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A B S T R A C T

Andrographis paniculata (Burm. f.) Nees (A. paniculata), commonly known as "King of Bitters," has been widely 
used in traditional medicine in Asia, primarily for its heat-clearing, detoxifying, anti-inflammatory hep
atoprotective properties. Andrographolide (AG), a bioactive compound derived from A. paniculata has been 
extensively investigated for its anticancer potential. Numerous studies have demonstrated its efficacy across 
various cancers, highlighting the potential of AG as a promising drug for cancer therapy. This review aims to 
systematically summarize the ethnopharmacological uses of A. paniculata and its main compound AG, the 
anticancer mechanisms, preclinical toxicity analysis and clinical therapeutic potential of AG, focusing on its 
multi-targeted actions across various cancer types and its application in clinical trials. A comprehensive literature 
survey was conducted using English medium databases from 2015 to 2025. After applied the exclusion and 
inclusion criteria, 102 articles related to the keywords of “Andrographis paniculata”, “Andrographis paniculata 
traditional uses”, “andrographolide anticancer”, “andrographolide toxicity and safety”, “andrographolide 
adverse reactions” and “Andrographolide clinical trial” were compiled for critical review. AG exerts its anti
cancer effects in animal and different cancer cell lines via various mechanism inducing apoptosis, promoting 
autophagy, triggering ferroptosis, and arresting the cell cycle, etc. AG is relatively safe compound with less 
toxicity in vivo and in vitro. The clinical trials and findings for different disease have been investigated and 
summarized. Andrographolide has the potential to be a promising drug for cancer treatment. The combination 
with other drugs and natural compounds can improve therapy. The toxicity and clinical trials need further study.
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1. Introduction

Cancer continues to pose a significant challenge to global health. It is 
a complex disease that results in significant morbidity and mortality 
worldwide [1]. It is consistently ranked among the leading causes of 
death worldwide and poses a significant barrier to increasing life ex
pectancy [2]. Cancer is characterized by unregulated, random cell di
vision and invasiveness [3]. Cancer treatments such as chemotherapy, 
radiotherapy and surgery are harmful to the nervous system and the 
gastrointestinal tract. They also cause side effects such as ovarian failure 
and infertility for women [4]. Some natural compounds of plants such as 
flavonoids, phenolics and lactones have been reported to exhibit 
remarkable anticancer properties with fewer side effects [5,6]. Evi
dences showed the feasibility of utilizing plant-derived extracts or 
compounds for cancer treatment [7]. Plant is well-known as a natural 
source of bioactive products for thousand years. In particular, medicinal 
plants have been used for thousands of years as folk medicines in Asian 
and African populations. They are also widely consumed for health 
benefits in developed nations [8].

Andrographis paniculata (Burm. f.) Nees (A. paniculata) is an herba
ceous plant, popularly known as ‘the king of bitters’ due to its intense 
bitter taste. A. paniculata from the Acanthaceae family has been tradi
tionally used as medicine in China, India, Thailand, Bangladesh, 
Malaysia and Indonesia [9]. This plant has been widely used in tradi
tional medicine systems due to its pharmacological properties such as 
clearing heat [10], detoxifying, antiviral [11], antioxidant, 
anti-inflammatory [12], antimalarial [13], hepatoprotective [14] and 
reducing swelling and pain [15]. Based on previous review findings, the 
number of articles reported on pharmacological and therapeutic prop
erties of the plant has increased significantly from seventy-two in 
2010–2020 [16] to ninety in 2021 [17]. Many bioactive compounds 
have been discovered in the leaves of A. paniculata including diterpenes, 
xanthones and flavonoids [18]. Among these, diterpenoids, particularly 
andrographolide (AG), is recognized as the primary contributors to the 
plant's pharmacological effects. Recent studies demonstrated that the 
ability of AG to inhibit the proliferation of various cancer cells including 
breast, lung, colorectal, gastric, liver, pancreatic, and prostate cancers. It 
is relatively low toxicity and its multi-targeted nature make AG has the 
potential to be a promising cancer drug in anticancer therapeutics [19].

This review provides an updated and integrated perspective by 
combining newly reported molecular mechanisms underlying the anti
cancer activity of AG across various cancer cell types with its recent 
findings on toxicity and clinical applications. The potential molecular 
mechanisms have been systematically organized and illustrated with 
schematic diagrams to provide a better understanding of interaction 
mediated through key signaling pathways which collectively contribute 
to the inhibition of various cancer cell lines.

2. Method

2.1. Data collection

This review was systematically performed by collecting articles from 
the ScienceDirect, SCOPUS, PubMed, Web of Science, Springer and 
Wiley online library published between 2015 and 2025 to explore the 
anticancer potential and mechanism of AG. The key words of the liter
ature search included “Andrographis paniculata”, “Andrographis pan
iculata traditional uses”, “Andrographolide and anticancer”, 
“Andrographolide toxicity and safety” “Andrographolide adverse re
actions” and “Andrographolide clinical trial”. Papers categorized as 
randomized controlled trials, case reports, reviews, and research articles 
published in English only were considered in this review.

2.2. Inclusion and exclusion criteria

The articles were screened to narrow the scope and obtain relevant 

technical data. Studies focused specifically onethnopharmacological 
uses of AG and its anticancer mechanism including in vitro and in vivo, 
preclinical toxicity studies and clinical treatment effects including 
adverse reactions or side effects of AG to humans or animals. Publica
tions should be with clear methodology and results. However, studies 
that are not related to this plant and the above-mentioned keywords, 
articles without accessible full texts or incomplete information, dupli
cates or multiple publications of the same data or reviews are not 
included in this review. The process of data handling and the criteria of 
data screening are demonstrated in Fig. 1.

3. Result

According to the literature search, a total of 7079 papers was 
retrieved from all databases. After removing duplicates, 4772 articles 
remained. By applying the inclusion and exclusion criteria, 104 articles 
were selected for reviewing. The selected articles primarily focused on 
the pharmacological activity such as anticancer, anti-inflammatory and 
hepatoprotective of AG. The papers were further classified into five main 
categories, namely the pharmacological activities (13.61 %), anticancer 
mechanism (40.83 %), toxicity (6.51 %), clinical trials (6.51 %) and 
cancer background (32.54 %) as demonstrated in Fig. 2. There are more 
than half of the selected articles focusing on the anticancer mechanisms 
of AG between 2015 and 2025.

4. Ethnopharmacological uses and andrographolide

A. paniculata, as a traditional herb, has been used in folk medicine in 
China and other regions of East and Southeast Asia for hundreds of years 
[20]. It is used in ancient Oriental medicine and Ayurvedic medicine. 
According to the Chinese medical book, Lingnan Medicinal Collection 
Record (嶺南采藥錄, Lǐng nán cǎi yào lù), it is reported that the plant can 
cure snakebite and manage internal injury cough [21]. Traditional 
medical systems such as Ayurveda have used this herb to improve liver 
detoxification function for a long time [18]. A. paniculata is also tradi
tionally used to treat fever, dysentery, malaria and gastrointestinal 
diseases [22,23]. The plant is about 30–110 cm tall, with dark green 
stems, glabrous leaves, and violet to white flowers as shown in Fig. 3
[24]. The plant contains 32 bioactive substances, including diterpenes, 
flavonoids, and lactones which can be found in plant roots, leaves, and 
aerial parts [25].

Andrographolide (AG), the main phytochemical of A. paniculata, is a 
lactone diterpenoid compound with the molecular formula of C20H30O5 
(Fig. 4). Its chemical name is 3α, 14, 15, 18-tetrahydroxy-5β, 9βH, 10α- 
labda-8, 12-dien-16-oic acid γ-lactone [26]. AG has demonstrated to 
exhibit multiple pharmacological activities, the compound has attracted 
attention from scientists and researchers, primarily due to its pharma
cological properties such as anticancer [27], anti-inflammatory [28], 
antibacterial [29], immune regulatory [30], neuroprotective [31], 
hepatoprotective [32] and anti-cardiovascular activities [13]. Recent 
studies demonstrated that the ability of AG to inhibit the proliferation of 
various cancer cells including breast, lung, colorectal, gastric, liver, 
pancreatic, and prostate cancers. Its relatively low toxicity and 
multi-targeted nature make AG has the potential to be a promising 
cancer drug in anticancer therapeutics [19].

