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A B S T R A C T   

Hydroxyanthraquinones that can be present in traditional Chinese medicine (TCM) and herbal extracts have 
claimed beneficial intestinal effects. We examined the ability of a panel hydroxyanthraquinones, and methanolic 
extracts from selected TCM and herbal granules to activate Nrf2-EpRE mediated gene expression using a reporter- 
gene assay. The results indicate that purpurin, aloe-emodin, 2-hydroxy-3-methylanthraquinone and rhein 
induced Nrf2 mediated gene expressions with a high induction factor (IFs>10), with BMCL10 values (the lower 
confidence limit of the concentration giving 10% added response above background) of 16 μM, 1.1 μM, 23 μM 
and 2.3 μM, respectively, while aurantio-obtusin, obtusifolin, rubiadin 1-methyl ether and emodin were less 
potent (IFs<5), with BMCL10 values for added response above background level of 4.6 μM, 15 μM, 9.8 μM and 
3.8 μM, respectively. All TCM extracts and the herbal extracts of Aloe Vera, Polygonum multiflorum, Rubia (cor
difolia) and Rheum officinale activated the Nrf2-EpRE pathway. Of the TCM extracts, Chuan-Xin-Lian-Kang-Yan- 
Pian was the most potent Nrf2-inducer. LC-MS/MS analysis indicated the presence of selected hydroxyan
thraquinones in the extracts and herbs, in part explaining their Nrf2-EpRE mediated activity. In conclusion, 
different hydroxyanthraquinones have different potencies of Nrf2 activation. The Nrf2 activation by extracts 
from TCM and herbs can be partially explained by the presence of selected hydroxyanthraquinones.   

1. Introduction 

Traditional Chinese medicine (TCM) continues to receive attention 
as potentially effective alternative treatment of several human com
plaints including intestinal problems (Teschke et al., 2015; Zhang et al., 
2020). Hydroxyanthraquinones are the main bioactive ingredients 
naturally present in TCM used against intestinal complaints and repre
sent a group of chemicals that share a 9,10-anthraquinone backbone 
(Fig. 1A) with hydroxyl substituents at different positions (Fig. 1B). 
Hydroxyanthraquinones have been found to be abundantly present in 
many plant families, such as, Polygonaceae (Gao et al., 2017; Hsu and 
Chung, 2012; Sharifi-Rad et al., 2022), Rubiaceae (Tessier et al., 1981; 

Wang et al., 2013, 2020) and Liliaceae (Zahn et al., 2008). Specific herbs 
from these plant families like Rheum officinale, Rheum palmatum, Cassia 
obtusifolia, Cassia tora, Aloe ferox, Aloe vera, Polygonum multiflorum, and 
Rubia cordifolia are used in TCM preparations prescribed to treat intes
tinal complaints (Akbar, 2020; Ali et al., 2021; Fan et al., 2018; Gong 
et al., 2017; Gu et al., 2020; Rahman et al., 2021; Rejiya et al., 2009). 
Because of an increased use and thus increased consumer exposure to 
botanical products containing hydroxyanthraquinones and their de
rivatives, the European Food Safety Authority (EFSA) raised concerns 
over the safety of use of these products as food supplements (EFSA Panel 
on Food Additives and Nutrient Sources added to Food (ANS), 2018). In 
its 2018 opinion on hydroxyanthracenes EFSA concluded that 
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hydroxyanthracenes and related hydroxyanthracenes derivatives 
including some of hydroxyanthraquinones like rhein, aloe-emodin and 
emodin should be regarded as being genotoxic and carcinogenic unless 
there are particular data to the contrary, such as for the hydroxyan
thraquinone rhein (EFSA Panel on Food Additives and Nutrient Sources 
added to Food (ANS), 2018). In addition to their use against intestinal 
complaints (mainly as a laxative), hydroxyanthraquinones have been 
reported to cover a broad spectrum of other activities, including anti
cancer, antiarthritic, anti-bacterial, antifungal, anti-inflammatory and 
antioxidative effects (Antonisamy et al., 2019; Hou et al., 2018; Hu 
et al., 2021; Li and Jiang, 2018). So far only the biological activities of 
rhein, emodin and aloe-emodin have been relatively well studied, and 
much needs to be revealed for other hydroxyanthraquinones. 

