating STAT3/HSP70, TCF-1/SOX9,
ERK1/2, GSK-3β/β-catenin, and the Hedgehog pathway, inhibiting TOP2A expression, inducing DNA damage, and increasing ROS content to prevent cell cycle
progression.
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cellular balance, and removal of defective or malignant cells, making it a
key target for cancer chemotherapy. Extensive studies have demon-
strated that Andro can regulate various PCD mechanisms, including
apoptosis, autophagy, ferroptosis, and pyroptosis (Figs. 7 and 8). This
section summarizes the mechanisms by which Andro regulates PCD and
offers new insights into its potential significance in tumor therapy.

3.2.1. Apoptosis

3.2.1.1. Exogenous apoptosis. Exogenous apoptosis involves the forma-
tion of the death-inducing signaling complex (DISC) through the acti-
vation of cell surface receptors. The cytoplasmic tail of these receptors
binds to Fas-Associating Protein with a Novel Death Domain (FADD),
which then activates Cysteinyl Aspartate-Specific Proteinase (Caspase) 8
to induce programmed cell death. Impaired death receptor signaling
pathways are a key mechanism by which tumors evade exogenous
apoptosis. Andro can interfere with this pathway, triggering exogenous
apoptosis in gastric cancer [41], prostate cancer [42], bladder cancer
[43], and kidney cancer [44] cells.

3.2.1.2. Endogenous apoptosis. Endogenous apoptosis, or mitochondrial
apoptosis, refers to cell death induced by the disruption of mitochon-
drial membrane channels following intracellular homeostasis imbal-
ance. Andro can induce mitochondrial apoptosis in tumor cells through
multiple pathways.

One trigger of the mitochondrial apoptosis pathway is the disruption
of the redox system balance. Studies have shown that Andro increases
intracellular ROS levels and depletes Glutathione (GSH), disrupting
redox balance and inducing mitochondrial stress apoptosis in leukemia
and multiple myeloma [45], colon cancer [46], and other cells. Similar
effects were observed with Andro C-17 derivatives (Compound 4, Fig. 6)
in non-small cell lung cancer A549 cells [47].

The p53 signaling molecule is crucial in the mitochondrial apoptosis
pathway. Research indicates that Andro downregulates the p53 negative
regulator Murine Double Minute 2 (MDM-2), leading to upregulation of
p53 in gastric cancer SGC7901 and AGS cells. This upregulation inhibits
B-cell lymphoma-2 (Bcl-2), disrupts Mitochondrial Membrane Potential
(ΔΨm), activates Caspase 9 and Caspase 3, increases Cleaved PARP
levels, and ultimately induces mitochondrial apoptosis [48]. In glioma

Fig. 6. Andrographolide anti-tumor derivatives.
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C6 cells, Andro increases p53 levels by upregulating ERK expression,
activates Caspase 7, and upregulates Cleaved PARP to induce endoge-
nous apoptosis [49]. Additionally, C-14 ester derivatives (Compounds 5
and 6, Fig. 6) induce apoptosis in renal cancer HEK-293 cells by upre-
gulating p53, increasing the Bax/B-cell lymphoma-extra-large (Bcl-XL)
ratio, activating Caspase 3, and inhibiting Nuclear Factor Kappa-B
(NF-κB) [50]. In summary, Andro regulates p53 through various
mechanisms to trigger endogenous apoptosis in tumor cells.

In addition to the aforementioned pathways, NF-κB, Phosphatidyli-
nositol-3-Kinase (PI3K)/Protein Kinase B (AKT), and AMP-Activated
Protein Kinase (AMPK) signaling pathways are crucial in disrupting
mitochondrial integrity and inducing endogenous apoptosis in tumor
cells. Studies have shown that Andro intervenes in multiple myeloma
OPM1 cells by downregulating Toll-Like Receptor 4 (TLR4), inhibiting
NF-κB expression, increasing Caspase 9/3 activation, and inducing
apoptosis [51]. Moreover, Andro inhibits the PI3K/AKT pathway,
thereby inducing mitochondrial-dependent apoptosis in bladder cancer
T24 and 5637 cells [52]. Additionally, Andro activates Liver Kinase B1
(LKB1) and AMPK, inhibits Mammalian Target of Rapamycin (mTOR)
activity, relieves the inhibition of Ribosomal Protein S6 Kinase (p70S6K)
on BCL2-Associated Agonist of Cell Death (Bad), and activates mito-
chondria-mediated apoptosis in nasopharyngeal carcinoma C666–1 cells
[53]. Furthermore, Andro reduces the binding of p65 to the promoter
region of Cyclooxygenase-2 (COX-2) by downregulating p65, inhibits
COX-2 expression, and diminishes COX-2’s inhibition of Phosphatase
and Tensin Homolog (PTEN). This results in the downregulation of PI3K
and p-AKT, increases the Bax/Bcl-2 ratio, and triggers apoptosis in
cervical cancer cells [54]. Molecular docking predictions suggest that
Andro can directly bind to c-Jun and Caspase 3, upregulate their
expression, and inhibit Burkitt lymphoma cell proliferation [55].

It is important to note that endogenous and exogenous apoptosis
often occur simultaneously and interact with each other. Studies have

shown that Andro derivatives (Compound 7, Fig. 6) trigger apoptosis in
HCT116 cells by activating Caspase 8, which upregulates Truncated BH3
Interacting Domain Death Agonist (tBid) [56]. This indicates that pro--
apoptotic Bcl-2 family members, such as Bid and Bax, act as key medi-
ators, transmitting the Andro-initiated cell death signal from Caspase 8
to the mitochondria, and subsequently to downstream effector Caspases,
ultimately triggering apoptosis.

Additionally, the role of Long Non-Coding RNA (LncRNA) in tumor
cell proliferation has garnered significant attention. Our study found
that Andro competes with Bcl-2 mRNA for binding to Human Antigen R
(HuR) by upregulating LncRNA MIR22 HG. This interaction destabilizes
Bcl-2 mRNA, reduces Bcl-2 protein expression, induces mitochondrial
stress and Cytochrome C (Cyt C) release, activates the Caspase cascade,
and ultimately triggers endogenous apoptosis in liver cancer cells [57].
However, research on Andro Andro ’s impact on tumorigenesis and
development through non-coding RNA regulation is still limited, high-
lighting the need for further investigation in this area.

3.2.1.3. Endoplasmic reticulum stress-mediated apoptosis. The endo-
plasmic reticulum (ER) is responsible for the proper folding of proteins.
When ER stress occurs due to endogenous or exogenous factors, proteins
cannot be correctly folded. Cells respond to the accumulation of mis-
folded or unfolded proteins in the ER through the unfolded protein
response (UPR), which can trigger apoptosis. Thus, inducing ER stress
may serve as an effective strategy for promoting tumor cell apoptosis.
Consistent with this hypothesis, Andro triggers ER stress by increasing
ROS levels, leading to an accumulation of improperly folded proteins. It
competes with Inositol-Requiring Enzyme 1 (IRE1) for binding to
Immunoglobulin Heavy Chain-Binding Protein (BIP)/Glucose-Regulated
Protein 78 (GRP78). IRE1 enhances the expression of C/EBP Homolo-
gous Protein 10 (CHOP) by promoting the maturation of X-Box Binding
Protein 1 (XBP1) mRNA. CHOP subsequently upregulates the Bax/Bcl-2

Fig. 7. Mechanism of andrographolide-induced endogenous, exogenous and endoplasmic reticulum stress-mediated apoptosis. Andrographolide regulates apoptosis
in tumor cells induced by intracellular, exogenous, and endoplasmic reticulum stress by modulating MAPK, PI3K/AKT, NF-κB, LKB1/AMPK, and LncRNA, while
disrupting redox homeostasis.
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ratio, activating the mitochondrial apoptosis pathway in colon cancer
Colo 205 and T84 cells [58,59]. This indicates an intersection between
ER stress-mediated apoptosis and mitochondrial-mediated endogenous
apoptosis at the molecular level. However, reports on Andro-induced ER
stress-mediated apoptosis in tumor cells are still limited, suggesting a
need for further research, which could facilitate the development of
targeted therapies.

3.2.1.4. Necroptosis. Necroptosis is a form of programmed cell death
that resembles necrosis, characterized by cell membrane destruction and
swelling of both the cell and organelles. It serves as a defense mechanism
against viral infections. The Epstein-Barr virus (EBV) infection cycle
includes both lytic and latent phases, with the lytic phase closely asso-
ciated with the development of head and neck cancers. Studies have
demonstrated that Andro inhibits the transcription factors Myocyte
Enhancer Factor 2D (MEF2D), Specificity Protein 1 (SP1), and SP3 by
upregulating the expression of DNA Methyltransferases (DNMT) 1,
DNMT3B, and Histone Deacetylase (HDAC) 5. This inhibition reduces
EBV lysis and reactivation. Concurrently, Andro promotes the expres-
sion of key necroptosis molecules, including Receptor-Interacting Pro-
tein Kinase (RIPK) 1, RIPK3, and Mixed Lineage Kinase Domain-Like
Protein (MLKL), thereby inducing necroptosis in EBV-positive human
nasopharyngeal carcinoma HONE1-EBV cells and oral squamous cell
carcinoma SCC25-EBV and HSC1-EBV cells [60]. These findings suggest
that Andro, with its antiviral properties, holds potential for treating viral
infection-related tumors.

3.2.2. Autophagic death
Autophagy is a self-degradation process that occurs in normal

cellular function. Under conditions of nutrient deficiency, autophagy
promotes cell survival; however, excessive autophagy can lead to

autophagic cell death, which has become a target for cancer treatment.
Studies have demonstrated that Andro can activate the Unc-51 like ki-
nase (ULK) complex by inhibiting the expression of PI3K class I, AKT,
and mTOR in osteosarcoma MG-63 and U-2OS cells, subsequently acti-
vating the PI3K class III complex. The PI3K class III complex includes
Beclin-1, which recruits various proteins involved in the maturation and
extension of autophagosomes. Additionally, Andro treatment led to an
increased expression level of Autophagy-related protein 5 (ATG5) and a
decreased ratio of Microtubule-associated protein 1 light chain 3 (LC3B)
I/II, which induced autophagic cell death. Moreover, Andro simulta-
neously activated Jun N-terminal kinase (JNK); JNK-specific inhibitors
reduced ATG5 expression and the decline in the LC3B I/II ratio [61].
Andro can induce autophagic cell death of tumor cells through mito-
chondrial stress, oxidative stress, inhibition of the PI3K/AKT/mTOR
signaling pathway, and activation of the JNK signaling pathway.
Furthermore, studies on its derivatives revealed that the C-14 modified
derivative AG-4 of Andro (Compound 8, Fig. 6) can disrupt mitochon-
drial membrane permeability and induce mitochondrial-mediated
apoptosis by increasing ROS levels. This derivative can also induce
autophagic death and apoptosis in leukemia U937 cells by inhibiting the
PI3K/AKT/mTOR pathway, with both processes influencing each other
during compound 8-mediated cell death [62]. This suggests that auto-
phagic death and apoptosis can occur simultaneously and interact.
However, as autophagy is a "double-edged sword," it is essential to be
cautious when interpreting experimental results. Given that autophagic
cell death is significant for treating apoptosis-resistant tumors, Andro
shows considerable potential as a therapeutic agent for controlling the
progression of such tumors.