Although AG exhibits promising anticancer and therapeutic effects, 
its clinical application is limited, mainly due to its unfavorable phar
macokinetics. It is lipophilic with low aqueous solubility (3.29 
± 0.73 µg/mL at 25 ◦C) which impairs its dissolution and absorption 
[33]. Therefore, it has low systemic exposure and bioavailability after 
oral administration. Nevertheless, strategies such as nano-scaled de
livery systems and β-cyclodextrin complexes have been discussing to 
improve its poor solubility and limited bioavailability [34]. For in
stances, polymeric andrographolide nanoparticles enhanced its 
anti-cancer properties three fold by exhibiting reduced IC₅₀ in breast 
cancer cells [35]. Moreover, AG nanoparticles reduced tumor weight by 
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about 68 % compared with 25 % for free AG in Ehrlich ascites carci
noma model. The improved bioavailability was also proven by the study 
of Sanati et al. [36] who demonstrated that tumour size of HeLa bearing 
mice was significantly reduced by 73 % after treated with AG loaded 
polymeric nanoparticles.

5. Anticancer mechanisms of andrographolide

5.1. Cell cycle arrest

The cell cycle is a series of events to control cell division and repli
cation; dysregulation of the cell cycle mechanism leads to uncontrolled 

Fig. 1. Systematic literature search methodology for studies on andrographolide and Andrographis paniculata.

Fig. 2. Percentage of articles reporting on the anticancer mechanisms, toxicity, 
and clinical trials of andrographolide (2015–2025).

Fig. 3. Plant morphology of Andrographis paniculata showing the leaves, stems, 
flowers and buds.
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cell growth, which is one of the core characteristics of cancer [37]. It is 
regulated by cyclins and cyclin-dependent kinases (CDKs) [38]. In 
another study, AG activated p53 by inducing the DNA damage response, 
which increased p21 and upregulates p27 by downregulating Skp2 (a 
ubiquitin ligase that targets p27 for degradation) to induce G0/G1 phase 
arrest in A549 cells [39]. For the G2/M phase arrest, AG induced ROS 
and activated p53-dependent G2/M cell cycle arrest with the upregula
tion of cyclin B1 and inactivation of CDK in hepatoma cells [40]. In 
human colorectal carcinoma, AG induces G2/M arrest by down
regulating CDK1 and Cyclin B1 [41]. In addition, AG induced human 
brain cancer cell cycle arrest at the G2/M phase by activating extracel
lular signal-regulated kinase (ERK) 1/2, thereby activating the tran
scription of C-myelocytomasis (c-Myc) protein and upregulating p53 
[42]. Based on previous studies, it is important to highlight that AG 

could induce cell cycle arrest in various cancer cell lines by modulating 
key regulatory proteins such as cyclins, CDKs, p21, p27, p16 and p53. 
Such phenomenon could be observed from its effects on the G0/G1, G1/S, 
and G2/M phases. The AG-mediated cell cycle arresting pathway are 
depicted Fig. 5. (Fig. 6).

5.2. Apoptosis

Apoptosis, also known as programmed cell death, plays a crucial role 
in cancer biology [43] Extrinsic and intrinsic pathways are the two 
major apoptosis mechanisms Fig. 7. The former is caused by the binding 
of death ligands (like FasL) to cell-surface death receptors, whereas the 
latter is the permeabilization of mitochondrial outer membrane caused 
by Bcl-2-family pro-apoptotic proteins [44]. The occurrence of either 
extrinsic or intrinsic pathways depends on the activation of cysteine 
proteases to cleave caspases at aspartate residues [45].

Loh et al. [46] demonstrated that the concentration of AG > 30 μM 
decreased the levels of pro-caspase-3, Bcl-2 and PARP (poly-
ADP-ribose-polymerase), as well as cleaved caspase-3 in breast cancer 
cells, thereby activating apoptotic cascade. One year later, Chen et al. 
[47] reported that AG activated the mitochondrial apoptosis pathway in 
non-small cell lung cancer cells, as evidenced by the increased expres
sion of pro-apoptotic proteins (Bax and Bak), reduced expression of the 
anti-apoptotic protein Bcl-2, decreased mitochondrial membrane po
tential (ΔΨm), promotion of cytochrome-c (cyto C) release from mito
chondria into the cytoplasm, and mitochondrial translocation of Bak. 
Moreover, in the treatment of MDA-MB-231 breast cancer cells, AG 
increased ROS levels, reduced ΔΨm, upregulated pro-Bax and down
regulated Bcl-2 and Bcl-xL, and thus enhancing the activation of 
caspase-9 and − 7 to reduce apoptosis [48].

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand 
(TRAIL) is a member of TNF family that induces apoptosis specifically in 

Fig. 4. The chemical structure of andrographolide.

Fig. 5. Mechanism of andrographolide-induced cell cycle arrest in cancer cells.
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Fig. 6. Extrinsic and internal apoptosis mediated by andrographolide through the activation of key signaling pathways.

Fig. 7. Possible pathways of andrographolide-mediated autophagy including key signaling components involved in autophagosome formation.
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tumor cells. The ligand induces extrinsic apoptosis by binding to specific 
death receptors DR4 (TRAIL-R1) and DR5 (TRAIL-R2) on the surface of 
cells [49]. AG increased DR4 and DR5 levels in T24 cells in a 
p53-dependent manner (a tumor suppressor gene), and inactivated 
NF-κB signaling pathway, enhancing TRAIL-mediated apoptosis [50]. 
The increase of ROS levels promoted by AG would increase the 
expression of p53 and DR4 in PCa cells, and consequently promoting the 
expression of caspase-3 to inducing apoptosis [51]. It is interesting to 
highlight that AG has the potential to be developed as a chemosensitizer 
for combined therapy with TRAIL.

Ferroptosis is a form of programmed cell death characterized by the 
accumulation of lipid ROS. It is a new type of cell death discovered by 
scientists in recent years [52]. AG downregulated the ferroptosis in
hibitor GPX4 and SLC7A11 and promoted ferroptotic events such as ROS 
production, MDA (a marker of lipid peroxidation) accumulation, GSH 
(an intracellular antioxidant) depletion, intracellular free iron, and lipid 
peroxidation in lung cancer cells. Hence, AG might exert its effects in 
cancer therapy by modulating ferroptosis-related pathways [53]. 
Furthermore, Li et al. [54] demonstrated that AG inhibited p38 and 
modulated the Nrf2/HO-1 axis. Indeed, p38 was associated with the 
regulation of Nrf2, HO-1, GPX4, Fe²⁺, and lipid peroxidation levels in 
multiple myeloma cells, ultimately inducing ferroptosis.

5.3. Autophagy

Autophagy is a process that delivers various intracellular proteins 
and organelles to lysosomes for degradation and recycling, which plays 
a crucial role in the complex cancer microenvironment [55]. Activation 
of autophagy can prevent cell damage and promote cell survival when 
energy or nutrients are insufficient and exposed to cytotoxic insults [56]. 
AG regulates autophagy in cancer cells through multiple interrelated 
pathways. PI3K/AKT/mTOR (Phosphoinositide 3-kinase/ Protein kinase 
B/ mechanistic Target of Rapamycin) pathway is a critical regulator of 
cell growth and autophagy, in which mTOR is a serine/threonine protein 
kinase regulating autophagy [57]. AG inhibited Akt and mTOR phos
phorylation and increases the expression of class III PI3K to induce 
autophagic cell death in osteosarcoma cells and decreased the expres
sion of LC3-II, Beclin-1 and Atg5 by enhancing the JNK pathway [58]. In 
another study, AG inhibited the JAK2/STAT3 pathway in NSCLC and 
reduced the expression of PD-L1 through the accumulation of P62 or 
directly inhibited the phosphorylation of STAT3. The reduction of PD-L1 
level leads to increased infiltration and activation of CD8⁺ T cells in the 
tumor microenvironment, thereby enhancing the anti-tumor immune 
response [59]. AG inhibited autophagy by interfering with the fusion of 
autophagosomes and lysosomes. The autophagy induced by AG is shown 
in Fig. 7

5.4. Inhibition of angiogenesis

Angiogenesis is the physiological process of forming new blood 
vessels from pre-existing vasculature [60]. Angiogenesis plays a pivotal 
role in tumor growth and metastasis. Tumors rely on angiogenesis to 
acquire oxygen and nutrients for their survival and expansion bey [61]. 
The combination of vascular endothelial growth factor (VEGF) and its 
receptor VEGF receptor (VEGFR) regulates tumor angiogenesis and 
metastasis. AG inhibited angiogenesis in hepatocellular carcinoma 
(HCC) by directly inhibiting VEGFA or inhibiting VEGFR2 and its 
downstream MAPK pathways including ERK pathway, JNK pathway and 
p38 MAPK pathway. The expression of VEGFA is mainly regulated by the 
transcription factor hypoxia-inducible factor-1α (HIF-1α) [62]. AG 
activated JNK and reduced the expression of metastasis-associated 
protein 1 (MTA1) and histone deacetylase 1 (HDAC1) in hepatoma 
cancer cells to degrade HIF-1α protein, decreasing VEGFA expression 
[63]. Furthermore, AG inhibited HIF-1α expression by inhibiting the 
PI3K/AKT pathway in breast cancer cells [64]. AG also inhibited the 
expression of VEGFD by reducing the expression of cFos protein 

mediated by ubiquitin/proteasome and reducing the transcriptional 
activity of activator protein-1 (AP-1) [65]. In breast cancer cells, AG 
inhibited the activation of p300- HAT and then decreased the COX-2 
activation. COX-2 is a key enzyme promoting angiogenesis, the inhibi
tion of COX-2 decreased VEGF expressing, thereby inhibiting tumor 
angiogenesis [66,67]. The main signaling pathways are shown in Fig. 8