The mode of action underlying the biological effects of hydroxyan
thraquinones may in part be related to the activation of the Nrf2 
pathway. Nrf2 (nuclear factor erythroid 2-related factor 2) is the major 
regulator of electrophile responsive element (EpRE)-mediated gene 
expression (de Oliveira et al., 2021; Paudel et al., 2018). Under ho
meostatic conditions Nrf2 is kept in the cytoplasm by Keap1 (Kelch-like 
erythroid-cell-derived protein with CNC homology-associating protein 
1). When oxidative or electrophilic compounds attack multiple cysteine 
residues on Keap1, Nrf2 can be released from Keap1 and subsequently 
translocate to the nucleus. Upon associating with other transcription 
factors, Nrf2 binds to the EpRE and activates EpRE-mediated gene 
expression (Deshmukh et al., 2017). The downstream effects of Nrf2 
induction have been described in many studies using omics approaches 
including both transcriptomics (Otsuki et al., 2021; Quiles et al., 2017; 
Shelton et al., 2015) as well as proteomics (Liu et al., 2022; Shelton 
et al., 2015). Around 250 genes are known to be regulated by the 
Nrf2-EpRE pathway, which are related to cell homeostasis, anti
oxidation, detoxification and drug delivery (Ahuja et al., 2022; Baba 
et al., 2022; Ding et al., 2022). Well known target genes include heme 
oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase1 (NQO1), 
glutathione S-transferases (GST) (Liu et al., 2022; Muzolf-Panek et al., 
2008; Papadi et al., 2019). In addition, the Nrf2-EpRE activation is 
critical for regulating the balance of cytokines, including interleukins, 
interferons, tumor necrosis factor-α (TNF-α) (Ahmed et al., 2017). 

Results from several in vivo rodent studies showed Nrf2 induction 
related effects following oral administration of individual hydroxyan
thraquinones. Upon oral administration, rhein was reported to induce 
anti-inflammatory effects in intestine and liver by activation of Nrf2 
(Antonisamy et al., 2019; Bu et al., 2018; Zhuang et al., 2019a). In more 
detail, in these studies rhein increased the level of nuclear Nrf2 in a dose 
dependent manner and induced related enzyme expression like expres
sion of heme oxygenase-1, and of glutathione peroxidase while rhein 
decreased serum, ileum and liver levels of interleukin-6, interleukin-1β 
and TNF-α (Antonisamy et al., 2019; Bu et al., 2018; Zhuang et al., 
2019a). Emodin orally administered to rodents was also reported to 
increase the expression level of nuclear Nrf2 and heme oxygenase-1 in 
the intestine, brains and pulmonary tissues of these rats (Li et al., 2020; 
Shang et al., 2021; Shen et al., 2022; Tian et al., 2018). Via Nrf2 

activation emodin also attenuated pulmonary fibrosis and hepatotoxic
ity (Li et al., 2020; Shang et al., 2021; Shen et al., 2022; Tian et al., 
2018). No in vivo Nrf-2 related data could be found on other 
hydroxyanthraquinones. 

The aim of present study was to quantify the Nrf2-activation potency 
of a panel of hydroxyanthraquinones and extracts of TCM or single herb- 
based granules containing hydroxyanthraquinones, and elucidate to 
what extent the hydroxyanthraquinones are responsible for the Nrf2- 
EpRE mediated gene expression by the extracts. To this end, a high- 
throughput method, the Nrf2-U2OS-based CALUX reporter gene assay, 
was used to quantify the potencies for Nrf2 activation of 16 hydrox
yanthraquinones and methanolic extracts of 8 TCM and 8 single herb- 
based granules. In addition, the HO-1 gene expression by selected 
hydroxyanthraquinones was quantified by RT-qPCR to validate the re
porter gene results. Lastly, concentration of our selected hydroxyan
thraquinones in extracts of TCM and single herb-based granules was 
determined by liquid chromatography with tandem mass spectrometry 
(LC-MS/MS) analysis. Nrf2 activation by a large series of hydroxyan
thraquinones has not been reported before and this also holds for the 
hydroxyanthraquinones containing extracts. It revealed that especially 
purpurin, with 3 hydroxyl moieties on one of its aromatic rings, showed 
a high potential for Nrf2 activation. Given that these hydroxyl sub
stituents are electron donating groups this may point at a mode of action 
related to ionization and ROS formation rather than to electrophilicity as 
the mode of action underlying the Nrf2 induction, a novel finding that is 
of interest for future investigations. 

2. Materials and methods 

2.1. Chemicals, botanicals, traditional Chinese medicines (TCM) and 
reagents 

The hydroxyanthraquinones selected for this study (Table 1, Chem
ical structures were drawn using ChemDraw 18.0 (PerkinElmer, Wal
tham, USA)) were obtained from Sigma Aldrich (Zwijndrecht, The 
Netherlands) and Wuhan ChemFaces Biochemical Co., Ltd. (Wuhan, 
China). Single herb-based granules were purchased from De Natuur
Apotheek BV (Pijnacker, The Netherlands) (Table 2). TCM were pur
chased from Activeherbs (website activeherbs.com, USA) (Table 3). 