3.2.3. Ferroptosis
Ferroptosis is an iron-dependent form of regulated cell death

Fig. 8. Mechanism of andrographolide-induced necroptosis, autophagic death, ferroptosis and pyroptosis. Andrographolide regulates necroptosis by upregulating
necroptosis-related proteins while exerting antiviral effects. It also regulates autophagic cell death by modulating the PI3K/AKT/mTOR pathway, ferroptosis by
affecting intracellular redox homeostasis and the Nrf2/HO-1 pathway, and pyroptosis by inducing GSDME cleavage.
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characterized by excessive oxidation of polyunsaturated fatty acids and
rupture of the plasma membrane. Transferrin (TF) binds to Fe3+ and
facilitates its entry into cells through Transferrin Receptor 1 (TFRC1),
where Fe3+ is reduced to Fe2+. Fe2+ then generates hydroxyl radicals
through the Fenton reaction, triggering lipid peroxidation. To coun-
teract lipid peroxidation, Glutathione Peroxidase 4 (GPX4) converts
lipid hydroperoxides into lipid alcohols using GSH, which is reduced
from extracellular cystine by the system XC composed of Solute Carrier
Family 7 Member 11 (SLC7A11) and SLC3A2. Studies have shown that
Andro inhibits the expression of SLC7A11 and GPX4, leading to mito-
chondrial dysfunction, increased ROS, membrane potential damage, and
GSH depletion in tumor cells, thus accelerating ferroptosis in H460 and
H1650 cells [63]. Nuclear factor erythroid 2 related factor 2 (Nrf2) is a
key regulator of the antioxidant response, promoting the transcription of
Heme oxygenase 1 (HO-1) and mitigating lipid peroxidation. Andro
inhibited the expression of Nrf2 and HO-1 by activating P38 mitoge-
n-activated protein kinase (p38), which increased lipid peroxidation,
downregulated GPX4 and SLC7A11, and ultimately induced ferroptosis
in RPMI-8226 and U266 cells [64]. Although research on Andro-induced
ferroptosis remains limited, tumor cells that are resistant to apoptosis
may still be susceptible to other forms of programmed cell death,
particularly in the context of chemotherapy resistance linked to
apoptosis inhibition. Therefore, using natural products such as Andro to
induce ferroptosis offers a promising and innovative strategy for over-
coming drug resistance in tumors. By targeting specific cellular path-
ways and mechanisms, ferroptosis presents a unique approach to
circumvent resistance and enhance treatment outcomes, making it an
attractive area for future cancer therapeutic research and development.
Exploring the targets of Andro in triggering ferroptosis is of significant
importance.

3.2.4. Pyroptosis
Pyroptosis is a recently discovered form of programmed cell death,

also known as Gasdermin (GSDM)-mediated programmed necrosis,
resulting from extracellular or intracellular homeostasis disorders
related to innate immunity. Inflammatory caspases (Caspase 1/4/5/11)
are activated during pyroptosis. These activated caspases cleave Gas-
dermin D (GSDMD) at a specific site between the N-terminus and the C-
terminus, releasing the N-terminal fragment from the inhibitory C-ter-
minal domain. The N-terminal fragment of GSDMD (GSDMD-NT) binds
to phosphatidylinositol on the inner side of the plasma membrane,
forming pores that induce cell lysis and release pro-inflammatory cy-
tokines such as Interleukin-1 (IL-1) and IL-18. Pyroptosis not only reg-
ulates physiological processes such as cell proliferation, stress response,
and homeostasis but also acts as a tumor suppressor mechanism. Reports
have shown that morphological characteristics of pyroptosis, Lactate
dehydrogenase (LDH) release, and GSDME cleavage were observed in
breast cancer MCF-7 cells treated with Andro combined with Tumor
Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL). This sug-
gests that Andro can induce pyroptosis through GSDME cleavage and
enhance TRAIL-induced tumor inhibition [65]. Additionally, recent
studies have indicated that a small number of tumor cells undergoing
pyroptosis can effectively regulate the tumor immune microenviron-
ment, thereby activating T cell-mediated anti-tumor immune responses
[66]. Considering that Gasdermin family proteins may serve as potential
biomarkers for tumor immunotherapy, developing agonists for these
proteins could provide new strategies for cancer treatment.

3.3. Inhibition of tumor cell invasion and migration

Tumor cell migration and invasion are crucial aspects of tumor
development and are major contributors to tumor proliferation and
metastasis. Thus, inhibiting the invasion and systemic spread of tumors

Fig. 9. Mechanism of andrographolide against invasion and migration. Andrographolide reverses EMT by regulating Wnt/β-catenin, EGFR/STAT1/HDAC4 to reduce
migratory ability. It also decreases extracellular matrix damage by inhibiting MMPs through the regulation of NF-κB, PCSK/STAT3, TIMPs, MAPK, and LncRNA.
Additionally, the migration ability of tumor cells is inhibited by modulating TLR4/MyD88.
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to adjacent normal tissues is essential for improving patient prognosis.
The process of tumor invasion and metastasis involves several key
stages: detachment of tumor cells from the extracellular matrix (ECM),
invasion of surrounding tissue and the basal membrane, infiltration into
the bloodstream, metastasis and survival in the circulation, migration,
stagnation, and extravasation at distant sites, and ultimately the for-
mation of metastases. These stages require angiogenesis, matrix degra-
dation, disruption of cell-to-cell and cell-to-matrix adhesion, and
increased cell motility (Fig. 9).

3.3.1. Inhibit of Epithelial-Mesenchymal Transition
Compared to normal cells, tumor cells undergo a loss of epithelial

cell characteristics (such as decreased expression of E-cadherin and
cytoskeletal keratin) and acquire mesenchymal phenotypes (such as
increased expression of N-cadherin and Vimentin). This process, known
as Epithelial-Mesenchymal Transition (EMT), is crucial for tumor inva-
sion. Andro can inhibit the EMT process by blocking the Wnt/β-catenin
signaling pathway, thereby reducing the invasion capability of osteo-
sarcoma. Studies have shown that Andro inhibits β-catenin dissociation
by targeting GSK-3β, decreases β-catenin accumulation in tumor cells,
prevents its translocation to the nucleus, and its binding to TCF/
Lymphoid Enhancer-Binding Factor (LEF). This action downregulates
Vimentin and the E-cadherin repressor Snail, leading to increased
expression of E-cadherin, thus inhibiting EMT and reducing the invasion
and migration of osteosarcoma 143B and MG-63 cells, as well as
decreasing lung metastasis in the 143B orthotopic tumor model [37].
Additionally, Andro reverses the EMT process by inhibiting the EGFR--
STAT1-HDAC4 pathway, restoring E-cadherin expression, and
decreasing levels of N-cadherin and Vimentin proteins, which ultimately
inhibits the invasion and migration of MDA-MB-231 cells [67].

3.3.2. Inhibit of matrix metalloproteinases
Tumor cells can secrete Matrix Metalloproteinases (MMPs) to

degrade the ECM, facilitating invasion and dissemination throughout
the body via the circulatory system [68]. Tissue Inhibitor of Matrix
Metalloproteinases (TIMP) inhibits MMP activity through non-covalent
binding. Andro can upregulate TIMP-1 and TIMP-2, inhibit MMP-9 and
MMP-2 activity, and thereby suppress the invasion of gastric cancer
SGC7901 cells [69]. Additionally, Andro inhibits tumor metastasis by
preventing the degradation of Inhibitor kappa B alpha (IκBα), reducing
the nuclear translocation of NF-κB p65, and downregulating MMP-9
expression in breast cancer [70,71]. The Andro analogue 19-O-triphe-
nylmethyl Andro (Compound 9, Fig. 6) inhibits β-catenin nuclear
translocation by preventing β-catenin phosphorylation and its binding to
TCF/LEF, thereby reducing MMP-7 expression and inhibiting colon
cancer cell metastasis [72]. Furthermore, knockdown of proprotein
convertase subtilisin/kexin type 5 (PCSK5) reduces the expression of
p-STAT3 and MMPs, and inhibits the invasion of glioblastoma cells
induced by IL-6, with a more pronounced inhibitory effect when com-
bined with Andro intervention [73]. In glioma research, Andro activates
ERK through the c-Raf/MAP kinase kinase (MEK)/ERK pathway,
inhibiting the DNA-binding activity of Cyclic AMP-responsive Ele-
ment-Binding Protein (CREB) in the MMP-2 promoter region and
reducing MMP-2 expression [74]. Although non-coding RNAs, such as
LncRNAs, have been extensively studied for their role in regulating
tumor metastasis, research on Andro’s effects through non-coding RNAs
is limited. However, it has been found that Andro upregulates MIR22 HG
and its derivative miR-22–3p, inhibits the expression of its target
molecule High Mobility Group Box 1 (HMGB1), and decreases down-
stream factor MMP-9, thereby inhibiting liver cancer metastasis both in
vitro and in vivo [57].

Tumor cells can recruit fibroblasts, macrophages, and other cells,
which secrete MMPs in an inflammatory environment to degrade the
ECM and facilitate metastasis. Studies have shown that Andro de-
rivatives (Compound 10, Fig. 6) can prevent IL-4 and IL-13-induced
macrophages from transforming into M2-like phenotypes, inhibit the

Fig. 10. Mechanism of andrographolide against angiogenesis. Andrographolide inhibits angiogenesis by regulating MAPK, Notch1, PI3K/AKT/mTOR, p300 HAT,
and miR-21–5p to downregulate the expression and interaction of VEGF and VEGFR.
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mRNA expression of MMP-2 and MMP-9 in these M2-like macrophages,
and reduce the migration and invasion of 4T1 breast cancer cells under
the influence of the conditioned medium from M2-like macrophages
[75]. In summary, Andro inhibits MMPs through multiple mechanisms,
thereby preventing tumor metastasis.