5.5. Inhibition of tumor cell invasion and migration

Epithelial–Mesenchymal Transition (EMT) plays a critical role in 
promoting tumor invasion and migration, and such transition enhances 
the cell migration [68]. The extracellular matrix (ECM) influences 
cancer cell adhesion and proliferation. The migration and functions act 
as a scaffold for the cells in tumor mircroenvironment (TME) [69,70]. 
Matrix Metalloproteinases (MMPs) can degrade components of ECM, 
allowing tumor to invade surrounding tissues and entering blood vessels 
[71]. AG treatment downregulated PI3K/Akt signaling and inactivated 
of c-Jun/c-Fos (AP-1 heterodimer complex) to reduce the MMP-7 
expression and inhibit migration and invasion in NSCLC cells. In 
another study, AG inhibited the invasion and migration of human glio
blastoma multiforme cells by enhancing the phosphorylation of 
c-Raf/MEK/ERK pathway and inhibiting the expression of CREB, which 
is the key regulator for the transcriptional inhibition of MMP-2 [72]. In 
KKU-M213 cells, p-38 MAPK was activated by AG, the EMT pathway 
protein, claudin-1 was inhibited to express its anti-migration and inva
sion ability. Nuclear factor-κB (NF-κB) can be considered an effective 
drug target in cancer treatment [73]. AG decreased MMP-9 expression 
by inhibiting NF-κB signaling in MDA-MB-231 breast cancer cell [74]. 
The combination of AG and the inhibitors of Wnt/β-catenin, PI3K/AKT 
and NF-κB of signaling pathways caused a synergistically inhibitory ef
fect on the migration and invasion of human osteosarcoma cells [75]. 
The main mechanisms are depicted in Fig. 9.

5.6. The anticancer mechanism of AG against different types of cancer

This section provides a review on the anti-cancer effects of AG 
against different types of cancer, specifically enhancing the under
standing of its mechanisms and action against cancer.

5.7. Breast cancer

Breast cancer has become the most common malignant tumor among 
women worldwide [76]. Breast cancer is typically classified into luminal 
A, luminal B, HER2-positive and triple-negative breast cancer (TNBC) 
according to molecular subtypes [77]. TNBC is the most aggressive [78]. 
As reported by earlier researchers [44], AG induced apoptosis and G2/M 
phase of cell cycle arrest in MDA-MB-231 cells through mitochondrial 
dependent pathway [79]. Another study demonstrated that AG down
regulated VEGF pathway by the inhibition of COX-2 and p300 expres
sion in MDA-MB-231 cells [67]. Furthermore, AG is a novel HIF-1 
inhibitor. It downregulated HIF-1α-mediated VEGF expression and 
inhibited the angiogenesis of MDA-MB-231 cells by inhibiting 
PI3k/Akt/mTOR signaling [64]. NF-κB is an important regulatory signal 
in breast cancer. Beesetti et al. [80] demonstrated that AG promoted 
apoptosis in MDA-MB-231 cells by inhibiting NF-κB signaling, while 
upregulating TIMP1 to inhibit the expression of MMP-7. AG also at
tenuates the expression of MMP-9 by inhibiting IκBa phosphorylation 
then suppressing NF-κB signaling. The inhibition of MMP-7/9 reduced 
the invasion and migration of MDA-MB-231 cells [74]. In addition, AG 
inhibit the proliferation, metastasis and invasion of MDA-MB-231 cells 
by suppressing EGFR (epidermal growth factor receptor)-STAT1 (signal 
transducer and Activator of Transcription 1)-HDAC4 (histone deacety
lase) signaling, EGFR, STAT1 and HDAC4 proteins are involved in the 
EMT progression [81].

In ER-positive breast cancer cells, AG induced ROS production, and 
downregulating the FOXM1-ER-α axis and inhibiting ESR1 transcription 
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to inhibit tumor growth. AG induced apoptosis of MCF-7 cells via a series 
of mitochondrial-mediated reactions after ROS activation [48]. AG 
exerted antiproliferative effects in MCF-7 cells by suppressing ERα 
expression and PI3K/AKT/mTOR signaling [79]. A combined treatment 
with AG and fulvestrant (FUL) could further inhibit ER-α expression and 
breast cancer cell growth [82]. Li et al. [83] found that AG could inhibit 
tumor growth and metastasis in MMTV-PyMT mice, AG reduced the 
expression of MiR-21–5p in luminal-like breast cancer by inhibiting the 
expression of NF-κB, promoting the expression of programmed cell 
death protein PDCD4.

5.8. Gastric Cancer

Gastric cancer is the fifth most common cancer, and its mortality rate 
ranks third in the world [76]. Based on network pharmacology analysis, 
AG may exert its therapeutic effect on gastric cancer by regulating tar
gets such as SRC, AKT1, TP53, STAT3, PIK3CA, MAPK1, MAPK3, 
VEGFA, JUN and HSP90AA1. AG also exerted its pharmacological ef
fects on the signaling pathways such as the HIF-1 signaling pathway and 
the PI3K-AKT signaling pathway [84]. AG may inhibit the proliferation, 
invasion and metastasis of SGC7901 cells by inhibiting MMP protein 
activity and upregulating TIMP protein expression, arresting the cell 
cycle at the G2/M phase [85]. In addition, AG increased p53 expression 
and suppressed oncogene Mdm2 in SGC 7901 cells, thereby promoting 
mitochondrial intrinsic apoptosis [86]. AG inhibited cell proliferation 
through extrinsic apoptosis. The combined treatment of AG with re
combinant human TRAIL further increased the expression levels of DR4 
and DR5 [87]. AG treatment significantly upregulated 
ferroptosis-related gene expression, including HMOX1, GCLC and GCLM 
in MKN74 and NUGC4 cells [88].

5.9. Colorectal cancer

Colorectal cancer (CRC) is the second most lethal and third most 
often diagnosed cancer worldwide [89]. CRC includes colon cancer and 
rectal cancer which accounts for an estimated 935,173 deaths in 2020, 
with an age-standardized mortality rate of 9.0 per 100,000 person-years. 
The presence of epidermal growth factor receptor (EGFR) is correlated 
with abnormal cell proliferation, excessive differentiation, apoptosis 
and carcinogenesis [90]. AG inhibited proliferation and induced 
apoptosis of SW620 cells via TLR4/MyD88/NF-κB/MMP-9 signaling 
pathway [91]. Moreover, AG reduced the expression of NOTCH 1and 
JAGGED 1 then inhibited the Notch signaling pathway to exert the 
anti-proliferation of SW-480 cells [92]. Banerjee et al. [93] first reported 
that AG could induce endoplasmic reticulum stress (ERS) and promoted 
cell apoptosis and activated the unfolded protein response (UPR) 
mediated by inositol-requiring enzyme 1 (IRE-1), leading to C/EBP ho
mologous protein (CHOP) expression and cell apoptosis. AG induced 
ERS and blocked Akt/mTOR signaling, and thus inhibiting Cyclins B1 
and D1 in cell cycle progression [94]. Khan et al. [92] reported that AG 
significantly induced G2/M cell cycle arrest at a concentration of 16 μM, 
while higher concentrations (32, 64, 128, and 256 μM) led to G0/G1 
arrest in colon cancer HT-29 cells. The PI3K pathway plays an important 
role in colorectal cancer. AG inhibited the invasion of HCT116 cells by 
suppressing the PI3K/Akt/mTOR signaling pathway and glycolysis. 
These mechanisms may enhance the radiosensitivity of HCT116 cells 
[95].