Methanol of analytical grade was obtained from Fisher Scientific 
(Loughborough, United Kingdom), curcumin, formic acid and acetoni
trile were ordered from Sigma Aldrich (Zwijndrecht, The Netherlands), 
dimethyl sulfoxide (DMSO) was purchased from Acros Organics (Geel, 
Belgium). Dulbecco’s Modified Eagle Medium with Ham’s Nutrient 
Mixture F-12 (1:1) (DMEM/F12), DMEM/F12 without phenol red, 
trypsin 0.05% EDTA, nonessential amino acids (NEAA) and phosphate- 
buffered saline pH 7.4 (PBS), geneticin (G418), penicillin/streptomycin, 
were purchased from Gibco (Carlsbad, California, USA). Fetal bovine 
serum (FBS) was purchased from Invitrogen (Breda, The Netherlands). 
Dextran-coated charcoal-stripped fetal calf serum (DCC-FCS) was ob
tained from Thermo Scientific (Waltham, Massachusetts, USA). 

Fig. 1. Chemical structures showing the basic skeleton of 9,10-anthraquinones (A) and an example of an anthraquinone containing hydroxyl groups (rhein) as a 
hydroxyanthraquinone(B). 
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2.2. Methanol extraction of single herb-based granules and TCMs 

First, 0.2 g of single herb-based granules or TCMs in powder form 
was soaked in 20 ml of 70% (v/v) methanol at room temperature for 30 
min and subjected to ultrasonication (40 kHz, 500 W) at room temper
ature for 30 min (Wei et al., 2013). The extract was centrifuged at 5000 
rpm (3717g, 2-16 KL, Sigma, Germany) for 20 min, the supernatant was 
filtered through filter paper (MN 615 ¼, Ø 240 mm, Machery & Nagel, 
Düren, Germany) and evaporated to dryness under a nitrogen flow (Soib 
et al., 2020). The resulting residues were stored at − 20 ◦C until further 
use (i.e. for analysis by the Nrf2 CALUX and Cytotox CALUX assays and 
LC-MS/MS analysis) (Soib et al., 2020). 

2.3. Cell culture 

Both the Nrf2 CALUX cells and the Cytotox CALUX cells (BDS, 
Amsterdam, the Netherlands) are based on human osteoblastic osteo
sarcoma U2OS cells (van der Linden et al., 2014). The Nrf2 CALUX cells 
contain the firefly luciferase gene under control of four Electrophile 
Responsive Elements (EpRE) while the Cytotox CALUX cells are modi
fied to constantly express luciferase through transfection with a vector 
carrying a luciferase reporter gene (van der Linden et al., 2014). The 
cells were maintained in a humidified atmosphere with 5% CO2 at 37 ◦C 
and cultured in DMEM/F12 supplemented with 7.5% (v/v) FBS, 1% 
(v/v) NEAA, penicillin/streptomycin (final concentrations 10 U/ml and 
10 μg/ml, respectively) and 0.2 mg/ml G418 (added once a week). 

Every 2 or 3 days, the cells were sub-cultured. 

2.4. Nrf2 CALUX reporter gene assay 

The potential induction of Nrf2-EpRE mediated gene expression by 
individual compounds and extracts of TCM powders and of single herb- 
based granules was tested by measuring the induction of luciferase ac
tivity in the Nrf2 CALUX cells. Firstly, Nrf2 CALUX cells were seeded in 
the 60 inner wells of 96-well white plates at a density of 3 × 104 cells/ 
well in 100 μl culture medium. The outer wells were filled with 200 μl 
PBS. The plates were incubated for 24 h until the cells formed confluent 
monolayers. Subsequently, the medium was replaced by assay medium 
containing solvent control (DMSO, 1% v/v or 2% v/v), pure compounds 
or extracts of single herb-based granules/TCMs, respectively. And the 
cells were exposed to the sample of interest for 24 h. Curcumin was used 
as the positive control. 

After the 24-h exposure, medium was removed and cells were 
washed with 100 μl 0.5 × PBS, followed by the addition of 30 μl low salt 
lysis buffer (containing 10 mM Tris, 2 mM DTT and 2 mM trans-1,2- 
diaminocyclohexane-N,N,N′,N′-tetra-acetic acid mono-hydrate (CDTA), 
pH 7.8) to each well. For the swelling and lysis of the cells the plates 
were placed on ice for 15 min and then overnight at − 80 ◦C. In order to 
determine the luciferase activity in the lysates, 100 μl of Flash mix (20 
mM tricine, 1.07 mM (MgCO3)4 Mg(OH)2⋅5H2O, 2.67 mM MgSO4, 0.1 
mM EDTA⋅2H2O, 2 mM DTT, 0.47 mM D-luciferin, 5 mM ATP, the pH of 
the mix was 7.8) was added in every well. Luciferase activity was 

Table 1 
Overview of the hydroxyanthraquinones studied and their chemical structures.   