3.3.3. Inhibition of chemokine receptors
Chemokine receptors on cancer cells influence the site of metastasis.

Specific chemokines produced by metastatic sites can attract circulating
cancer cells to migrate to the "pre-metastatic niche," creating favorable
conditions for tumor cell colonization. Andro can downregulate the
expression of chemokine receptors to inhibit tumor metastasis. Reports
indicate that Andro reduced the migration ability of prostate cancer PC3
and DU145 cells by inhibiting CXC chemokine receptors (CXCR) 3 and
CXCR7 [76]. Additionally, Andro inhibited the expression of Myeloid
Differentiation Primary Response 88 (MyD88) by targeting TLR4 in
melanoma B16 cells, thereby preventing IκBα phosphorylation, reducing
the nuclear translocation of p65 and p50, and blocking NF-κB binding to
the CXCR4 promoter, which ultimately inhibited tumor migration.
Furthermore, B-cell lymphoma 6 protein (Bcl-6) promotes CXCR4
expression, and Andro’s inhibition of Bcl-6 further downregulates
CXCR4 [77].

3.4. Inhibit angiogenesis

As tumor tissue grows, existing blood vessels can no longer supply
sufficient oxygen and nutrients, necessitating the formation of new
blood vessels for continued exponential growth; otherwise, the tumor
will cease growing or even die. Therefore, inhibiting tumor angiogenesis
is a crucial anti-tumor strategy. Andro can inhibit tumor angiogenesis by
targeting and suppressing Vascular Endothelial Growth Factor (VEGF)
and Vascular Endothelial Growth Factor Receptor (VEGFR) (Fig. 10).

3.4.1. Inhibition of VEGF
VEGF is a key signaling molecule involved in angiogenesis. Under

normal physiological conditions, VEGF facilitates wound healing and
tissue regeneration. However, in disease states such as cancer, over-
expression of VEGF can drive pathological angiogenesis, accelerating
the growth and metastasis of malignant tumors. Andro can regulate
VEGF by influencing several molecules, including Activator Protein-1
(AP-1), Hypoxia-Inducible Factor-1α (HIF-1α), and COX-2.

3.4.1.1. AP-1. AP-1 is a heterodimer composed of c-Fos and c-Jun.
Activated AP-1 can promote the expression of downstream target genes
such as VEGF and MMPs, which in turn facilitate the migration of
vascular endothelial cells to form new blood vessels by degrading the
vascular basement membrane and extracellular matrix. Reports indicate
that Andro reduces AP-1 binding to DNA by promoting the ubiquitin-
dependent proteasome degradation of c-Fos, thereby inhibiting VEGF
mRNA and protein expression in hepatocellular carcinoma cells Hep3B
and HepG2 [78]. Additionally, the Neurogenic locus notch homolog
protein 1 (Notch1)/Mitogen-Activated Protein Kinase (MAPK) signaling
axis regulates tumor angiogenesis. Studies have shown that Andro
downregulates CD133 expression at the transcriptional level by inhib-
iting the Notch1 Intracellular Domain 1 (NICD1), which reduces the
phosphorylation of MEK3/6 and p38. This inhibition decreases the
expression of c-Jun and c-Fos, reduces AP-1 nuclear translocation,
downregulates VEGF and MMP-2/9, and ultimately inhibits CD133+

tumor stem cell-mediated melanoma angiogenesis, self-growth, and
lung metastasis [79].

3.4.1.2. HIF-1α. HIF-1α is a critical regulatory molecule in response to
hypoxia, promoting cell survival and angiogenesis. HIF-1α activates
transcription by binding to Hypoxia Response Elements (HRE) in the
VEGF promoter. Research has shown that the stability of HIF-1α is

associated with a complex formed by Recombinant Metastasis Associ-
ated Protein 1 (MTA1) and HDAC1. Andro inhibits the formation of this
complex by downregulating MTA1 and HDAC1, thereby promoting the
ubiquitination of HIF-1α in Hep3B and HepG2 cells and ultimately
inhibiting VEGF expression [80].

3.4.1.3. COX-2. COX-2 is a significant regulator of the angiogenic
environment, stimulating tumor angiogenesis by upregulating VEGF
expression. COX-2 expression is regulated by the recruitment of trans-
activators and coactivators to its promoter regions. Andro has been
shown to significantly inhibit the binding of various transactivators,
including CREB2, c-Fos, and NF-κB, to the COX-2 promoter, and it blocks
the recruitment of coactivator p300. Additionally, Andro effectively
inhibits p300 Histone Acetyltransferase (HAT) activity, thereby
reducing p300-mediated NF-κB acetylation and its binding to the COX-2
promoter region. Consequently, Andro inhibits COX-2 transcriptional
activation and tumor angiogenesis in breast cancer MDA-MB-231 cells
[81]. Notably, the regulatory relationship between HIF-1α and COX-2
and its role in Andro’s inhibition of tumor angiogenesis remains to be
elucidated.

3.4.2. Inhibition of VEGFR
Increased expression of VEGFR in tumor cells reduces their reliance

on VEGF. Therefore, inhibiting VEGFR or blocking VEGF-VEGFR bind-
ing is a crucial strategy for anti-angiogenesis. Studies on Andro in colon
cancer T84 and Colo205 cells have shown that Andro inhibits VEGF
activation by downregulating VEGFR and upregulating the anti-angio-
genic factor Thrombospondin 2 (TSP-2), thereby suppressing tumor
angiogenesis [82]. Additionally, molecular docking simulations
revealed that Andro has high affinity for VEGFR2 and can compete with
VEGF for binding to VEGFR2 in breast cancer 4T1 cells, preventing
angiogenesis signal transduction [83]. In hepatocellular carcinoma
Hep3B cells, Andro inhibits the binding of VEGFA to VEGFR2, prevents
the phosphorylation of downstream signaling molecules such as MAPKs,
and ultimately inhibits tumor angiogenesis [84]. Andro-derived Com-
pound 10 inhibits the phosphorylation and activation of signaling
molecules related to vascular and cancer cells, including VEGFR2,
MAPK1/2, ERK1/2, mTOR, AKT, and p38. Additionally, it effectively
inhibits the phosphorylation of proteins associated with cell prolifera-
tion and survival (e.g., AKT, mTOR, and ERK1/2) and reduces VEGF
expression in HT-29 colon cancer cells [85]. Research using the Chick
Chorioallantoic Membrane (CAM) model demonstrated that Andro in-
hibits breast cancer angiogenesis in a concentration-dependent manner.
It was found that Andro upregulates TIMP3 by downregulating
miR-21–5p in human umbilical vein endothelial cells (HUVECs),
blocking VEGF-VEGFR2 binding, and inhibiting MMP-9 expression [86].
In summary, Andro inhibits tumor angiogenesis through multiple
pathways.

3.5. Inhibit immune escape

As tumors develop and undergo radiotherapy and chemotherapy, the
body’s immune system becomes compromised. However, the immune
system can still monitor and eliminate tumor cells. Tumor cells evade
immune surveillance by altering their antigenicity through changes in
antigen expression, often retaining cells with low immunogenicity after
undergoing multiple immune selections due to their high proliferation
and mutability. Consequently, there is a critical need for drugs that can
inhibit immune escape during tumor therapy (Fig. 11).

Normal cells induce T cell death by expressing Programmed Cell
Death-Ligand 1 (PD-L1) and binding to Programmed Death 1 (PD-1) on
activated T cells, thereby preventing excessive T cell activation and
protecting normal tissues. Tumor cells exploit this mechanism to evade
the immune response by upregulating PD-L1. Research has demon-
strated that Andro inhibits the phosphorylation of Janus Kinase 2 (JAK2)
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and Signal Transducer and Activator of Transcription 3 (STAT3) by
inducing ROS accumulation. This inhibition reduces PD-L1 expression
and increases the expression of p62. The p62-PD-L1 complex undergoes
selective autophagy and degradation, further decreasing the amount of
PD-L1 on the surface of tumor cells and thereby enhancing the immune
response of CD8+ T cells against lung cancer [87].

3.6. Reprogramming energy metabolism of tumor cells

Normal cells primarily generate ATP through oxidative phosphory-
lation under aerobic conditions and rely on glycolysis under anaerobic
conditions. Tumor cells, however, exhibit increased energy and
macromolecule demands due to rapid proliferation and preferentially
utilize glycolysis even in the presence of oxygen, a phenomenon known
as the Warburg effect. Despite glycolysis producing less energy, tumor
cells adapt by enhancing glycolytic efficiency to compensate for the
energy deficit [88]. Andro inhibits tumor development by disrupting
both oxidative phosphorylation and glycolysis (Fig. 11).

Pyruvate dehydrogenase complex (PDH) converts pyruvate into
acetyl-CoA for mitochondrial oxidative phosphorylation, while Pyruvate
Dehydrogenase Kinase 1 (PDK1) inhibits PDH activity through phos-
phorylation of its E1 subunit, leading to increased pyruvate conversion
to lactic acid and reduced oxidative phosphorylation. Andro has been
found to inhibit PDK1 expression, thereby alleviating PDH inhibition,
increasing pyruvate conversion to acetyl-CoA, and reducing the pro-
duction of proliferative raw materials, which contributes to its anti-non-
small cell lung cancer activity [89]. Additionally, Andro suppressed the
proliferation of thyroid cancer 8505 C and CAL 62 cells by down--
regulating glycolysis-related proteins such as Hexokinase 2 (HK2), Py-
ruvate Kinase M2 (PKM2), Phosphofructokinase (PFK), and Lactate
Dehydrogenase A (LDHA) [90]. Further studies revealed that Andro
inhibited the proliferation of non-small cell lung cancer H1975 cells by

up-regulating gluconeogenesis-related proteins like Phosphoenolpyr-
uvate Carboxykinase 1 (PEPCK1), Fructose-bisphosphatase 1 (FBP1),
and PFK, while down-regulating PKM2, LDHA, and GLUT1. This regu-
lation reduced glucose uptake, lactate release, and ATP synthesis, pro-
moted gluconeogenesis, and altered glucose metabolism pathways [91].
Moreover, Andro has been shown to target pathways such as HIF-1α,
NF-κB, MAPK-Src, AP-1, JAK/STAT, Nrf2/Kelch-like ECH-associated
protein 1 (Keap1), and AMPK to influence glucose metabolism [92],
though its precise impact on tumor cell energy metabolism requires
further investigation.

3.7. Destroying tumor inflammatory microenvironment

TME is a complex network encompassing tumor cells, immune cells,
blood vessels, fibroblasts, and extracellular matrix components. These
elements interact to influence tumor progression through various
mechanisms such as promoting migration, angiogenesis, and inhibiting
immune cell activity. Andro can impede tumor development by
improving the inflammatory microenvironment (Fig. 11).