5-Fluorouracil (5FU) is a commonly used chemotherapy drug for the 
treatment of CRC [96,97]. AG significantly enhanced the sensitivity of 
HCT116/5-FUR cells by binding to BAX and inducing cell apoptosis. 
Combined treatment of AG and 5-FUR significantly inhibited tumor 
growth in Nude mice [96]. Overexpression of Dickkopf-1 (DKK1) is a key 
event in 5FU resistance. It is an extracellular inhibitor of Wnt/β-catenin 
signaling [98]. AG significantly downregulated 5FU-induced DKK1 

Fig. 8. Andrographolide-mediated anti-angiogenic signaling pathways in cancer cells involving the inhibition of VEGF expression.
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overexpression and reversed 5FU-mediated drug resistance in CRC cells 
by inhibiting downstream Akt [99]. Another study validated AG over
coming 5FU resistance in CRC cells. This inhibitory effect was associated 
with the activation of ferroptosis and the down-regulation of Wnt16, 
AXIN2 and TCF7L2 genes to inhibit β-catenin/Wnt signaling, thereby 
enhancing the sensitivity of CRC to 5FU chemotherapy [100]. In addi
tion, AG downregulated the c-MET pathway both in vivo and in vitro, 
synergistically enhancing the anti-tumor efficacy of 5FU against 
HCT-116 cells, while inhibiting the p-ERK1/2 and p-AKT signaling 
[101].

In mouse xenograft models, AG enhanced the efficacy of anti-PD-1 
(programmed cell death protein 1). Combined treatment with anti-PD- 
1 antibodies inhibited the expression and activity of COX-2, reduce 
the synthesis of prostaglandin E2 (PGE2), enhance the function of 
CD4 + and CD8 + T cells, and significantly inhibit tumor growth [102]. 
KRAS mutation is one of the causes of resistance of CRC to cetuximab. 
Liu et al. [103] demonstrated that AG enhanced the sensitivity of KRAS 
mutant CRC cells to cetuximab (CTX) by reducing the expression of PI3K 
and AKT by targeting PDGFRβ and EGFR, and inhibited the migration 
and invasion of CRC cells through the Wnt/β-catenin signaling pathway.

Combination therapy of AG with other natural compounds such as 
melatonin (MLT) can enhance the anticancer effect [104]. It is demon
strated that the IC50 of AG was 15 µM after combined treatment with 
MLT, significantly reduced compared with the IC50 of AG single treat
ment of 45 µM. The mechanism was associated with ERS-mediated 
apoptosis by increasing its signaling molecules such as BAX, XBP-1, 
and CHOP [105]. Combined treatment with AG and MLT significantly 
inhibited the expression of mitochondrial ribosomal proteins MRPS6, 
interfered with mitochondrial protein synthesis, led to mitochondrial 
dysfunction, and inhibited CSC proliferation [106].

5.10. liver cancer

Liver cancer the fourth leading cause of cancer-related mortality 
worldwide. AG has a promising potential for hepatoma treatment [107]. 
Hepatocellular carcinoma (HCC) is most common type of primary liver 
cancer, accounting for approximately 80 % of all liver cancer cases 
[108]. In p53-WT cells, AG induces G2/M cell cycle arrest, thereby 
promoting DNA repair and cell survival, while AG induces p62 accu
mulation and promotes proteasome degradation of DNA repair proteins 
RAD51 and 53BP1, escaping the protective effect of p53, impairing DNA 
damage repair, and ultimately leading to cell death [40]. Another study 
revealed that AG inhibited the expression of HMGB1 and MMP-9 by 
upregulating MIR22HG and miR-22–3p, thereby suppressing liver can
cer cell metastasis and reducing Bcl-2 in promoting mitochondrial 
apoptosis [109]. In addition, AG suppressed HIF-1α signaling and 
reduced VEGF, MTA1 and HDAC1 expression in Hep3B and HepG2 cells, 
thereby inhibiting angiogenesis [63]. AG further downregulated VEGF 
expression by inducing ubiquitin-dependent proteasomal degradation of 
cFos [65]. High concentrations of arsenic trioxide (As2O3) can be used to 
treat cancer. Study has found that AG combined with As2O3 significantly 
inhibited the proliferation of HCC cells. The IC50 of combined treatment 
was 2.88 μM, which was much lower than the IC50 of As2O3 alone 
(6.23 μM). This anti-tumor effect was associated with EphB4 down
regulation [110].

5.11. Lung cancer

Lung cancer has the highest number of cancer-related deaths and 
survival rates are low [76]. The main type of lung cancer is 
non-small-cell lung cancer (NSCLC), which accounts for 85 % of overall 
cases [111]. NSCLC can be divided into squamous cell carcinoma, 
adenocarcinoma and large cell carcinoma. Adenocarcinoma is a 

Fig. 9. Mechanisms of andrographolide on cancer cell invasion and migration via the degradation of Epithelial–Mesenchymal Transition (EMT).
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common type of lung cancer, characterized by high invasiveness and the 
fastest lethality [112,113]. p21 and p27 were upregulated in A549 lung 
adenocarcinoma cells treated with AG by downregulating Skp2 and 
inducing DNA damage response to activate p53, thereby inducing cell 
senescence and cell cycle arrests [39]. Furthermore, AG induced 
apoptosis of human lung adenocarcinoma cells (A549 and H1299) by 
activating ATF4 and upregulating the pro-apoptotic BH3-only protein 
Noxa [114].

AG inhibited the growth of NSCLC and induced glucose metabolism 
reprogramming in H1975 cells [47]. Similarly, Yang et al. [115] found 
that AG inhibited aerobic glycolysis and pyruvate dehydrogenase kinase 
1 (PDK1) in human lung cancer cells. However, PDK1-mediated meta
bolic changes still need to be further explored. Ferroptosis plays a 
pro-apoptotic role in NSCLC cancer cells. Jiaqi et al. [53] demonstrated 
that AG induced ferroptosis and inhibited tumor growth and metastasis 
in mice. In addition, AG inducing autophagy to enhance anti-tumor 
immunity in NSCLC cells [59]. The inhibition involved reducing 
PD-L1 expression by inhibiting the JAK2/STAT3 signaling cascade and 
p62 accumulation, thereby increasing the infiltration and function of 
CD8 + T cells, and inhibiting tumor growth.

Paclitaxel (PTX) and AG have a synergistic effect on NSCLC. Study 
revealed that the IC50 value of PTX combined with AG for A549 cells was 
0.5–7.4 nM, which was significantly lower than the IC 50 (15.9 nM) of 
PTX. The synergistic effect may be the result of ROS accumulation 
[116]. In drug-resistant NSCLC cells, AG enhanced sensitivity to 
cisplatin (DDP) treatment by downregulating PTEN expression, pro
moting the activation of Akt/mTOR signaling, and inhibiting autophagy. 
DDP combined with AG treatment significantly prevented the growth of 
the resistant cells in vivo [117].

5.12. Cervical cancer

Cervical cancer is the fourth most significant cause of cancer death. 
Cervical cancer is initiated by infection with high-risk human papillo
maviruses (HPVs) and HPV-16 is the predominant high-risk type [118]. 
In HPV16-positive cervical cancer cells, AG inhibited the proteins 
associated with ubiquitin-mediated proteolysis pathways including 
HERC4 and SMURF2 to disturb E6-mediated p53 degradation, restoring 
the p53 expression and promoting apoptosis [119]. AG also functioned 
as an inducible nitric oxide synthase (iNOS) inhibitor, suppressing HeLa 
cell proliferation and inducing G1/S phase arrest in a dose-dependent 
manner [120]. Pasha et al. [121] demonstrated that AG induced HeLa 
cell apoptosis by suppressing NF-kB and COX-2 and inhibiting the 
PI3K/AKT signaling pathway. Furthermore, intracellular pH (pHi) is 
associated with tumorigenesis, and acidic pHi is suitable for activating 
apoptotic proteins [122]. A recent study proved that AG reduced pHi by 
inhibiting membrane transport proteins NHE1/V-ATPase activity in 
HeLa cells [46].

5.13. Prostate cancer

Prostate cancer (PCa) is one of the most common malignant tumors 
in men worldwide [123]. It was demonstrated that 10 mg/kg of AG 
reduced the expression of cell proliferation proteins (pH3, Ki-67) and 
MMP11 in prostate tumor tissues, and induced DNA damage leading to 
cell cycle arrest at the G2/M phase, cell apoptosis, and anti-angiogenesis 
[124]. AG significantly increased the sensitivity of PCa cells to 
TRAIL-induced apoptosis by promoting p53 and DR4 expression. TRAIL 
combined treatment with AG significantly increased PCa cell apoptosis 
[51]. Furthermore, AG activated the caspase cascade and induced 
apoptosis in PCa cells at an optimal concentration of 13.21 µM [125]. In 
addition, AG inhibited the expression of chemokine receptors CXCR3 
and CXCR7, reduced the response of tumor cells to CXCL11 signals, 
reduced PCa cell viability and migration ability, and induced cell cycle 
arrest by regulating cyclin A2, B1, and E [126].