Name (CAS No.) Structure  Name (CAS No.) Structure 

1 1-Hydroxy-2-methylanthraquinone (6268-09-3)a 9 Damnacanthal (477-84-9)b 

2 2-Hydroxy-3-methylanthraquinone (17241-40-6)a 10 Emodin (518-82-1)b 

3 6-Hydroxyrubiadin (87686-86-0)a 11 Obtusifolin (477-85-0)a 

4 Alizarin (72-48-0)b 12 Physcion (521-61-9)b 

5 Aloe-emodin (481-72-1)b 13 Purpurin (81-54-9)b 

6 Aurantio-obtusin (67979-25-3)b 14 Questin (3774-64-9)a 

7 Chrysophanol (481-74-3)b 15 Rhein (478-43-3)b 

8 Citreorosein (481-73-2)a 16 Rubiadin 1-methyl ether (7460-43-7)a 

a , obtained from Wuhan ChemFaces Biochemical Co., Ltd. (Hubei, China). 
b , obtained from Sigma Aldrich (Zwijndrecht, The Netherlands). 
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measured in relative light units (RLU) using a GloMax-Multi + Micro- 
plate Mutimode Reader (Promega, Sunnyvale, California, USA). 

The results are presented as the Induction Factor (IF), which is the 
measured RLU value divided by the mean RLU value of the solvent 
control. For curcumin, used as the positive control, the minimal IF was 
set to be 8. Samples presenting an induction of 2.0-fold or higher were 
considered as inducers of Nrf2-EpRE mediated-gene expression (van der 
Linden et al., 2014). The potency of Nrf2 activation was also assessed by 
determining the BMCL10 which is the lower 95% confidence limit of the 
concentration inducing 10% added response above background. Using 
added instead of extra response one can calculate a BMCL10 without the 
need for defining the concentration that gives a maximum 100% 
response. All experiments were conducted under reduced light condi
tions. All experiments were repeated three times unless indicated 
otherwise. 

2.5. Cytotox CALUX reporter gene assay 

The Cytotox CALUX cells, that express a constant level of luciferase, 
serve as a cytotoxicity indicator and a control for non-specific luciferase 
activation. The decrease in luciferase activity in the presence of cyto
toxicity was utilized to ensure that non-cytotoxic concentrations were 
evaluated and that the extracts did not include any residual organic 
solvents that could cause cytotoxicity. Enhanced luciferase activity in 
these Cytotox CALUX cells, on the other hand might indicate the pres
ence of compounds that stabilize the luciferase enzyme, resulting in 
higher luciferase activity without an increase in gene expression. The 
Cytotox CALUX cells were treated and exposed in the same way that the 
Nrf2 CALUX cells were treated and exposed. The results are also pre
sented as the IF, which is the measured RLU value divided by the mean 
RLU value of the solvent control. 

Table 2 
List of single herb-based granules, their botanical origin and hydroxyan
thraquinones which are reported to be present in these products.  

Product 
name 

Botanical 
origin 

Described tentative 
presence of 
hydroxyanthraquinones in 
plant species 

References 

Aloe Aloe Vera, 
Herba 

Aloe-emodin Rahman et al. 
(2021) 

Cassia Seed Cassia 
obtusifolia/ 
tora, Semen 

Aloe-emodin, aurantio- 
obtusin, emodin, 
chrysophanol, obtusifolin, 
physcion, questin, rhein 

(Ali et al., 2021;  
Choi et al., 2019;  
Guo et al., 2017;  
Hou et al., 2018;  
Paudel et al., 
2018; Zhang 
et al., 2012) 

Madder Rubia 
(cordifolia), 
Radix 

1-Hydroxy-2- 
methylanthraquinone, 
6-hydroxyrubiadin, 
alizarin, emodin, purpurin 

(Balachandran 
et al., 2021;  
Miyazawa and 
Kawata, 2006;  
Shen et al., 2018;  
Singh et al., 2021) 

Morinda Morinda 
officinalis, 
Radix 

1-Hydroxy-2- 
methylanthraquinone, aloe- 
emodin, emodin, rubiadin- 
1-methyl ether 

(Anh et al., 2021;  
M. Wang et al., 
2019) 

Oldenlandia Hedyotis 
diffusa, 
Herba 

2-Hydroxy-3- 
methylanthraquinone 

(Wang et al., 
2013; Yang et al., 
2017) 

Polygonum 
(Ho Shou 
Wu) 