Cancer progression is often linked to chronic inflammation. Tumor-
Associated Macrophages (TAMs), particularly M2 macrophages,
contribute to an immunosuppressive TME by secreting cytokines that
promote tumor progression. Research indicates that Andro regulates the
Wnt5a/β-Catenin signaling pathway, inhibits the M2-like polarization of
TAMs, enhances M1-like polarization, and reduces the secretion of
immunosuppressive factors such as platelet-derived growth factor-AA
(PDGF-AA) and C-C motif chemokine ligand 2 (CCL2) in M2 macro-
phages. This action results in decreased angiogenesis and tumor devel-
opment in breast cancer [93]. Furthermore, Andro inhibits NF-κB
activation in monocytes/macrophages, leading to reduced release of
pro-inflammatory cytokines including CCL2, C-X-C motif chemokine 10
(CXCL10), Tumor Necrosis Factor-α (TNF-α), and Interferon-γ (IFN-γ).

Fig. 11. The mechanism of andrographolide immunomodulatory, reprogramming energy metabolism and destroying tumor microenvironment. Andrographolide
inhibits tumor immune escape by regulating JAK2/STAT3. It also reprograms the glucose metabolic pathway by downregulating glycolysis-related proteins and
upregulating gluconeogenesis-related proteins. Additionally, it disrupts the tumor inflammatory microenvironment by modulating Wnt5a/β-Catenin and NF-κB.
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Table 2
Application of andrographolide combined with other therapies in the treatment of tumors.

Disease Animal/cell model Types Routes Dose Effects and related mechanisms Ref

Colon HCT116, HCT116/5-FUR cell
HCT116/5-FUR subcutaneous xenograft in Nude
mice

In
vitor
In
vivo

-
ip
ip

Andro: 10 μM
5-Fu: 0–8 mM
Andro: 5 mg/kg
5-Fu: 25 mg/kg

↑ Bax, Cleaved Caspase 3, Cleaved PARP [112]

KRAS mutated HCT116, LoVo cell
LoVo and HCT116 Subcutaneous xenograft and tail
vein injection of lung metastases in BALB/c nude
mice

In
vitor
In
vivo

-
po
ip

Andro: 4, 8 μM
Cetuximab: 10,
20 μM
Andro: 30 mg/kg
Cetuximab: 2 mg/kg

↑ E-cadherin ↓ PDGFRβ, EGFR, p-EGFR, p-
PI3K, p-AKT, Vimentin, C-Myc, MMP− 7,
β-catenin

[114]

HCT116 cell
HCT116 subcutaneous xenograft of BALB/c nude
mice

In
vitor
In
vivo

-
po
ip

Andro: 10 μM
5-Fu: 4.28 μM
Andro: 10 mg/kg
5-Fu: 10 mg/kg

↑ Cleaved Caspase 3 ↓ Caspase 3, p-MET, p-
AKT, p-ERK1/2

[115]

HCT116 cell In
vitor

- Andro: 5 μM
CDDP: 15 μM

↑ Cleaved Caspase 3, p-EIF2α, ATF4, CHOP ↓
CDC2, Cyclin B1, MDM2, Caspase 3, p-STAT3

[120]

LoVo cell
LoVo subcutaneous xenograft BALB/c nude mice

In
vitor
In
vivo

-
po
ip

Andro: 10 μM
CDDP: 10, 15 μM
Andro: 10 mg/kg
CDDP: 6 mg/kg

↑ Bax, tBid, Cyto-Cyt c, FasL, Fsa, Cleaved
Caspase 9, Cleaved Caspase 8, Cleaved
Caspase 3 ↓ Bcl− 2, Mito-Cyt c

[121]

HCT116 cell In
vitor

- Andro: 20 μM
Radiate: 6 Gy

↓ PI3K/p85, PI3K/p110, AKT, p-AKT, mTOR,
p-mTOR, PFK1, HK2, GLUT1

[130]

Liver cancer HepG2 cell
HepG2 subcutaneous xenograft in BALB/c nude
mice

In
vitor
In
vivo

-
ip
ip

Andro: 400 nM
As2O3: 6.23 μM
Andro: 20 mg/kg
As2O3: 5 mg/kg

↑ Cleaved Caspase 3 ↓ Caspase 3, EphB4 [119]

SMMC7721 cell In
vitor

- Andro: 200 μM
Tan II: 50 μM

↑ ROS, p53, PUMA [123]

Kidney cancer SK-NEP− 1 cell
SK-NEP− 1 subcutaneous xenograft in BALB/c-
nude mice

In
vitor
In
vivo

-
po
ip

Andro: 10–25 μM
Vincristine:
10.8 nM；
Andro: 100 mg/kg；
Vincristine: 0.2 mg/
kg

↑ p-p53 ↓ p-AKT, p-ERK [117]

H-Ras transformed RK3E cells
Ras transformed cells subcutaneously xenografted
and tail vein injected with BALB/cAnN-Foxn1nu/
CrlNarl male nude mice

In
vitor
In
vivo

-
po

Andro: 10 μM；
Radiate: 2, 4 Gy
Andro: 10 μM；
Radiate: 2 Gy

↓ MMP− 2, p-pERK1/2, p65 [135]

Lung cancer A549/DDP− 500 cell
A549/DDP− 500 subcutaneous xenograft NCR-
nude female mice

In
vitor
In
vivo

-
ip
ip

Andro: 7.5–30 μM
CDDP: 33.33 μM
CDDP: 0.75 mg/kg
Andro: 5 mg/kg

↑p62, p-AKT, p-mTOR ↓ PTEN, LC3B [111]

A549, Lewis lung cancer cells cell
LLC subcutaneous xenograft and in situ injection of
C57BL/6 mice

In
vitor
In
vivo

-
ip
ip

Andro: 30 μM
CDDP: 0–10 μM
Andro: 5, 20 mg/kg
CDDP: 0.75 mg/kg

↑ Cleaved PARP, p62 ↓ ATG5, LC3B-II/I [116]

Lymphoma MCF− 7 cell In
vitor

- Andro: 200 μM
Tan II: 50 μM

↑ ROS, p53, Bax, PUMA [123]

MCF− 7, T47D cell
MCF− 7 subcutaneous xenograft in BALB/c
athymic nude mice

In
vitor
In
vivo

-
ig
ip

Andro: 20 μM
Fulvestrant: 4 μM
Andro: 150 mg/kg
Fulvestrant: 5 mg/kg

↑ ROS ↓ ESR1, C-Myc, Cathepsin D, FOXM1 [125]

Ovaries H22 intraperitoneal injection Male Kunming mice In
vivo

ig
ip

Andro: 25, 50,
100 mg/kg
BLM: 15 mg/kg

↑ p53, p21, Caspase 8, Caspase 3activity ↓
CyclinD1, Cyclin E1

[118]

SKOV3 subcutaneous xenograft in BALB/C nude
mice

In
vivo

ig Andro: 50, 100, 200,
300, 400 mg/kg
Radiate: 4 Gy

↑ Caspase 3activity, Bax, LC3BII, ATG5, p-
p53 ↓Bcl− 2, LC3BI

[132]

Leukaemia U937 cell In
vitor

- Andro: 10 μM
Topotecan: 0.05~
0.3 μM

↑ Bax, Cyto-Cyt C, Cleaved Caspase 9,
Cleaved Caspase 3 ↓ Bcl− 2

[124]

Oral cancer CAL− 27 cell
CAL− 27 Subcutaneous xenograft Female BALB/c-
nude mice

In
vitor
In
vivo

-
po
ip

Andro: 16 μM
CDDP: 200 nM
Andro: 50 mg/kg
CDDP: 5 mg/kg

↑ p-p53, p-AKT [136]

Cervix KBChR 8–5 cell In
vitor

- Andro: 0, 2, 4 μM
Dox: 0.1 μM

↑Caspase 9, Caspase 3 ↓ AKT, ABCB1 [113]

Laryngeal cancer Hep− 2 cell In
vitor

- Andro: 0–30 μM
Carboplatin:
0–300 μM

↑ ROS, Bax, Cleaved PARP, Cleaved Caspase
3, p-p38, p-JNK ↓ p-PI3K, p-AKT

[122]

Nasopharyngeal
Carcinoma

HONE1, CNE1 cell
HONE1/HONE1-AGP subcutaneous xenograft
male BALB/c nude mice

In
vitor
In
vivo

-
-

Andro: 5 μM
Radiate: 4 Gy
Radiate: 4 Gy

↑ RASSF1A, FoxO3a ↓ Nrf2, TXNRD1 [131]

(continued on next page)
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Additionally, Andro down-regulates α4 integrin, impeding its adhesion
to endothelial cells and decreasing monocyte/macrophage infiltration.
This effect inhibits arterial dilation (a marker for abdominal aortic
aneurysm progression), endothelial cell death, and elastin degradation
in a mouse model of abdominal aortic aneurysm [94].

4. Improve the application potential of Andro in the treatment
of cancer

Currently, the primary methods for treating tumors include surgical
resection, radiotherapy, and chemotherapy. However, due to the
increasing prevalence of single treatments and the genetic instability of
tumors, resistance frequently develops. Additionally, the toxic and side
effects of these therapies cannot be overlooked. Therefore, strategies to
address these issues include reversing drug resistance or enhancing the
sensitivity of radiotherapy and chemotherapy, as well as employing
synergistic and attenuating effects through combined therapies.
Furthermore, despite the notable anti-tumor activity of Andro, its
terpene skeleton and lactone ring contribute to its low polarity, resulting
in poor water solubility. This low solubility leads to a slow dissolution
rate, which affects drug absorption and reduces bioavailability. Conse-
quently, modifying the chemical structure of Andro and developing drug
delivery systems have become crucial strategies to enhance its anti-
tumor application potential.

4.1. Combined application

Combining Andro with chemotherapeutic agents and radiotherapy
offers several advantages, including reversing drug resistance,
enhancing the sensitivity to radiotherapy and chemotherapy, and
achieving synergistic effects. Furthermore, Andro can mitigate the toxic
and side effects associated with conventional therapies (Table 2).

4.1.1. Combined with chemotherapy drugs

4.1.1.1. Reversal of drug resistance of tumor cells. Autophagy can both
inhibit tumor growth and protect tumor cells from harmful substances

under various conditions. Cisplatin (CDDP) can induce autophagy in
tumor cells, leading to increased drug resistance. Andro, as an auto-
phagy inhibitor, can enhance the cytotoxicity of CDDP. Studies have
shown that in drug-resistant A549/DDP-500 cells compared to non-
small cell lung cancer A549 cells, the AKT/mTOR pathway is inhibited,
the level of p62 is reduced, and the autophagy-related protein LC3B-I is
converted to LC3B-II. When combined with CDDP, Andro can inhibit
PTEN, activate the AKT/mTOR pathway, increase p62 levels, reverse
LC3B-I/II transformation, and ultimately reverse drug resistance,
restoring tumor cell sensitivity to CDDP [111].