5.14. Bone cancer

Bone cancer can primary or metastatic [127], osteosarcoma (OS) is 
the most common primary bone tumor, mainly occurring in children and 
adolescents, and often occurring in the medullary region of long bones 
[128]. AG activated JNK signaling, leading to apoptosis and cell cycle 
arrest at G2/M phase in human osteosarcoma cells [129]. In addition, 
AG can inhibit the proliferation, migration and invasion of human os
teosarcoma cells by significantly inhibiting Wnt/β-catenin, PI3K/AKT 
and NF-κB [75]. AG induced autophagic cell death in osteosarcoma cells, 
resulting in reduced invasiveness and metastatic potential [58].

Chondrosarcomas account for approximately 20 %-30 % of primary 
bone tumors [130]. SOX9 is a transcription factor and related to chon
drogenesis. It is up-regulated in chondrosarcoma cells [131]. A study 
demonstrated that AG inhibited SOX9 expression in chondrosarcoma 
cells by downregulating T-cell factor 1 (TCF-1), leading to G2/M phase 
arrest via a caspase-3-dependent pathway [132].

5.15. Oral cancer

Oral cancer is a common cancer, oral squamous cell carcinoma 
(OSCC) is the predominant histological subtype [133]. AG (≥ 30 μM) 
caused cell contraction and migration inhibition, inducing apoptosis in 
OEC-M1 cells [134]. Yang et al. [135] first time reported that AG could 
inhibit oncogenic properties of oral cancer stem cells (OCSC) through 
activation of miR-218-targeting Bmi1 and enhanced radiosensitivity, 
which inhibited OSCC tumor aggressiveness. Furthermore, AG acted as 
an effective sensitizer to DDP, exerting synergistic anti-tumor effects in 
oral squamous cell carcinoma (OSCC). This synergistic effect has been 
verified in both in vitro and in vivo experiments. It upregulated p-p53 
expression in vitro and downregulated Ki-67 expression in vivo [136].

5.16. Other cancer

In recent years, there have been few studies on AG for some cancers, 
mainly the following studies: AG combined with radiotherapy could 
increase the expression of Bax and cleave-caspase3 and inhibited 
esophageal cancer cell apoptosis. This radiosensitivity effect was 
mediated by inducing cell cycle arrest at the G0/G1 phase [137]. AG 
inhibited bladder cancer cell proliferation and migration by suppressing 
PI3K/AKT/NF-κB signaling [138]. In cholangiocarcinoma (CCA), AG 
activated p38 MAPK signaling pathway, leading to enhanced Snail 
expression and claudin-1 inhibition, which effectively inhibits cancer 
cell migration and EMT [139]. In pancreatic cancer (PC), AG induced 
oxidative stress associated cell death and promoted autophagy [140]. 
Another study has also demonstrated the inhibitory effect of AG on 
pancreatic cancer (PC). Zhuang et al. [141] indicated that AG inhibited 
DNMT3B to reduce DNA methylation and activated the expression of 
tumor suppressor gene ZNF382. These finding reveals the potential of 
AG to be a drug for PC. In addition, AG enhanced the sensitivity of renal 
cell carcinoma to TRAIL-mediated proliferation inhibition [142]. These 
findings highlight the multifaceted anticancer potential of AG, which 
can not only enhance the effect of radiotherapy, but also target key 
oncogenic pathways, induce apoptosis, and inhibit metastasis.

6. Toxicity of andrographolide

AG has been widely recognized for its remarkable anticancer, anti- 
inflammatory, and antioxidant properties. Since it is the herbal com
pound of A. paniculata, AG is generally considered safe for consumption. 
Nevertheless, the toxicity of AG still needs to be carefully evaluated to 
ensure its safe dosage for applications [143]. Table 2 arranges findings 
from the limited toxicological assessments of AG conducted between 
2015 and 2025, including both in vitro and in vivo studies using different 
animal models.
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Table 1 
The mechanism of andrographolide on various cancers.

Cancer type Cell line/Animal model Dose Inference Reference

Breast cancer MDA-MB-231 
MCF-7

AG: 0–10 μg/mL Suppressing the expression and activity of EGFR, STAT1 and HDAC4 [81]

MCF-7, MDA-MB-231 AG: 7.5–120 μM Inhibiting the expression of Erα and the PI3K/AKT/mTOR signaling 
pathway.

[79]

MDA-MB-231 
MCF-7, T-47D, MCF-10A

AG: 5–100 μM Inducing ROS accumulation reducing MMP, Bcl-2 and Bcl-xL, increasing 
Bax and Apaf-1 
Activating caspase-3 and caspase-3

[48]

Female BALB/c mice 50 mg/kg
MDA-MB-231, MDA-MB-468, 4T1 AG: 10–30 μM Inhibiting of the NF-κB-THOC1 axis [144]
Female BALB/c and C57BL/6 mice AG: 10 mg/kg
MCF7, T47D AG: 80 μM FUL: 

25 μM
Downregulate FOXM1-ER-α axis by inducing ROS [82]

Female BALB/c mice AG: 150 mg/kg/d 
FUL: 5 mg

MDA-MB-231, T47D AG: 100 mg Inhibiting HIF-1 and its upstream PI3K/AKT signaling [64]
Female BALB/c mice AG: 25–100 mg/kg
MDA-MB-231, MCF-7, T47D, MDA- 
MB-361, and BT549

AG: 5–50 μM In vitro: suppressed COX-2 expression and mediated acetylation of NF-κB [67]

xenograft nude mice model AG: 5–10 mg/kg
MDA-MB-231, 
SKOV-3, A431

AG: 10–50 μM Inhibiting NF-κB, 
downregulating MMP-7

[80]

MCF-7 AG: 0–160 μM Inhibiting NF NF-κB, the expression of miR-21–5p and PDCD4. [83]
MMTV-PyMT mice AG: 5 μg/g
MDA-MB-231 AG: 7, 5–120 μM Decreasing MMP-9, suppressing NF-κB signaling [74]
BALB/c nu/nu mice AG: 50 mg/kg

Gastric cancer SGC7901 0–40 µg/mL Upregulating expression of Timp-1/2, cyclin B1, p-Cdc2, Bax, and Bik 
Downregulating expression of MMP-2/9 and Bcl-2

[85]

SGC7901, AGS AG: 5–50 µg/mL Inducing caspase-3and PARP activating p53, reducing Mdm-2 [86]
SNU601, SNU638 AGS AG: 10–50 µM 

TRAIL: 5–20 ng/mL
Increasing ROS, P21, inducing DR4 and DR5, decreasing Bcl-xL [87]

MKN74, NUGC4 AG: 10–100 µg/mL Upregulating GCLC, GCLM, HMOX-1 expression [88]
Colorectal cancer HT290, IEC6 AG: 1–1024 µM Increasing ROS, activating caspase-3, reducing MMP [145]

SW620 AG: 5–25 µM Activating caspase-3/9 
Inhibiting TLR4, MyD88, NF-κB-p65 and MMP-9

[91]

HCT116, SW480 AG: 10–40 ng/µL 
5FU: 10–40 µM

Activating caspase 9 and ferroptosis, inhibiting β-catenin/Wnt signaling 
pathways

[100]

Male athymic nude mice AG: 125 mg/kg 
5FU: 30 mg/kg

HCT116, SW480 AG: 30 ng/µL 
5FU:10 µM

Downregulating the expression of DKK1, attenuating Akt-phosphorylation. [99]

7-week-old male athymic nude mice AG: 125 mg/kg 
5FU:30 mg/kg

Male BALB/c nude mice (HCT116, 
LoVo)

CTX: 2 mg/kg 
AG: 20 mg/kg

Inhibiting PI3K/AKT and PDGFR/AKT signaling pathways. [103]

COLO 205, T84, FHC, CCD-18Co AG: 0–150 µM Increasing ROS, reducingΔΨm, inducing ERS [94]
T84, HCT116 AG: 0–150 µM Inducing ERS, activating GRP-78/IRE-1/XBP-1/CHOP signaling pathway [93]
C57BL/6 mice AG: 5–60 µM
HCT116 AG: 5–80 μM Inhibiting PI3K/Akt/mTOR signaling pathway [95]

​ HCT116 AG: 10 μM 
5-FU: 0.5–2 μM

Increasing BAX [96]

Nude mice AG: 25 mg/kg 
5-FU: 25 mg/kg

HCT116 AG: 10 μM 
5-FU: 0–40 μM

Inhibiting c-MET pathway, p-ERK1/2 and p-AKT. [101]

BALB/c nude mice AG: 5 mg/kg 
5-FU: 5 mg/kg

COLO 205, T84 AG: 0–150 μM Activating ERS, TRE-1, decreasing Prx, Trx, increasing CHOP, XBP-1 [105]
HT29, HCT15, HCT116, FHC AG: 9.3 μM 

MCT: 0.18 μM
Inhibiting MRPS6, OPA1, MFNI [106]