Polygonum 
multiflorum 
Rubra, Radix 

Aloe-emodin, 
chrysophanol, emodin, 
physcion, rhein 

Yuan et al. (2020) 

Rhubarb Rheum 
officinale, 
Rhizoma 

Aloe-emodin, 
chrysophanol, emodin, 
physcion, rhein 

(Alehaideb et al., 
2019; Chen et al., 
2020; Su et al., 
2020) 

Senna Leaf Cassia senna, 
Folium 

Aloe-emodin, rhein Meier et al. (2017)  

Table 3 
List of traditional Chinese medicines (TCMs) and their ingredients as indicated 
on the label. Botanicals known to potentially contain hydroxyanthraquinones 
and of which extracts were also included in the present study are printed in bold.  

TCMs Ingredients on label 

Ba Zheng Pian (BZP) Fringed pink aerial part (Dianthus superbus) 
Asian plantain seed (Plantago asiatica) 
Knotweed aerial part (Polygonum aviculare) 
Chinese rhubarb root and rhizome (Rheum 
officinale) 
Talcum 
Akebia vine (Akebia trifoliata) 
Gardenia fruit (Gardenia jasminoides) 
Chinese licorice root prepared (Glycyrrhiza 
uralensis) 
Soft rush pith (Juncus effusus) 

Chuan Xin Lian Kang Yan Pian 
(CXLKYP) 

Andrographis aerial part (Andrographis 
paniculata) 
Dandelion whole plant (Taraxacum officinale) 
Heal-all fruit spike (Prunella vulgaris) 
Hedyotis whole plant (Hedyotis diffusa) 

Jia Wei Fang Feng Tong Sheng 
Pian (JWFFTSP) 

Siler root (Saposhnikovia divaricata) 
Schizonepeta aerial part (Schizonepeta 
tenuifolia) 
Chinese mint aerial part (Mentha haplocalyx) 
Cassia twig (Cinnamomum cassia) 
Aloe vera gel (Aloe barbadensis) 
Indian laburnum seed (Cassia obtusifolia) 
Gardenia fruit (Gardenia jasminoides) 
Asian plantain seed (Plantago asiatica) 
Platycodon root (Platycodon grandiflora) 
Anemarrhena rhizome (Anemarrhena 
asphodeloides) 
Sichuan lovage rhizome (Ligusticum chuanxiong) 
Dong quai root (Angelica sinensis) 
Chinese peony root (Paeonia lactiflora) 
Barbed skullcap root (Scutellaria baicalensis) 
Forsythia fruit (Forsythia suspensa) 
Chinese licorice root (Glycyrrhiza uralensis) 
bai-zhu atractylodes rhizome (Atractylodes 
macrocephala) 

Jiang Dan Gu Chun Pian (JDGCP) Chinese hawthorn fruit (Crataegus pillnatijida) 
Fo-Ti root cured (Polygonum multiflorum) 
Lycium fruit (Lycium barbarum) 
Polygonatum rhizome (Polygonatum sibiricum) 
Reishi fruiting bodyn (Ganoderma lucidum) 
Asian water plantain rhizome (Alisma orientale) 
Turmeric rhizome (Curcuma longa) 
Safflower flower (Carthamus tinctorius) 
Dong quai root (Angelica sinensis) 
Sichuan lovage rhizome (Ligusticum chuanxiong) 

Kang Zhong Pian (KZP) Sarcandra whole plant (Sarcandra glabra) 
Barbed skullcap whole plant (Scutellaria 
barbata) 
NO Common Name whole plant (Salvia 
chinensis) 
Job’s tears seed (Coix lacryma-jobi) 
Hedyotis whole plant (Hedyotis diffusa) 
Herb-paris rhizome (Paris polyphylla) 

Shan Zha Jiang Zhi Pian (SZJZP) Chinese hawthorn fruit (Crataegus pillnatijida) 
Chinese salvia root (Salvia miltiorrhiza) 
Fo-Ti root cured (Polygonum multiflorum) 
Chinese rhubarb root and rhizome prepared 
(Rheum officinale) 
Pinellia rhizome cured (Pinellia ternata) 
Oyster shell 
Semiaquilegia root (Semiaquilegia adoxoides) 
Chinese arisaema rhizome prepared (Arisaema 
erubescens) 

Tong Chang Pian (TCP) Peach seed (Prunus persica) 
Hemp fruit (Cannabis sativa) 
Chinese rhubarb root and rhizome (Rheum 
officinale) 
Fo-Ti root cured (Polygonum multiflorum) 
Dong quai root (Angelica sinensis) 
Notopterygium rhizome and root 
(Notopterygium incisum) 

(continued on next page) 
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2.6. Reverse transcription-quantitative polymerase chain reaction (RT- 
qPCR) analysis 