In HCT116 cells resistant to Fluorouracil (5-Fu), the expression of
Bax, a key molecule in the endogenous apoptotic pathway, was signifi-
cantly decreased. Andro was able to upregulate Bax expression, enhance
mitochondrial-mediated apoptosis, and reverse drug resistance [112].

P-glycoprotein (P-gp), which is highly expressed in cervical cancer
KBChR 8–5 cells, affects chemotherapy efficacy through a drug efflux
mechanism. Andro reversed the resistance of KBChR 8–5 cells to
Doxorubicin (Dox) by downregulating AKT and ATP-binding cassette
subfamily B member 1 (ABCB1), thereby reducing P-gp expression
[113].

The EGFR signaling pathway plays a critical role in cell proliferation
and differentiation, with its inhibitor Cetuximab being used for colo-
rectal cancer treatment. However, KRAS mutations can lead to abnormal
activation of AKT independent of EGFR, resulting in drug resistance.
Studies have shown that Andro can reverse the abnormal activation of
AKT caused by KRAS mutation by inhibiting Platelet-Derived Growth
Factor Receptor Beta (PDGFRβ) and downregulating the expression of
PI3K and AKT, thereby restoring the efficacy of Cetuximab [114].

4.1.1.2. Enhanced chemosensitivity of tumor cells. Andro can enhance
the cytotoxic effects of chemotherapy drugs and increase the sensitivity
of tumor cells to chemotherapy at doses that are generally non-toxic to
these cells. C-Mesenchymal-Epithelial Transition Factor (c-MET), a he-
patocyte growth factor receptor tyrosine kinase, can activate various
downstream signaling pathways, including ERK 1/2 and PI3K/AKT,
which mediate tumor cell proliferation, metastasis, and angiogenesis.
Studies have demonstrated that Andro increased the sensitivity of

Table 2 (continued )

Disease Animal/cell model Types Routes Dose Effects and related mechanisms Ref

Esophageal cancer ECA109 cell In
vitor

- Andro: 342.4 μM
Radiate: 6 Gy

↑ Bax, Cleaved Caspase 3 ↓ Bcl− 2, NF-κB [133]

Intestinal mucositis NCM 460 cell
5-Fu-induced intestinal mucositis in BALB/c mice

In
vitor
In
vivo

-
ig
ip

Andro: 0–20 μM
5-Fu: 10 mM
Andro: 25, 50,
100 mg/kg
5-Fu: 100 mg/kg

↑ Bcl− 2 ↓ p-p38, p-p53, Bax, Cleaced Caspase
8/ Caspase 8, Cleaced Caspase 3/ Caspase 3

[126]

HCT116, HT− 29, CT26 cell
CT26 subcutaneous homograft BALB/c mice

In
vitor
In
vivo

-
ip
ip

Andro: 3 μM
irinotecan: 30 μM
Andro: 12.5, 25 mg/
kg
Irinotecan: 22.5,
45 mg/kg

↑ RAD51 ↓ p-IRF3, P-TBK1, γH2AX, cGAS,
STING, TBK1, IRF3, IFN-b, CXCL10, CCL5

[127]

Myocardial
cytotoxicity

H9C2 cell In
vitor

- Andro: 0.5–10 μM
Dox: 1 μM
As2O3: 35 μM

↑ FRAP ↓ TLR4 [128]

H9C2 cell
Doxorubicin-induced cardiotoxicity in C57BL/6
mice

In
vitor
In
vivo

-
ig
ip

Andro: 0–15 μM
Dox: 1 μM
Andro: 25, 50 mg/kg
Dox: 3 mg/kg

↑ Bcl− 2 ↓ Bax, NLRP3, p20, IL− 1β, TAP1,
TIMP1

[129]

Lung injury H22 intraperitoneal injection Male Kunming mice In
vivo

ig
ip

Andro: 25, 50,
100 mg/kg
BLM: 15 mg/kg

↑ Smad7 ↓ IL− 1β, IL− 6, TNF-α, TGF-β1, p-
Smad2/3, α-SMA

[118]

Bone marrow-derived macrophage
18 Gy whole chest irradiation-induced lung injury
in C57BL/6 mice

In
vitor
In
vivo

-
ip

Andro: 0, 3, 30 μM
Radiate: 8 Gy
Andro: 5, 10, 20 mg/
kg
Radiate: 18 Gy

↑ Caspase 1 p20/p10, GSDMD ↓ IL− 1β, IL− 6,
TNF-α, α-SMA, AIM2

[134]

↓indicates inhibition/reduction, while ↑indicates increase/promotion; ip, Intraperitoneal; ig, Intragastric; po, Oral administration.
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colorectal cancer cells to 5-Fu by inhibiting the phosphorylation of c-
MET in 5-Fu-treated HCT116 cells and downregulating the expression of
AKT, ERK1/2, and GFR [115]. Additionally, Andro improved the
sensitivity of non-small cell lung cancer to CDDP by inhibiting protective
autophagy [116].

Furthermore, Andro can enhance the cytotoxic effect of vincristine
on nephroblastoma SK-NEP-1 cells by regulating the PI3K/AKT/p53
signaling pathway [117]. Moreover, Andro in combination with Bleo-
mycin (BLM) was significantly more effective than BLM alone in
inhibiting ascites tumor growth, arresting the cell cycle in the G0/G1
phase, and promoting the activity of Caspase 3 and Caspase 8 to induce
cancer cell apoptosis. This effect may be attributed to the transcriptional
regulation of the p53/p21/Cyclin pathway following combined treat-
ment [118]. The combination of arsenic trioxide ((As2O3) and Andro
significantly increased the apoptosis rate of HepG2 cells compared with
As2O3 alone, potentially through the downregulation of EphB4 expres-
sion [119].

4.1.1.3. Synergistic effect with chemotherapeutic drugs. Andro can
enhance the effectiveness of chemotherapeutic drugs through various
mechanisms to inhibit tumors. It synergistically inhibits colon cancer by
increasing intracellular ROS, enhancing CDDP-induced endoplasmic
reticulum stress, and inhibiting STAT3 [120]. Additionally, Andro in-
creases the apoptosis rate of colon cancer LoVo cells by enhancing
Fas/FasL binding, activating Caspase 8, cleaving Bid, altering Bax
conformation, and working with CDDP to activate the mitochondrial
apoptosis pathway [121].

Beyond these pathways, Andro also collaborates with chemotherapy
drugs via the mitochondrial apoptosis pathway. Studies have shown that
Andro increases intracellular ROS, modulates MAPK and PI3K/AKT
pathways, alters the Bcl-2/Bax ratio, activates Caspase 3, and induces
PARP cleavage, thereby synergizing with carboplatin to induce
apoptosis in human laryngeal cancer Hep-2 cells [122]. Furthermore,
Andro interacts with the thiol group of intracellular GSH, disrupts the
GSH redox cycle, elevates intracellular ROS levels, and tanshinone IIA
binds to DNA and activates p53. This interaction synergistically induces
tumor cell apoptosis through ROS and p53 crosstalk [123]. The syner-
gistic effect based on the mitochondrial apoptosis pathway is also
evident in Andro’s enhanced anti-tumor effect when combined with
topotecan against acute myeloid leukemia cells [124].

Additionally, estrogen promotes breast cancer cell proliferation by
binding to estrogen receptors. Fulvestrant, a selective estrogen receptor
inhibitor, is used to counteract this effect. Studies have demonstrated
that Andro induces ROS accumulation in estrogen receptor-positive
MCF-7 and T47D breast cancer cells, downregulates Forkhead Box
Protein M1 (FOXM1) expression, thereby inhibiting Estrogen Receptor 1
(ESR1) transcription, and works synergistically with Fulvestrant to
inhibit tumor cell proliferation [125].

4.1.1.4. Alleviate the side effects of chemotherapy drugs. Gastrointestinal
reactions are common side effects of chemotherapy. Studies have shown
that Andro can alleviate weight loss and diarrhea in H22 tumor-bearing
mice. It exerts an anti-apoptotic effect by inhibiting 5-Fu-induced p38
phosphorylation, Bax expression, and Caspase 8/3 activation in human
colonic mucosal epithelial cells NCM 460 [126]. Additionally, Andro
significantly alleviates irinotecan-induced colitis without compromising
its tumor-suppressing effects. Mechanistic studies indicate that Andro
promotes homologous recombination (HR) repair, downregulates the
Double-Stranded DNA (dsDNA)-Cyclic GMP-AMP Synthase (cGAS)--
Stimulator of Interferon Genes (STING) signaling pathway, and helps
mitigate irinotecan-induced gastrointestinal mucositis [127].

The cardiotoxicity of Dox and As2O3 limits their clinical application.
Andro can reduce the toxicity of these chemotherapeutic drugs to rat
cardiomyocytes H9C2 by decreasing hydroperoxide content, increasing
Ferric Reducing Antioxidant Power (FRAP) levels, and downregulating

TLR4 expression [128]. Furthermore, Andro can inhibit the activation of
Nucleotide-Binding Oligomerization Domain, Leucine-Rich Repeat, and
Pyrin Domain-Containing 3 (NLRP3) inflammasome and reduce IL-1β
expression, further diminishing Dox-induced cardiomyocyte toxicity
[129].

Some patients may develop pulmonary fibrosis following treatment
with BLM. It has been reported that combining BLM with Andro can
significantly reduce BLM-induced pulmonary fibrosis in tumor-bearing
mice. This effect is achieved by activating Superoxide Dismutase (SOD),
inhibiting the production of Malondialdehyde (MDA) and Hydroxy-
proline (HYP), and reducing levels of IL-1β, TNF-α, IL-6, and TGF-β1.
These mechanisms may be related to the inhibition of TGF-β, α-SMA, and
Smad2/3 protein expression, as well as the promotion of Smad7
expression [118]. Thus, Andro shows potential in mitigating the toxic
and side effects associated with various chemotherapy drugs. In sum-
mary, the clinical application of Andro in combination with chemo-
therapeutic drugs to enhance efficacy and reduce toxicity holds
significant promise.

4.1.2. Combined with radiotherapy

4.1.2.1. Synergistic effect of combination. Andro can act as a radio-
therapy sensitizer at doses that are generally non-toxic to tumor cells.
Studies have demonstrated that tumor cell radioresistance is related to
glycolysis. Andro reduces glycolysis levels by inhibiting the PI3K/AKT/
mTOR signaling pathway in colon cancer HCT116 cells, thereby
enhancing tumor cell sensitivity to radiation [130]. Additionally, in
nasopharyngeal carcinoma, the expression of Ras Association Domain
Family 1 Isoform A (RASSF1A) is significantly reduced compared to
typical epithelial cells. RASSF1A can inhibit the Nrf2/Thioredoxin
Reductase 1 (TXNRD1) signaling pathway by activating Forkhead Box
O3 (FOXO3a) expression, which increases intracellular ROS levels and
enhances radiosensitivity. Andro induces RASSF1A expression,
increasing the sensitivity of nasopharyngeal carcinoma cells to radio-
therapy both in vitro and in vivo [131]. Furthermore, the combination of
Andro and radiotherapy can trigger autophagic death and improve the
sensitivity of human ovarian cancer SKOV3 cell xenograft mice to ra-
diation [132].