NSG mice AG: 9.3 μM 
MCT: 0.18 μM

Liver cancer HepG2, Huh7, Hep3B, HL-7702, 
HCC-M, HCT116

AG: 0–90 μM Inducing p62 accumulation, DNA damage [40]

Male athymic Balb/c nude mice AG: 15, 30 mg/kg
HepG2, SK-Hep-1, SK-Hep-1 AG: 12.5–100 μM Increasing MIR22HG, miR-22–3p expression, reducing BCL-2 and Pro- 

Caspase 9/7/3, HMGB1, MMP-9 expression
[109]

Male Balb/c nude mice AG: 50, 100 mg/kg
Hep3B, HepG2 AG: 0–50 μM Decreasing VEGFA, MTA1, HDAC1 expression, inducing JNK activation [63]
Specific pathogen-free nude male 
mice

AG: 10 mg/kg

HepG2, Huh7, SNU-449 AG: 0–1600 nM 
As2O3: 0–16 μM

Downregulating EphB4, activating of cleaved caspase-3 [110]

Male BALB/c nude mcie AG: 20 mg/kg 
As2O3:5 mg/kg

Hep3B, HepG2 AG: 25, 50 μM Decreasing VEGFD, cFos expression [65]

(continued on next page)

X. Wu et al.                                                                                                                                                                                                                                      Pharmacological Research - Natural Products 10 (2026) 100518 

10 



Table 1 (continued )

Cancer type Cell line/Animal model Dose Inference Reference

Specific pathogen-free nude male 
mice

AG: 5, 10 mg/kg

Lung cancer A549, H1299, SK-MES-1, Lewis, 
BEAS-2B

AG: 0.78–100 μM Upregulating ATF4 and Noxa, [114]

H1975, H1299, H1650, H460, BEAS- 
2B

AG: 2.5–10 μM Inhibiting JAK2/STAT3 and PD-L1, increasing p62 accumulation, 
enhancing CD8 + T cell infiltration and function

[59]

C57bl/6 J mice AG: 2.5–10 mg/kg
H1975 AG: 2.5–20 μM Activating the mitochondrial apoptosis pathway, restraining glycolysis [47]
A549, NCI-H292, NCI-H522 AG: 20–75 μM Inhibiting PDK1 expression and aerobic glycolysis, inducing mitochondrial 

apoptosis
[115]

A549, 
A549/DDP

AG: 2.5–20 μM 
DDP: 8–32 μg/mL

Downregulating PTEN expression, promoting the activation of the Akt/ 
mTOR signaling

[117]

Female NCR-nu/nu mice AG: 5 mg/kg 
DDP: 0.75 mg/mL

H460, H1650 Lewis AG: 10–30 μM Inhibiting ferroptosis-related protein GPX4 and SLC7A11, 
enhancing mitochondrial dysfunction

[53]
C57BL/6 mice AG: 5, 10 mg/kg
A549, NCI-H1795 AG: 10–20 µM Upregulating p21 and p27 [39]
Female BALB/c mice AG: 50, 100, 

150 mg/kg
Cervical cancer SiHa, CaSki, C33A AG: 0–160 μM Inhibiting HERC4, SMURF2, restoring p53 expression [119]

HeLa, SiHa AG: 2–10 μM Inhhibiting NF-kB, COX-2 expression, increasing PTEN [121]
Female C57BL/6 mice AG: 15, 30 mg/kg
HeLa, HEK AG: 0–80 μM Inhibiting the iNOS expression [120]
HeLa, End1, Ect1 AG: 3–1000 µM Inhibiting NHE1, PARP, pro-Caspase-3, and Bcl-2 expression [46]

Prostate cancer PC3,22PVI, LNCaP, PWPEI AG: 10–25 μM Downregulating Ph3, Ki-67, MMP11, 
inducing DNA damage and activating p53

[124]
SCID mice AG: 10 mg/kg
PC3, DUI45, JCA-1, TsuPr1, LNCaP, 
293 T, PS30

AG: 10–30 μmol/L 
TRAIL: 20 ng/mL

Promoting ROS, upregulating p53 and DR4 [51]

BALB/C mice AG: 10 mg/kg 
TRAIL: 100 µg

PC3, Hs27 AG: 0–200 μM Increasing caspase-3/8/9 [125]
PC3, LNCaP, PrEC AG: 5–100 μM Increasing cyclin A2 and B1, reducing cyclin E2, inhibiting CXCR3, CXCR7 [126]

Bone cancer HOS, U2OS, SAOS-2 AG: 20–80 µM Increasing levels of ROS production and the expression of JNK, activating 
caspase-3/8/9

[129]
Female BALB /c-nu mice AG: 15, 30 mg/kg
143B, MG63, U2OS, SaoS2, HS-5, 
MIHA, HEB, HK2

AG: 10–20 μM Suppressing the activity of Wnt/β-catenin, PI3K/AKT and NF-κB signaling 
pathways

[75]

U-2OS、MG-63, SaOS-2 AG: 3–60 µM Suppressing PI3K/Akt/mTOR signaling pathways [58]
Oral cancer OCSC AG: 6.25–50 µM Downregulating ALDH1, Oct-4, Nang, Sox2 and miR-218 expression [135]

CAL-27 AG: 2–32 µM 
DDP: 500–800 µM

Increasing P-AKT, activating P-p53, inhibiting Ki-67 [136]

Pancreatic cancer PANC-1, MIA PaCa-2 AG: 1–30 μM Inhibiting DNMT3B expression, 
inducing ZNF382 expression

[141]
Male nude mice AG: 10 mg/kg
PANC-1, BxPC3, PaTu8988, PC AG: 10–40 µM Inhibiting DJ-1, upregulating ROS, LC3-II, reducing p62 [140]
BALB/c mice AG: 5–20 mg/kg

Esophageal cancer 5637, T24 AG: 7.5–480 µg/mL Increasing Bax and Cleaved-Caspase3, decreasing Bcl-2 and NF-κB [137]
Renal cell carcinoma 786-O, OS-RC-2, ACHN AG: 5, 10 µM 

TRAIL: 50 ng/mL
Downregulating caspase-8/9, DR4, increasing Bax [142]

Bladder cancer cell T24, 5637 AG: 0–80 µM Suppressing p65, p-AKT [138]
Male BALB/c nude AG: 10 mg/kg

Cholangiocarcinoma HuCCA-1, KKU-100, KKU-M213, 
RMCCA-1

AG: 0–200 µM Suppressing claudin-1, activating p-38 MAPK signaling pathway [139]

Table 2 
Toxicological evaluation of andrographolide and related formulations in animal models.

Animal Model Drug Dosage Toxicity Main Findings reference

Sprague-Dawley 
rats

AP-Bio® (standardized 
A. paniculata extract)

Acute: 5000 mg/kg BW; 
Subacute: 300, 600, 
900 mg/kg/day

No observed toxicity LD₅₀ > 5000 mg/kg; NOAEL = 900 mg/ 
kg/day; safe under tested conditions

[146]

Sprague-Dawley 
rats

Andrographolide-2- 
hydroxypropyl-β-cyclodextrin 
complex

Acute: Oral: 2000 mg/kg 
Inhalation: 5 mg/L/4 h 
Subacute: Oral: 200, 400, 
666 mg/kg for 28 days 
Inhalation: 0.5, 1, 
1.66 mg/L/4 h for 28 
days

Mild to moderate liver and 
lung lesions at high inhalation 
dose

Oral LD₅₀ > 2000 mg/kg; 
Inhalation MTD > 5 mg/L/4 h; NOAEL: 
0.5 mg/L/4 h/day; LOAEL: 1 mg/L/4 h/ 
day

[147]

Swiss albino 
mice

Standardized ethanolic extract of 
first true leaf of A. paniculata

300, 2000, 5000 mg/kg 
BW

No observed toxicity A single oral administration was greater 
than 5000 mg/kg BW

[148]

SPF-grade male 
C57BL/6 J 
mice

PSDS 250, 500 mg/kg BW Kidney injury and senescence PSDS dose-dependently suppressed the 
mRNA expression of SIRT3

[149]
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6.1. Cytotoxicity of andrographolide

From the above studies, it is demonstrated that AG shows strong 
cytotoxicity to various cancer cell lines including breast cancer, lung 
cancer, colon cancer, liver cancer, etc., mainly through the mechanism 
of inhibiting cancer cell proliferation and inducing cancer cell apoptosis. 
However, this cellular selectivity is not absolute, and potential cyto
toxicity risks to normal cells should also be considered. In addition, AG 
induced inflammation of human renal tubular epithelial cells by 
increasing the expression of human kidney injury factor (KIM-1). This 
effect could be mediated through oxidative stress and endoplasmic re
ticulum stress, and thus suggesting potential nephrotoxicity [150]. 
Another study showed that AG induced NRK-52E cell senescence, 
fibrosis and inflammation by inhibiting SIRT3 [149]. The two studies 
revealed that AG induced nephrotoxicity and kidney injury. AG 
exhibited reproductive toxicity, which was demonstrated by the in
crease in ROS levels mitochondrial membrane potential, and induction 
of caspase-3 in inhuman embryonic stem cells (hESCs) and apoptosis of 
cells [151]. The ctotoxicity caused by AG is mostly dose-dependent and 

time-related, so further research on the dosage and duration of use is 
needed to avoid toxic damage to cells or normal tissues.