RT-qPCR was performed to investigate the Nrf2 activation by 
hydroxyanthraquinones at the mRNA level. To this end, both Nrf2 
CALUX cells and wild type U2OS cells were seeded in 6-well plates at a 
density of 3.6 × 104 cells/well in 2.5 ml culture medium and incubated 
in a humidified atmosphere 5% CO2 at 37 ◦C for 24 h to form confluent 
monolayers. Then cells were exposed for 24 h to purpurin (200 μM) and 
aloe-emodin (100 μM), their respective highest concentration used in 
Nrf2 CALUX reporter gene assay for 24 h. After that, mRNA was isolated 
by using the QIAshredder and RNeasy® mini kit (Qiagen, Venlo, The 
Netherlands). The quality and quantity of isolated mRNA were 
measured by Nanodrop (ND-1000; ThermoScientific, Waltham, MA, 
USA). Then the isolated mRNA was reverse-transcribed to cDNA using 
the QuantiTect® reverse transcription kit (Qiagen, Venlo, The 
Netherlands). RT-qPCR analysis was performed in accordance with the 
instruction of manufacturer using the RotorGene® SYBR® kit and 
RotorGene® 6000 cycler. Actin beta (ACTB) was used as housekeeping 
gene, and Heme oxgenase-1 (HO-1) was select as a downstream gene of 
the Nrf2-EpRE pathway (Lin et al., 2021). The primers were obtained 
from QuantiTect® primer assay, and included Hs_ACTB_1_SG and 
Hs_Hmox1_1_SG. Relative mRNA expression levels of the HO-1 gene 
were normalized by comparing to ACTB (housekeeping gene) expression 
levels, and calculated using the 2-ΔΔCt method (Livak and Schmittgen, 
2001). 

2.7. Liquid chromatography mass spectrometry (LC-MS/MS) analysis of 
extracts of single herb-based granules and TCMs 

Extracts of single herb-based granules and TCMs were analysed by 
LC-MS/MS to identify and quantify the potential presence of the 
hydroxyanthraquinones that displayed a positive induction of the Nrf2- 
EpRE mediated gene expression. The samples were prepared as follows: 
the extracts of single herb-based granules and TCMs in DMSO were 
dissolved in methanol (final concentration of DMSO less than 1% (v/v)), 
and centrifuged at 10,000 rpm (9351g, centrifuge 5424, Eppendorf, 
Hamburg, Germany) for 10 min and the supernatant was collected. For 
the calibration curve, a range of concentrations of different compounds 
(0–20 μM) was prepared in methanol. The injection volume for subse
quent LC-MS/MS analysis was 1 μl. The samples were analysed by an 
ultra-high-performance liquid chromatography system coupled with a 
tandem triple quadrupole mass spectrometer, fitted with an ESI source 
(Shimadzu LCMS-8045, Shimadzu, Japan). The ESI source was operated 
in both negative and positive mode, the fragment ions m/z were ob
tained. Samples were injected onto a Phenomenex Kinetex C18 column 
(1.7 μm, 2.1 × 50 mm; Phenomenex, Utrecht, Netherland). The gradient 
applied started at 100% solvent A (0.1% (v/v) formic acid in nanopure 
water) and 0% solvent B (0.1% (v/v) formic acid in acetonitrile), and 
dropped to 50% solvent A at 3 min and 30% solvent A at 10 min. Solvent 
B reached 100% at 12 min and was held at 100% until 15 min, when the 

gradient was modified back to the original 100% solvent A, 0% solvent 
B. The gradient program ended at 22 min. 

Chromatographic peaks were identified by comparison of retention 
time and ion values with those of commercially available reference 
compounds of analytical grade. More details on the LC-MS/MS identi
fication and quantification of the selected hydroxyanthraquinones are 
shown in Table S9. 

2.8. Data analysis 

Data from the Nrf2 CALUX assay and the Cytotox CALUX assay were 
processed by Graphpad Prism 5 (San Diego, USA). By dividing the mean 
measured RLU value of each sample by the mean RLU of the solvent 
control of each experimental unit, the IF was obtained (96-well plate). 
The data are reported as the average IF of at least three independent 
experiments with a standard error of the mean (SEM). For calculating 
the BMCL10 values for 10% added response above background levels the 
results of the Nrf2 CALUX assay were corrected using the respective 
results from the Cytotox CALUX assay. The benchmark dose (BMD) 
method was used to analyse the in vitro corrected concentration 
response curves from Nrf2 CALUX assay. According to the European 
Food Safety Authority’s manual (2020), benchmark concentration 
(BMC) was calculated using the BMD modelling web tool (2020) using 
added instead of extra risk and 10% response. 