Andro can also be combined with radiotherapy for enhanced anti-
tumor effects. It has been found that Andro can activate the mitochon-
drial apoptosis pathway by downregulating NF-κB levels in human
esophageal cancer ECA109 cells, in a manner similar to radiotherapy
intervention, resulting in a synergistic effect [133]. However, it is worth
noting that as the number of radiotherapy sessions increases, tumor cells
may develop radiation tolerance. Whether Andro can reverse this radi-
ation tolerance remains unknown.

4.1.2.2. Combined detoxification. Radiation-induced lung injury is a
common side effect of radiotherapy. Radiation exposure to lung tissue
triggers cytokine production in the early stages, leading to increased
immune cell infiltration. Recruited macrophages undergo pyroptosis
under radiation induction, releasing numerous inflammatory factors and
initiating inflammatory cascades that contribute to lung injury. Re-
searchers have found that Andro mitigates radiation-induced DNA
damage by inhibiting the transfer of inflammasome Absent In Melanoma
2 (AIM2) into the nucleus of macrophages. This inhibition reduces
Caspase 1-mediated GSDMD-dependent pyroptosis, decreases the
release of inflammatory factors, and attenuates inflammatory cascades,
ultimately reducing radiation-induced lung inflammation and fibrosis
[134]. Additionally, radiotherapy can promote tumor cell metastasis.
Studies have shown that Andro can inhibit the expression of down-
stream MMP-2 by preventing the nuclear translocation of NF-κB p65 and
the activation of ERK1/2, thereby counteracting the enhancement of
radiation on the metastatic ability of Ras-mutant RK3E cells [135].
These findings suggest that Andro holds potential as a radiotherapy
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adjuvant drug.

4.2. Drug delivery system

Recent advancements in bioengineering and materials science have
made the development of Drug Delivery Systems (DDS) crucial for
improving the efficacy and safety of antitumor drugs. Andro is a natural
compound having anti-tumor potential, but its clinical applicability is
limited by characteristics such as solubility, cell permeability and tar-
geting. To circumvent these constraints, researchers have studied a va-
riety of DDSs based on polymers, lipids, and inorganic nanoparticles
(Table 3).

Poly (DL-lactide-Co-Glycolic acid) (PLGA) achieved a 4-week sus-
tained release of Andro, which improved bioavailability and anti-tumor
activity [137]. In addition, Poly (ethylene glycol) -poly (lactide)
(mPEG-PLA) considerably increased the solubility (approximately 280
times), stability, cell absorption rate and anti-tumor proliferation

Table 3
Application of andrographolide DDS in the treatment of tumors.

DDS Animal/cell model Advanced effects Ref.

Andrographolide-
eluting nanofibrous
membranes

In
vivo

HIV+TC− 1
subcutaneous
xenograft in
female C57BL/
6 J mice

Larger drug
loading, stable
drug release.
Tumour inhibiting
activity.

[137]

Andrographolide-
loaded poly
(ethylene glycol)-
poly (D.L-lactic
acid)

In
vitro

4T1 cell Better stability
and solubility.
Increased
encapsulation
efficiency and
drug loading.
Enhanced in vitro
cell uptake and
antiproliferative
activity.

[138]

Andrographolide-
loaded poly (D, L-
lactide-co-
glycolide)-b-poly
(ethylene glycol)-b-
poly (D, L-lactide-
co-glycolide)

In
vitro
In
vivo

MAD-MB− 231
cell
Healthy Wistar
rats

Better stability
and solubility.
Increased
encapsulation
efficiency and
drug loading.
Enhanced in vitro
cell uptake.

[139]

Andrographolide-
loaded
Glycyrrhetinic acid
and PHIS were
conjugated to form
poly (ethylene
glycol)-poly (lactic-
co-glycolic acid)

In
vitro
In
vivo

Hep3B, MDA-
MB− 231 cell
Hep3B
subcutaneous
xenograft in
BALB/c nude
mice

Targeting the liver
cell.
Specific
accumulation in
the liver.
Prolonged in vivo
retention time.

[140]

Andrographolide-
loaded
Polyphenylboronic
acid

In
vitro
In
vivo

MCF− 7，PC− 3
cell
MCF− 7
subcutaneous
xenograft female
Balb/c- nude
mice

Better solubility
and stability.
Increased
targeting.
Suppression of
tumour size in
vivo.

[141]

Andrographolide-
loaded solid lipid
nanoparticles

In
vitro
In
vivo

HepG2 cell
Healthy NIH
mice

Higher
encapsulation rate
and loading
efficiency.
Significant liver
targeting ability.

[142]

Andrographolide-
loaded solid lipid
nanoparticles

In
vitro
In
vivo

MCF− 7 cell
EAC cell
Intraperitoneal
injection Female
Balb/c mice

Increases
solubility and
dissolution rate.
Alters cell
membrane
homeostasis to
accelerate cell
uptake.
Reduced toxicity
to normal cells.
Stronger anti-
tumour activity.

[143]

Andrographolide-
loaded solid lipid
nanoparticles

In
vitro

HIOEC, Leuk1,
HN6, HN30 cell

Higher
proliferation
inhibition and
pro-apoptotic
effects.
Higher efficiency
of cell uptake and
intracellular
absorption.

[144]

Andrographolide-
loaded phytosomes

In
vitro

HepG2 cell Enhanced cell
uptake and
superior anti-
tumour activity

[145]

Andrographolide-
loaded with soya-L-
α-phosphatidyl
choline

In
vitro

Neuro2a cell Cell uptake is
enhanced.
Improved stability
and anticancer
activity.

[146]

Table 3 (continued )

DDS Animal/cell model Advanced effects Ref.

Andrographolide-
loaded solid lipid
nanoparticles
modified with Cell-
penetrating peptide

In
vitro
In
vivo

4T1 cell
4T1 in situ
xenograft female
BALB/c nude
mice

Enhanced
targeting.
Inhibition of
tumour growth in
vivo.
Higher ability to
inhibit metastasis
and invasion.

[147]

Andrographolide-
loaded silver
nanoparticles

In
vitro

MDA-MB− 453
cell

Increased drug
loading.
Reducing
oxidative stress
and improving
anticancer effects.

[148]

Andrographolide-
loaded
superparamagnetic
Fe3O4 nanoparticles

In
vitro

A431 cell Higher drug
loading rate and
good
biocompatibility.
Better anti-
proliferative and
apoptosis-
inducing activity.

[149]

Novel inhalable
andrographolide
dry

In
vitro

A549 cell Good aerosol
profile and storage
stability.
Effective anti-
cancer activity.

[150]

Andrographolide
Nanogel

In
vitro
In
vivo

A431 cell
Swiss albino
mice

Cell uptake is
enhanced.
Good
biocompatibility.

[151]

Andrographolide-
loaded Poly (DL-
lactide-Co-Glycolic
acid)

In
vitro

LM2 cell Stable release
within 48 hours.
More potent cell
toxicity to LM2
cells.
Inhibits cell cycle
block more
significantly.

[152]

Andrographolide-
loaded 1,2-
Dimyristoyl-sn-
Glycero− 3-
Phosphoglycerol-
Sodium
Lipid

In
vitro
In
vivo

MCF− 7 cell
Healthy Wistar
rats

pH-dependent
release.
Oral
bioavailability
increased 1.81-
fold.
Higher plasma
concentrations.
Longer
termination half-
life.

[153]

Andrographolide
-loaded
nanoemulsion

In
vitro

A431, A375 cell Enhanced water
solubility.
Good cell toxicity
and selectivity.

[154]
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Table 4
Anticancer derivatives of andrographolide.

No Chemical
formula

Model IC50/GI50/ED50/LC50 Compared with the parent compound Ref.

Andro Derivative

11 (11, Fig. 12) HCT116, MCF− 7,
DU145

IC50 14.87, 14.18,
44.25 μM

1.85, 1.22,
1.24 μM

Shows enhanced cytotoxic, anti-proliferative and apoptosis-
inducing activity against colon, breast and prostate cancer cell
lines.

[155]

12 (12, Fig. 12) 60 NCI human tumour
cell

GI50 16.2 μM
(mean)

4.07 μM
(mean)

Stronger cytotoxic activity against the majority of 60 NCI human
tumour cells.

[156]

13 (13, Fig. 12) 60 NCI human tumour
cell

GI50 16.2 μM
(mean)

1.54 μM
(mean)

Stronger cytotoxic activity against the majority of 60 NCI human
tumour cells.

[156]

14 (14, Fig. 12) 60 NCI human tumour
cell

GI50 16.2 μM
(mean)

3.54 μM
(mean)

Stronger cytotoxic activity against the majority of 60 NCI human
tumour cells.

[156]

15 (15, Fig. 12) 60 NCI human tumour
cell

GI50 16.2 μM
(mean)

2.18 μM
(mean)

Stronger cytotoxic activity against the majority of 60 NCI human
tumour cells.

[157]

16 (16, Fig. 12) 60 NCI human tumour
cell

GI50 16.2 μM
(mean)

4.07 μM
(mean)

Stronger cytotoxic activity against the majority of 60 NCI human
tumour cells.

[157]

17 (17, Fig. 12) 60 NCI human tumour
cell

GI50 16.2 μM
(mean)

1.73 μM
(mean)

Stronger cytotoxic activity against the majority of 60 NCI human
tumour cells.

[157]

18 (18, Fig. 12) 60 NCI human tumour
cell

GI50 16.2 μM
(mean)

3.23 μM
(mean)

Stronger cytotoxic activity against the majority of 60 NCI human
tumour cells.

[157]

19 (19, Fig. 12) 60 NCI human tumour
cell

GI50 16.2 μM
(mean)

1.54 μM
(mean)

Stronger cytotoxic activity against the majority of 60 NCI human
tumour cells.