6.2. In vivo toxicity

Multiple preclinical studies investigated the acute and subchronic 
toxicity of AG using different animal models (Table 2). A standardized 
extract of A. paniculata (AP-Bio®) was used and the median lethal dose 
(LD₅₀) was found to exceed 5000 mg/kg in rats [146]. The observed 
adverse effect level (NOAEL) in a subchronic toxicity study was 
900 mg/kg. These findings indicated a wide safety margin for oral 
administration. Further research on both oral and inhalational routes of 
administration revealed that the LD₅₀ of AG and its inclusion complex 
(andrographolide-2-hydroxypropyl-β-cyclodextrin) was greater than 
2000 mg/kg, and no adverse effects on body weight, hematological 
parameters, or hepatic and renal functions were observed [147]. How
ever, some studies reported adverse effects under specific conditions. In 
a murine model of carbon tetrachloride (CCl₄)-induced liver fibrosis, AG 
reduced inflammation and fibrosis. Nevertheless, a dose of 50 mg/kg 

Table 3 
Clinical trials of andrographolide.

Participants Disease Products Does Side Effects Findings Identifier Reference

34 patients with 
advanced or 
metastatic 
squamous cell 
carcinoma of 
esophagus

ESCCE Andrographolide 
concentrated granules

130 mg/kg Epigastric pain, 
Acid reflux, 
Dizziness et al.

Improving 
dysphagia 
symptoms and 
reversing gut 
microbiota 
dysbiosis; 
extended survival

NCT04196075 [154]

52 patients with 
advanced or 
recurrent 
andmetastatic CRC 
older than or equal 
to 65

CRC Xeloda with 
Andrographolide

Xeloda: 1250 mg/ 
m2, po bid, d1–14, 
q3w 
AG: 500 mg, ivd qd, 
d1–14, q3w

No mention Combination 
therapy enhanced 
anticancer effects

NCT01993472 [155]

44 subjects with not 
active PPMS or 
SPMS

Multiple 
sclerosis

AG 140 mg, b.i.d. for 24 
months

Rash, dysgeusia Reduced brain 
atrophy and 
slowed disability 
progression

NCT02273635 [156]

38 people who were 
healthy and 35 
people who had 
prediabetes

Type 2 
diabetes 
mellitus

Sambiloto extract capsules No mention Hand tremors, red 
spots on faces, 
itchiness, lethargy, 
weakness, 
diarrhea, and 
palpitation

Increased GLP-1, 
decreased DPP-4 
activity, improved 
insulin sensitivity

NCT03455049 [157]

13 patients Migraine A supplement contains 
magnesium 281.25 mg, 
vitamin B 24.8 mg, 
feverfew150 mg, 
coenzyme Q10 20 mg, and 
Andropraphis paniculata 
100 mg

one or two tablets/ 
day

Mid diarrhea Reduced migraine 
frequency, 
intensity, and 
duration

NCT04463875 [158]

Sixty-three adults 
aged 18–60 years, 
without co- 
morbidity, with 
laboratory24 
confirmed mild 
COVID-19

COVID-19 A. paniculata extract 
capsules

3 capsules (60 mg. 
andrographolide) t. 
i.d. for 5 days

Mid diarrhea Faster reduction in 
COVID-19 
symptoms, 
protective effects 
against worsening

TCTR20210708001 [159]

86 patients with 
laboratory- 
confirmed COVID- 
19 and mild 
symptoms

COVID-19 Kan Jang®/Nergecov® Six Kan Jang® 
(daily dose of 90 mg 
AG)

Mild pruritus Faster recovery 
and Reduced 
symptom duration 
(sore throat, 
fatigue)

NCT04847518 [160]

103 male and female 
patients with I-II 
osteoarthritis of the 
knee

knee 
osteoarthritis

ParActin® 300 and 600 mg/ 
day

Acidity, 
constipation, oral 
ulcers

Slower brain 
atrophy 
And trend toward 
reduced disability 
progression

NCT03262792 [156]

179 patients with 
uncomplicated 
URTIs

URTI Extracts of the leaves of 
A. paniculata (Kan Jang)

60 mg /day Well-tolerated Faster reduction in 
URTI symptoms 
And earlier full 
recovery

No [161]
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aggravated liver injury and caused weight loss in mice [152]. Moreover, 
PSDS (a disuccinate salt of AG used in injection form) was found to 
induce kidney injury and cellular senescence in mice via SIRT3 inhibi
tion [149]. Additionally, Gu et al. [150] revealed the potential neph
rotoxicity of AG from 0 to 250 μmol/L could inhibit the proliferation of 
human renal tubular epithelial (HK-2) cells and induce apoptosis 
through endoplasmic reticulum (ER) stress and inflammatory pathways. 
Despite AG and its related products demonstrated a high level of safety 
in most animal models, special caution is warranted at higher doses, via 
injectable routes, or in specific disease contexts. To support the thera
peutic use of AG in humans, further clinical studies are needed to 
elucidate its long-term safety and toxicity profile under various physi
ological and pathological conditions.

7. Clinical application

Although AG have significant potential in many clinical areas, it also 
exhibits certain level of biological toxicity and adverse events [28]. A 
systematic review and meta-analysis revealed that AG predominantly 
involved gastrointestinal issues such as diarrhea, nausea, and vomiting, 
as well as skin disorders including rashes and pruritus [153]. Table 3
lists the clinical trials of AG against diseases such as colorectal cancer, 
esophageal cancer, knee osteoarthritis, and others. The trials focusing on 
cancer treatment are relatively limited. Further research is strongly 
needed, especially in evaluating the toxicity and drug interactions of AG. 
Clinical data will provide insights into these risks, with specific de
mographic associations reported in adverse drug reaction cases. A 
larger-scale of clinical trials will also provide more conclusive evidence 
for the application of AG in cancer treatment.

A phase II clinical trial was conducted to investigate the impact of 
A. paniculata water extract in the palliative management of metastatic 
esophageal squamous cell carcinoma (ESCC) in cancer treatment. The 
study was designed as a randomized and placebo-controlled clinical 
trial. The extract was found to reduce dysphagia and other symptoms 
associated with the disease. The outcomes were assessed with the 
symptom of relief and quality of life, overall survival and treatment 
tolerability as endpoints. It has the potential to reverse gut microbiota 
dysbiosis in ESCC patients. Patients completed the treatment and ach
ieved longer overall survival periods with no severe treatment-related 
adverse effects reported. Hence, AG could be a valuable adjunct in the 
palliative care of esophageal cancer patients [154]. In an open-label, 
randomized, controlled trial, AG was combined with capecitabine in 
patients with unresectable, advanced, recurrent, and metastatic colo
rectal cancer. The study population consisted of patients with diagnosed 
colorectal cancer undergoing systemic treatment. Clinical outcomes 
focused on tumor response and disease control, while treatment toler
ability and safety were also assessed. The results indicated that the 
combination therapy was more effective in enhancing the anticancer 
effects of capecitabine, without a significant increase in 
treatment-related adverse effects. [155]. Overall, the findings suggest 
that AG may enhance the efficacy of capecitabine and represent a po
tential adjuvant strategy for colorectal cancer treatment

AG exhibits anti-inflammatory activity, making it a promising anti- 
inflammatory drug [162]. It can be applied to some inflammatory 
associated diseases, including upper respiratory tract infections (URTI), 
osteoarthritis, and viral infections such as COVID-19. A double-blind, 
randomized, placebo-controlled trial assessed the efficacy of a stan
dardized extract of A. paniculata (ParActin®) for reducing pain in 103 
adult patients with mild to moderate knee osteoarthritis. The patients 
took 300 mg/day or 600 mg/day ParActin® for 12 weeks. The treatment 
improved stiffness, physical function, and fatigue scores from day 28 
onward and its benefits sustained through day 84 [163]. The adverse 
events were mainly mild gastrointestinal symptoms, with no significant 
differences between groups in liver or renal safety markers.