Shimadzu Lab solutions software was used to gather and process the 
LC-MS/MS data. 

To predict the combined effects of hydroxyanthraquinones in ex
tracts of single herb-based granules and TCM on Nrf2-EpRE mediated 
gene expression, the concentration of each hydroxyanthraquinone 
detected in the extracts was expressed in terms of aloe-emodin equiva
lents using a relative potency factor (RPF) (See Eq. (1) and Eq. (2))  

Ctotal =
∑

(Ci × RPFi)                                                                    (1) 

Where Ctotal is the total concentration of hydroxyanthraquinones in 
extracts of single herb-based granules or TCM expressed in aloe-emodin 
equivalent, Ci is the concentration of hydroxyanthraquinone i in the 
extract experimentally detected by LC-MS/MS. RPFi was defined using 
Eq. (2) based on the BMCL10 of aloe-emodin (BMCL10, aloe-emodin) and the 
BMCL10 of hydroxyanthraquinone i (BMCL10, i) in the corrected con
centration response curve of Nrf2-CALUX assay, RPF of aloe-emodin was 
set at 1.0.  

RPFi = (BMCL10, aloe-emodin) / (BMCL10, i)                                         (2) 

The calculated IFs of single herb-based extracts and TCM extracts 
were calculated based on corrected concentration response curve of the 
Nrf2 CALUX assay of aloe-emodin. 

3. Results 

3.1. Activity of hydroxyanthraquinones in induction of Nrf2 mediated 
gene expression 

Fig. 2 shows the concentration dependent Nrf2 activation by 16 in
dividual hydroxyanthraquinones as detected by the Nrf2 CALUX re
porter gene assay. The figure also presents the results of the Cytotox 
CALUX reporter gene assay detecting the potential cytotoxicity and non- 
specific luciferase stabilization by the hydroxyanthraquinones. Curcu
min was used as positive control in each plate (see Fig. S1). Fig. 2A–D 
shows that especially purpurin, and also aloe emodin, 2-hydroxy-3- 
methylanthraquinone and rhein displayed relatively high potencies for 
the induction of Nrf2 mediated gene expression. The IFs obtained with 
these compounds in the Nrf2 CALUX assay ranged from 10.1 to 44.5 at 
the highest concentration tested at which maximum Nrf2 induction was 
not yet achieved. For aloe-emodin and rhein there was no response in 
the Cytotox CALUX assay at any of the concentrations tested, also 

Table 3 (continued ) 

TCMs Ingredients on label 

Zuo Gu Shen Jing Tong Pian 
(ZGSJTP) 

Frankincense resin (Boswellia carterii) 
Myrrh resin (Commiphora myrrha) 
Spatholobus stem (Spatholobus suberectus) 
Corydalis yanhusuo rhizome (Corydalis 
yanhusuo) 
Morinda root (Morinda officinalis) 
Siegesbeckia aerial part (Siegesbeckia orientalis) 
Chinese clematis root (Clematis chinensis) 
Turmeric rhizome (Curcuma longa) 
Rehmannia root cured (Rehmannia glutinosa) 
Sichuan lovage rhizome (Ligusticum chuanxiong) 
Lycopodium japonicum whole plant 
(Lycopodium japonicum)  
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Fig. 2. Concentration dependent induction of luciferase activity in Nrf2 CALUX (black symbols) and Cytotox CALUX (red symbols) reporter cells after 24h-exposure 
to different hydroxyanthraquinones. Luciferase activity is expressed as induction factor (IF) compared to the solvent control. Data are presented as mean ± SEM of at 
least three independent replicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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indicating that the induction was not due to hydroxyanthraquinone 
mediated stabilization of the produced luciferase protein. For purpurin 
and 2-hydroxy-3-methylanthraquinone a limited response in the Cyto
tox CALUX assay was observed (around IF of 2) while their induction in 
Nrf2 CALUX assay amounted up to IF of 50 and 20 for the highest 
concentrations tested. Nrf2 induction by obtusifolin, aurantio-obtusin, 
rubiadin 1-methyl ether and emodin (Fig. 2E–G), resulted in IFs that 
ranged from 3.4 to 4.6 for the highest concentration (200 μM) tested. 
Also here the response could not be ascribed to stabilization of the 
luciferase expression. Fig. 2I–K illustrate that the Nrf2 induction by 1- 
hydroxy-2-methylanthraquinone, chrysophanol and citreorosein was 
limited and to some extent related to stabilization of the luciferase 
protein as reflected by the also limited concentration dependent increase 
of the IFs in the Cytotox CALUX assay. The other 5 hydroxyan
thraquinones (Fig. 2L–P) did not induce Nrf2 mediated gene expression. 
While for questin at the highest concentration tested some cytotoxicity 
was observed. 