[157]

20 (20, Fig. 12) P− 388, KB, HT− 29,
MCF− 7, A549, ASK

IC50 2.25, 27.37, 9.34,
15.4, 27.9,
16.18 μM

4.56, 6.49, 5.59,
4.45, 6.1, 3.33 μM

Exhibits enhanced cytotoxic activity against glioma cell lines. [158]

21 (21, Fig. 12) ASK IC50 16.18 μM 9.32 μM Exhibits enhanced cytotoxic activity against glioma cell lines. [158]
22 (22, Fig. 12) ASK IC50 16.18 μM 6.51 μM Exhibits enhanced cytotoxic activity against glioma cell lines. [158]
23 (23, Fig. 12) MCF− 7 IC50 - 0.7 μM Higher cytotoxicity against breast colon cancer cell lines. [159]
24 (24, Fig. 12) MCF− 7 IC50 - 0.6 μM Exhibits enhanced cytotoxic activity against breast cancer cell

lines.
[159]

25 (25, Fig. 12) KKU-M213, KKU− 100 ED50 -
-

3.37, 2.93 μM Exhibits enhanced cytotoxic activity against
cholangiocarcinoma cell lines.

[160]

26 (26, Fig. 12) KKU-M213, KKU− 100 ED50 -
-

3.37, 2.93 μM Exhibits enhanced cytotoxic activity against
cholangiocarcinoma cell lines.

[160]

27 (27, Fig. 12) HCT− 15 IC50 >25 μM 4.4 μM Exhibits enhanced cytotoxic activity against colon cancer cell
lines.

[161]

28 (28, Fig. 12) K562 IC50 >25 μM 4.6 μM Exhibits enhanced cytotoxic activity against leukemia cell lines. [161]
29 (29, Fig. 12) HCT− 15, Hela, K562 IC50 >25, >25,

>25 μM
17.2, 13.4,
16.2 μM

Exhibits enhanced cytotoxic activity against colon, cervical and
leukemia cell lines.

[161]

30 (30, Fig. 12) K562 IC50 >25 μM 10.1 μM Exhibits enhanced cytotoxic activity against leukemia cell lines. [161]
31 (31, Fig. 12) HCT− 15, K562 IC50 >25, >25 μM 11.3, 9.3 μM Exhibits enhanced cytotoxic activity against colon and leukemia

cell lines.
[161]

32 (32, Fig. 12) HCT− 15, DU145,
HeLa, VERO

IC50 189.1, 253.1,
213.7, 117.2 μM

81.9, 52.1, 71.7,
54.5 μM

Exhibits enhanced cytotoxic activity against colon, prostate and
cervical cancer cell lines.

[162]

33 (33, Fig. 12) HCT− 15, DU145,
HeLa, VERO

IC50 189.1, 253.1,
213.7, 117.2 μM

62.4, 48.6, 73.1,
Nt μM

Exhibited enhanced cytotoxic activity against colon, prostate
and cervical cancer cell lines and was non-toxic to normal renal
VERO.

[162]

34 (34, Fig. 12) HCT− 15, DU145,
HeLa, VERO

IC50 189.1, 253.1,
213.7, 117.2 μM

86.9, 65.4, 126.6,
Nt μM

Exhibited enhanced cytotoxic activity against colon, prostate
and cervical cancer cell lines and was non-toxic to normal renal
VERO.

[162]

35 (35, Fig. 12) HCT− 15, DU145,
HeLa, VERO

IC50 189.1, 253.1,
213.7, 117.2 μM

70.9, 54.7, 76.1,
Nt μM

Exhibited enhanced cytotoxic activity against colon, prostate
and cervical cancer cell lines and was non-toxic to normal renal
VERO.

[162]

36 (36, Fig. 13) HCT− 15, DU145,
HeLa, VERO

IC50 189.1, 253.1,
213.7, 117.2 μM

67.8, 42.9, 70,
49.6 μM

Exhibits enhanced cytotoxic activity against colon, prostate and
cervical cancer cell lines.

[162]

37 (37, Fig. 13) HCT− 15, DU145,
HeLa, VERO

IC50 189.1, 253.1,
213.7, 117.2 μM

75.9, 73.1, 107.7,
Nt μM

Exhibited enhanced cytotoxic activity against colon, prostate
and cervical cancer cell lines and was non-toxic to normal renal
VERO.

[162]

38 (38, Fig. 13) MCF− 7, KKU− 055 IC50 8.48, 17.73 μM 0.59, 1.36 μM Enhanced cytotoxic activity against breast and
cholangiocarcinoma cell lines.

[163]

39 (39, Fig. 13) MCF− 7 IC50 8.48 μM 0.84 μM Exhibits selective cytotoxic activity against breast cancer cell
lines.

[163]

40 (40, Fig. 13) MCF− 7 IC50 8.48 μM 0.68 μM Exhibits selective cytotoxic activity against breast cancer cell
lines.

[163]

41 (41, Fig. 13) P− 388, MCF− 7 IC50 6.91, 29.06 μM 3.14, 2.93 μM Exhibits enhanced cytotoxic activity against breast cancer cell
lines and selective activity against leukemia cell lines.

[164]

42 (42, Fig. 13) HCT116 IC50 25.34 μM 2.49 μM Enhanced cytotoxic activity against colon cancer cell lines, high
anti-proliferative and apoptosis-inducing activity.

[165]

43 (43, Fig. 13) HCT116 IC50 52.2 μM 7.32 μM Enhanced cytotoxic activity against colon cancer cell lines, high
anti-proliferative and apoptosis-inducing activity.

[166]

44 (44, Fig. 13) HepG2, LNCaP IC50 56.6, 51.4 μM 11.1, 9.25 μM Enhanced cytotoxic activity against hepatocellular carcinoma
and prostate cancer cell lines.

[167]

45 (45, Fig. 13) HepG2, LNCaP IC50 56.6, 51.4 μM 53.8, 35.2 μM Enhanced cytotoxic activity against hepatocellular carcinoma
and prostate cancer cell lines.

[167]

46 (46, Fig. 13) PANC− 1 IC50 20.4 μM 9.56 μM Enhanced cytotoxic activity against prostate cancer cell lines,
higher antiproliferative and antimigratory activity.

[168]

(continued on next page)
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efficacy of Andro [138]. Combining the advantages of PLGA and PEG,
the developed PLGA-PEG-PLGA triblock copolymer carrier can enhance
the sustained release, degradability and anti-tumor activity of Andro
[139]. In order to optimize the targeting of Andro, it was encapsulated
within the copolymer micelles Glycyrrhetinic acid and PHIS were
coupled to generate poly (ethylene glycol) -poly (lactic-co-glycolic acid)
(GA-PPP), which can increase the targeting of Hep3B liver cells, selec-
tively accumulate in the liver, and enhance the anti-tumor action [140].
In addition, Andro was combined with Polyphenylboronic acid (pPBA)
to produce nanoparticles, which improved its solubility, stability and
targeted delivery ability, and enhanced the anti-cancer activity [141].

Liposomes offer considerable promise as drug delivery carriers due
to their superior biocompatibility and degradability. Solid lipid nano-
particles (SLNs) [142–144] and phospholipid compounds such as Soy-
bean-L-α-Phosphatidylcholine (SPC) have shown good results in the
treatment of head and neck cancer and neuroblastoma by improving the
solubility and stability of drugs and enhancing the accumulation of
drugs in cells [145,146]. In addition, cell-penetrating peptide (CPP)
modification of Dox and Andro-loaded liposomes can avoid the break-
down of medicines by enzymes and the influence of tumor microenvi-
ronment, accomplish tumor-targeted administration, and effectively
block the migration and invasion of tumor cells [147].

Inorganic nanoparticles, such as silver nanoparticles (AgNPs) [148]
and superparamagnetic Fe3O4 nanoparticles (Fe3O4/HAp) [149], with
their unique physical and chemical properties, such as electrostatic
adsorption, antioxidant effect, large specific surface area, mesoporous
volume and magnetism, have high drug loading rate and good
biocompatibility, showing potential in anti-tumor therapy. In addition,
inhalation dry powder [150] or skin nanogels [151] can be prepared by
adjusting the physical and chemical properties of Andro. This direct
administration method improves the bioavailability and anticancer ef-
fect of the drug.

Although significant progress has been made, insufficient drug tar-
geting, precise control of drug release kinetics, long-term biosafety and
potential toxicity assessment still need to be further studied. In the
future, we should focus on the development of multifunctional DDS with
high targeting, intelligent response, controllable release, easy degrada-
tion and good biocompatibility, so as to promote clinical transformation
and achieve more effective tumor treatment.

4.3. Structural modification of Andro

Structural modification of Andro is an effective method to improve
its anticancer activity. At present, a variety of strategies have been
proposed for the synthesis of Andro derivatives, including the modifi-
cation of C-3, C-14 and C-19 hydroxyl groups, the modification of C-8,17
and C-11,12 double bonds, the modification of the lactone ring and the
modification of other positions. These modifications have a significant
impact on the pharmacodynamics, pharmacokinetics and physico-
chemical properties of drug molecules.

The potential of Andro derivatives in the treatment of cancer has
been studied (Table 4) (Figs. 12,13). These derivatives based on

different site modifications can correspondingly obtain superior bio-
logical activity in different molecular mechanisms to exhibit stronger
anti-tumor effects. Compared with the parent compound, the derivatives
have stronger cytotoxic activity against a variety of tumors [155–168],
and are superior to the parent compound in anti-proliferation [31,33,56,
155,165,166,168], induction of death [30,31,33,47,50,56,62,72,98,
155,165,166,169–171], inhibition of invasion and migration [72,168],
and reversal of multidrug resistance in multidrug-resistant cells [172].
In addition, by modifying different sites, the ability of derivatives to
penetrate cell membranes is greatly improved compared to Andro [173],
and can be used as P-gy inhibitors to reduce drug excretion [172]
Increased bioavailability of the drug. It can be seen that the structural
modification of Andro is an effective way to improve its anticancer
activity.

5. Clinical application

The ultimate goal of theoretical research is to apply safe and effective
medications to clinical practice. In recent years, investigations have
discovered that Andro may induce reproductive toxicity, nephrotoxicity
and certain other serious responses. It has been found that Andro may
trigger apoptosis of most oocytes at a dose of 20 μM. Mechanism in-
vestigations have indicated that Andro decreases the fertilization capa-
bility of mouse oocytes and reduces the reproductive capacity of female
mice by preventing cytoskeletal rearrangement and affecting meiotic
maturation of oocytes [174]. In terms of nephrotoxicity, Andro disrupts
the redox equilibrium of human renal tubular epithelial cells HK-2 in a
dose-and time-dependent manner, prompting endoplasmic reticulum
stress-mediated apoptosis, which in turn causes kidney damage [175]. In
clinical trials for the treatment of multiple sclerosis, it was observed that
oral administration of Andro twice a day at a dose of 140 mg would elicit
rash and taste problems [176]. Through a literature analysis, it is
anticipated that the toxicity of Andro is mostly related to the concen-
tration and period of administration. Therefore, it needs to be further
implemented to identify the dose and time of administration to control
adverse medication reactions.