A clinical study showed that patients with COVID-19 treated with the 
extract of A. paniculata could recover faster from the symptoms of fever, 

cough and sore throat. Patients with mild COVID-19 received 60 mg of 
AG three times daily for 5 days. No serious adverse effects were re
ported, and only mild gastrointestinal discomfort was observed in a few 
cases [164]. The AG treated group showed no pneumonia cases (vs. 
10.7 % in placebo). Furthermore, a faster viral clearance (34.5 % vs. 
57.1 %) and significantly fewer patients with elevated inflammatory 
response (vs. 17.9 % in placebo). No significant hematologic, hepatic, or 
renal adverse effects were observed. These results suggest a favorable 
efficacy and safety profile of A. paniculata extract in mild COVID-19. 
Anyhow, the findings were based on small sample size with 
twenty-nine patients treated with the plant extract and twenty-eight 
patients as the placebo control group. Another study employed a 
quadruple-blind and placebo-controlled design to evaluate a standard
ized herbal formulation containing A. paniculata (Kan Jang®) or a fixed 
combination of A. paniculata and Eleutherococcus senticosus extracts, for 
patients with mild COVID-19. Patients were randomized to receive Kan 
Jang® tablets (90 mg AG daily) or placebo daily for 14 days. The results 
indicated that the Kan Jang® group experienced a significantly shorter 
median time to symptom recovery. Kan Jang® significantly reduced the 
total duration of symptoms and improved common complaints such as 
fatigue and sore throat [160]. Adverse events such as mild pruritus 
observed in four patients in the Kan Jang® group and six in the placebo 
group were mild and comparable between groups. Recent pharmaco
kinetic studies revealed that AG showed low and non-linear bioavail
ability. The maximum plasma concentration (Cmax) did not exhibit a 
dose dependent manner. The Cmax achieved 11.62 and 15.03 µg/L for 
60 mg/day and 120 mg/day, respectively for 7 days [165]. Another 
studies reported that the incorporation of solubilizers (β-cyclodextrin 
and sodium dodecyl sulfate) and bioenhancer (piperine) improved oral 
bioavailability and pharmacokinetics of AG in beagle dogs [166]. Clin
ical studies integrated AG with its pharmacokinetics and pharmacome
tabolomics responses to understand the dose-response relationship of 
orally administered AG capsules. It was found that the Cmax was 
10.15 ng mL-1, 7.02 ng mL-1 and 58.45 ng mL-1 for three biomarkers 
such as AG, 14-deoxyandrographolide and neoandrographolide, 
respectively after 1.5 h of oral administration. Most probably, the 
metabolism of the biomarkers converted them into conjugated forms as 
no free biomarkers were detected in urine.

It is also noteworthy that AG also shows good therapeutic effects. A 
pilot clinical trial tested the oral consumption of 140 mg AG for 24 
months by patients and they showed non-active progressive multiple 
sclerosis. The side effects were mild rash and dysgeusia. AG was well 
tolerated and showed potential to reduce brain atrophy and disability 
progression. It needs to be further evaluated in a larger clinical trial 
[156]. Most clinical trials involve small to moderate sample sizes as 
presented in Table 3, which limits statistical power and the ability to 
detect rare or delayed adverse effects. Furthermore, the administered 
doses ranged from 60 to 600 mg/day and intervention periods spanned 
5 days to 24 months. The substantial heterogeneity in AG dosage, 
formulation, and treatment duration across the previous studies also 
complicate comparisons and dose–response interpretation. More 
importantly, the batch-to-batch variability in phytochemical composi
tion and product formulation may influence pharmacokinetics, thera
peutic efficacy, and safety outcomes.

An open-label prospective trial assessed a fixed multi-ingredient 
supplement containing A. paniculata for episodic migraine prevention. 
The supplement containing magnesium 281.25 mg, vitamin B 24.8 mg, 
feverfew 150 mg, coenzyme Q10 20 mg, and A. paniculata 100 mg was 
evaluated for episodic migraine prophylaxis. The patients took one or 
two tablets daily. The supplement reduced migraine frequency, duration 
and intensity [158]. A significant reduction in monthly migraine days 
and severity was achieved and the treatment was well-tolerated with 
only mild and transient gastrointestinal adverse events. In a crossover 
study, the effects of A. paniculata (Sambiloto) were assessed on GLP-1 
and DPP-4 levels in both normal and prediabetic individuals. Among 
the 73 participants who completed the study, five individuals (2 healthy, 
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3 prediabetic) reported mild to moderate adverse events, including hand 
tremors, facial flushing, itching, drowsiness, fatigue, diarrhea, and pal
pitations. The adverse effects were generally mild to moderate, mostly 
on the gastrointestinal symptoms and dermatological reactions. Some
how, the incidence of the adverse events was typically below 10 % and 
serious adverse effects were not reported till to date [167]. Supple
mentation significantly increased GLP-1 and reduced DPP-4 activity, 
particularly in prediabetic subjects, indicating enhanced incretin 
response and improved insulin sensitivity [157].

These clinical trials have provided substantial evidence for the 
therapeutic potential of AG in treating cancer and inflammation related 
diseases. The results of the trials have triggered the development and 
research of AG-related drugs in the future studies [168]. Even though AG 
demonstrated good safety in clinical studies, the allergic reactions still 
need to be carefully monitored. A distinct toxicity profile was observed 
with injectable AG derivatives (e.g., Xiyanping, Chuanhuning). The 
formulations exhibited an adverse drug reaction incidence rate between 
3.69 % and 5.48 % [143]. Therefore, it is important to well design 
randomized controlled trials by employing standardized formulations, 
robust pharmacokinetic evaluation, clinical endpoints and systematic 
monitoring of drug–drug interactions and long-term toxicity to more 
conclusively establish the clinical efficacy and safety profile of AG, 
particularly in cancer therapy.

8. Conclusion

Cancer remains a significant global health challenge and one of the 
leading causes of death worldwide. Current therapeutic approaches such 
as surgery, chemotherapy, radiation, and targeted therapies often face 
significant limitations, including severe side effects, drug resistance, and 
limited efficacy for advanced or metastatic cancers. Therefore, it is 
essential to find innovative anticancer drugs that are safe and effective 
with minimal side effects.

AG is a diterpenoid lactone isolated from the leaves and stems of 
A. paniculata, a traditional medicinal herb widely used in Asia. However, 
a standardized extraction process for achieving high recovery and 
consistent purity of andrographolide has not been established till to 
date. Most studies used the plant extract or crude extract which varies in 
composition and complicates the data interpretation of scientific find
ings. Hundreds of years ago, it was used to treat many diseases in folk 
medicine such as fever, cough, mosquito bites. AG has a broad range of 
pharmacological effects including anti-cancer, anti-inflammatory, anti
oxidant, and immune-modulatory properties and so on. Recent studies 
have highlighted the promising anticancer potential of AG, which 
demonstrated activity against various types of cancer, including breast, 
lung, liver, colorectal and gastric cancer. AG exerts its anticancer effects 
through mechanisms such as inducing apoptosis, inhibiting prolifera
tion, anti-angiogenesis, and regulating oxidative stress. In addition, AG 
combined with chemical drugs such as DDP, 5-UF, and CTX can improve 
tumor radiosensitivity and reverse drug resistance. The synergistic ef
fects of AG with drugs have been further proven by its chemosensitizing 
potential in P-glycoprotein overexpressing multidrug-resistant cancer 
cell lines [169]. At present, no conclusive evidence suggests the antag
onistic interactions between AG and chemotherapeutic agents in the 
published literature.

Although AG has significant potential in cancer treatment with high 
biological safety, it still has some toxic effects at a high dose such as 
cause kidney toxicity or liver toxicity. Most of the current studies on AG 
are based on animals or cells, and even if multiple targets of action are 
identified, it is still unknown whether the same anticancer results be 
achieved in humans. A major gap is the limited pharmacokinetic–
pharmacodynamic data for AG, likely due to the challenges in predicting 
effective plasma levels and therapeutic responses resulted from its low 
solubility and poor bioavailability. The other methodological limitation 
includes small sample size, and thus limiting the statistical power and 
reproducibility of the findings. A substantial proportion of the evidence 

is derived from in vitro experiments without corresponding in vivo vali
dation. The limitation directly restricts the translational relevance of the 
reported mechanisms. There are relatively few clinical studies, espe
cially on cancer patients always show slight or mild adverse reactions 
such as headaches, gastrointestinal discomfort, and fever. Therefore, 
further research is still needed on the large scale clinical trials in order to 
confirm the safe dose and its anticancer efficacy.

The ultimate goal of this view is to explore the mechanism of action 
of AG on cancer, provide a theoretical basis for its clinical trans
formation, and lay a theoretical foundation for subsequent clinical trials. 
The future studies may focus on the combination formulations or de
livery systems to improve systemic exposure of AG in habiting cancer 
cells.
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