Using the keyword "Andrographolide", we searched the ClinicalTrails.
gov website for 20 clinical research projects (as of July 05, 2024)
(Table 5), of which 2 were cancer-related. One of these trials particularly
evaluated the efficacy and safety of Andro coupled with capecitabine in
the treatment of elderly adults with locally progressed or recurrent or
metastatic inoperable colorectal cancer. However, due to the limited
accuracy of the data, the experiment was halted after phase 2 trials
[177]; the other is a prospective cohort study assessing the influence of
Andro on palliative care in patients with advanced or metastatic
esophageal cancer. The study involved 30 participants, and the trial was
completed after the phase 3 trial [178]. Andro ’s anti-tumor research is
still in its infancy and incomplete. Therefore, we need further research to
develop Andro ’s chronic toxicity and drug interaction investigations, as
well as more and larger clinical trials. These investigations will provide
the groundwork for the clinical application of Andro as an anticancer
treatment and give more solid evidence for the application of Andro in

Table 4 (continued )

No Chemical
formula

Model IC50/GI50/ED50/LC50 Compared with the parent compound Ref.

Andro Derivative

47 (47, Fig. 13) MDA-MB− 231 IC50 6 μM 3 μM Higher apoptosis-inducing activity against breast cancer cell
lines.

[169]

48 (48, Fig. 13) MKN− 45, AGS IC50 11.3, >50 μM 6.3, 1.7 μM Higher apoptosis-inducing activity on gastric cancer cell lines. [170]
49 (49, Fig. 13) A549 IC50 - 15 μM Higher apoptosis-inducing activity against lung cancer cell lines. [171]
50 (50, Fig. 13) L5178Y TK

human ABCB1-gene
transfected L5178Y
subline

IC50 14.9, 14.52 μM 5.47, 12.31 μM More potent cytotoxic activity against lymphoma cytotoxicity in
drug-resistant human abcb1 gene-transfected L5178Y mice,
which inhibits P-gp ATPase activity.

[172]

51 (51, Fig. 13) MCF− 7, HCT116 GI50 6.4, 5.1 μM 4.2, 3.8 μM Breast and colon cancer cell lines are more cytotoxic and more
cell permeable to colon cancer cells.

[173]
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Fig. 12. Andrographolide antitumor derivatives.
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clinical oncology.

6. Summary and prospect

With the increasing prevalence and mortality of global cancer,
human life and health are significantly threatened. Due to the intricate
pathophysiology of cancers, and the available treatment techniques
have issues such as high recurrence rate, low cure rate and major
adverse responses. Therefore, the hunt for a safe, efficient and minimal
side effects of anti-tumor medications has become the top goal of global
research.

Andro is a diterpene compound extracted from the whole grass or
leaves of Andrographis paniculata, which has been widely concerned
because of its extensive pharmacological activity against various dis-
eases. Recent studies have shown that Andro is a potential antitumor
drug. This article summarizes the anti-tumor pharmacological activities
of Andro in vitro and in vivo, such as proliferation inhibition, death

induction, inhibition of angiogenesis, inhibition of tumor metastasis and
invasion, inhibition of tumor immune escape, reprogramming of un-
controlled energy metabolism of tumor cells, and destruction of tumor
microenvironment. Also discussed in the paper are new approaches to
Andro co-administration and improved bioavailability, highlighting the
promise of Andro as an anticancer drug. When combined with chemo-
therapy and radiotherapy, Andro showed the characteristics of reversing
the drug resistance of tumor cells, increasing the sensitivity of tumor
cells to treatment, synergistic effect and reducing toxic and side effects.
In addition, by carrying a drug delivery system or chemical modifica-
tion, it can make up for the defects of poor water solubility and short
drug half-life caused by terpene skeletons and lactone groups, and
provide a highly connotative strategy for improving Andro
bioavailability.

There are also some limitations in the current research. Although
Andro has shown extensive anti-tumor pharmacological activity in
phenotypic screening, the exact molecular targets associated with this

Fig. 13. Andrographolide antitumor derivatives.
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have not yet been fully determined. Therefore, it is a fast and effective
method to further screen out valuable targets for the treatment of cancer
and related diseases by using Andro biological activity probe, network
pharmacology, bioinformatics analysis and omics technology, and to
draw the corresponding signal network diagram. At the same time, it is
necessary to consider Andro’s crosstalk between metabolism and other
components of the tumor microenvironment, as well as Andro’s poten-
tial in tumor immunotherapy. Studying the regulatory effect of Andro on
tumor metabolism and immunity will help to develop more targeted
drugs and improve immunotherapy strategies.

It is critical to identify specific cancer types that are sensitive to
Andro, which will expand the range of benefits associated with Andro
treatment and increase the potential for its clinical application. Ac-
cording to the current research and clinical progress of its anticancer
mechanism, it is very important to comprehensively evaluate the reac-
tivity and unique effects of Andro on different types of cancer. In addi-
tion, Andro can also be used as a preventive and adjuvant treatment for
cancer. Exploring natural foods and nutritional supplements rich in
Andro may have potential protective effects on certain types of cancer.

Although the drug delivery system has made some progress in solv-
ing the poor water solubility and short half-life of Andro, and has per-
formed well in animal models, there are significant differences in oral
metabolism between different species, and the performance of animal
models cannot fully reflect the pathophysiological process of human
body. Therefore, it is necessary to further study the model that is more in
line with the physiological environment of human body and strengthen
the preclinical study of Andro nano-drug delivery system. Although the
development of drug delivery systems and Andro derivatives has

improved the bioavailability and other pharmacokinetic properties of
Andro, the supplemental materials or modified structures used in these
delivery systems or derivatives may change the mechanism and results
compared with the use of Andro alone. Therefore, the mechanism of the
two needs to be further explored. Considering that biosynthesis or
biotransformation has become an increasingly powerful tool for the total
synthesis and structural modification of natural products, it will be
meaningful to explore the key enzymes responsible for the synthesis of
Andro key intermediates and the site-specific functionalization of
Andro.

The ultimate goal of the study is the clinical application of drugs. The
research on the anti-tumor effect of Andro is mostly limited to cell and
animal experiments, and the successful clinical transformation may be
subject to many factors, such as the difference of drug administration,
the difference of drug dose, the difference between animal models and
patients, and the complexity of clinical trial conditions. Therefore, it is
necessary for researchers to carry out clinical trials to verify the exact
efficacy and safety of Andro anti-tumor.

Overall, this review demonstrates that numerous preclinical studies
and some clinical trials provide strong support for the application of
andrographolide in cancer treatment. These findings also support and
accelerate the clinical research of andrographolide and its derivatives in
modern pharmaceutical formulations.

Ethical approval

This study did not include any studies with human participants or
animals.

Table 5
Clinical Trials of Andrographolide for the Prevention and Treatment of Related Diseases Registered at ClinicalTrials.gov.

No Study title Conditions Status Identifier Ref.

1 A Study of Andrographolide Sulfonate in Patients with Acute
Exacerbation of Chronic Bronchitis

Acute Exacerbation of Chronic Bronchitis Unknown, Phase 4 NCT03132610 [179]

2 Evaluate the Efficacy and Safety of Andrographolide Sulfonate in Patients
with Acute Bronchitis

Acute Bronchitis Unknown, Phase 4 NCT03132623 [180]

3 Evaluate the Efficacy and Safety of Andrographolide Sulfonate in Patients
with Acute Tonsillitis

Acute Tonsillitis Unknown, Phase 4 NCT03134443 [181]

4 Assessment of the Efficacy of Andrographis paniculata in Subjects with
Mild to Moderate Osteoarthritis

Knee Osteoarthritis Completed, N/A NCT03262792 [182]

5 The Effect of Andrographis paniculata (AP) on Palliative Management of
Advanced Esophageal Cancer

Squamous Cell Carcinoma of Esophagus Completed, Phase
3

NCT04196075 [178]

6 The Effect of Andrographis paniculata to GLP− 1, Fasting Insulin, Insulin
2-h Post OGTT, and HOMA-IR

Increased Insulin Completed, N/A NCT03455049 [183]

7 Efficacy Study of Andrographis paniculata Purified Standardized Extract
(ApE) in Patients with Multiple Sclerosis (MS)

Multiple Sclerosis, Relapsing-Remitting Completed, Phase
1/2

NCT02280876 [184]

8 Andrographis paniculata vs Boesenbergia rotunda vs Control in
Asymptomatic COVID− 19

Covid19 Unknown, Phase 3 NCT05019326 [185]

9 Pharmacometabolomics of Andrographis paniculata and Metformin In
Healthy Volunteers Under Fasting Condition

Molecular Mechanisms of Pharmacological
Action, Pharmacokinetics

Unknown, Phase 1 NCT04161404 [186]

10 Effects of an Adaptogenic Extract on Electrical Activity of the Brain in
Elderly Subjects with Cognitive Impairment

Cognitive Impairment (Mild) Completed, Phase
1

NCT03780621 [187]

11 To Assess the Effect of 336 Days Exposure of Paractin® on Pain& Disease
Progression in Patients Suffering from Osteoarthritis of Knee Joint.

Knee Osteoarthritis (Knee OA) Recruiting, N/A NCT04833946 [188]

12 Efficacy, Safety and Tolerability of Andrographolides Versus Placebo in
Patients with Progressive Forms of MS

Multiple Sclerosis, Secondary Progressive,
Primary Progressive Multiple Sclerosis

Unknown, Phase
1/2

NCT02273635 [189]

13 Magnesium, Vitamin B2, Feverfew, Andrographis paniculata and
Coenzyme Q10 for Episodic Migraine Prophylaxis

Migraine Completed,
Observational

NCT04463875 [190]

14 Magnesium, Partenium, Andrographis, Co-enzyme Q10 and Riboflavin
(PACR) in Migraine Prophylaxis

Migraine Disorders Unknown, Not
Applicable

NCT03190044 [191]

15 Efficacy Study of FANG (30) for Active Rheumatoid Arthritis in Adult
Patients

Arthritis, Rheumatoid Completed, Phase
2

NCT00749645 [192]

16 To Compare the Efficacy and Tolerability of A. Paniculata/A. Chilensis in
Individuals With URTI

Upper Respiratory Tract Infection Completed, Phase
3

NCT04955327 [193]

17 Study of Andrographolides with or Without Capecitabine to Treat
Colorectal Cancer

Colorectal Neoplasms Terminated, Phase
2

NCT01993472 [177]

18 Assessment of Efficacy of KAN-JANG® in Mild COVID− 19 Covid19 Unknown, Phase
2/3

NCT04847518 [194]

19 A Post-marketing Research on Jinyebaidu Granule in Treating Patients
with Acute Upper Respiratory Infection

Acute Upper Respiratory Infection Unknown, Phase 4 NCT02539277 [195]

20 Echinacea and Acute Respiratory Illness Acute Respiratory Infections Completed, Not
Applicable

NCT02003651 [196]
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