Benchmark dose (BMD) modelling was performed on the Nrf2 in
duction data that were corrected for the responses observed in the 
Cytotox Calux (see Fig. S2) to define the BMCL10 values (Tables S1–S8). 
The BMCL10 values are the lower 95% confidence limit of the concen
tration inducing 10% added effect above background. Because the 
concentration response curves showed no saturation the BMD modelling 
was performed using 10% added instead of 10% extra effect. The 
BMCL10 values thus obtained amounted to 16 μM for purpurin; 1.1 μM 
for aloe emodin; 23 μM for 2-hydroxy-3-methylanthraquinone; 2.3 μM 
for rhein. 15 μM for obtusifolin; 4.6 μM for aurantio-obtusin; 9.8 μM for 
rubiadin 1-methyl ether; and 3.8 μM for emodin. 

3.2. Induction of Nrf2 mediated gene expression by methanolic extracts 
from single herb -based granules and TCMs 

The extracts of the selected single herb-based granules were tested in 
the Nrf2 CALUX and Cytotox CALUX reporter gene assays at 200 μg/ml 
(1% v/v DMSO) and 400 μg/ml (2% v/v DMSO) (Fig. 3A). Extracts form 
granules of Aloe, and Madder at the concentration of 200 μg/ml were 
positive (IF > 2.0) in the Nrf2 CALUX reporter gene assay. Extracts from 
Rhubarb were cytotoxic at 200 μg/ml, indicated by a lower IF obtained 
from the Cytotox CALUX assay compared to induction by the solvent 
control, although Rhubarb extracts induced Nrf2 CALUX (Fig. 3A). 

Upon increasing the concentrations of the extracts to 400 μg/ml all 
responses in the Nrf2 CALUX assay were higher compared to the re
sponses observed at 200 μg/ml. In addition to extracts from Aloe and 
Madder, also Polygonum and Cassia Seed induced a response in the Nrf2 
CALUX assay at 400 μg/ml while the responses in the Cytotox CALUX 
assay also minimally increased. The Rhubarb extract showed increased 
cytotoxicity at 400 μg/ml compared to 200 μg/ml as shown by the re
sults of the Cytotox CALUX assay. The highest induction of the Nrf2 
CALUX assay was observed for extracts of Madder (IF of 10.9), and Aloe 
(IF of 9.4). 

The extracts of selected TCMs were also tested in both the Nrf2 
CALUX and the Cytotox CALUX assays at 200 μg/ml (1% v/v DMSO) and 
400 μg/ml (2% v/v DMSO) (Fig. 3B). At 200 μg/ml, only the extract of 
CXLKYP induced Nrf2 mediated gene expression (IF of 4.9). When the 
extract concentrations were increased to 400 μg/ml all tested TCM ex
tracts induced Nrf2 mediated gene expression. Highest induction (IF of 
22.6) was observed following exposure of 400 μg/ml of the extract of 
CXLKYP. 

Fig. 3. Luciferase activity in Nrf2 CALUX and Cyto
tox CALUX assay measured after 24h exposure of the 
cells to extracts of selected single herb-based granules 
(A) and TCMs (B) at 200 μg/ml and 400 μg/ml; SC 
means solvent control (1% v/v DMSO or 2% v/v 
DMSO). The luciferase activity is expressed as in
duction factor (IF), compared to the solvent control. 
Dried methanolic extract of single herb-based gran
ules/TCMs dissolved in DMSO at 20 mg/ml were 
added to exposure medium to give final concentra
tions of 200 μg/ml and 400 μg/ml with 1% (v/v) 
DMSO and 2% (v/v) final DMSO, respectively. Data 
are presented as mean ± SEM of three independent 
replicates.   
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3.3. Expression of HO-1 gene induced by hydroxyanthraquinones in Nrf2 
CALUX cells and wild type U2OS cells 

To validate the results from the Nrf2 CALUX reporter gene assay, the 
expression of HO-1 induced by purpurin and aloe-emodin in Nrf2 
CALUX cells and wild type U2OS cells was quantified by RT-qPCR at the 
(Fig. 4). This was done using 200 μM purpurin and 100 μM aloe-emodin, 
their respective highest concentration used in the Nrf2 CALUX reporter 
gene assay. In both the Nrf2 CALUX cell line and the wild type cell line, 
purpurin and aloe-emodin significantly upregulated the HO-1 gene 
expression. In the Nrf2 CALUX cell line, the fold induction of HO-1 
mRNA expression by purpurin and aloe-emodin compared to control 
was 2.5 fold and 1.9 fold, respectively (Fig. 4A), while in the wild type 
U2OS cell line, the fold induction of HO-1 mRNA expression by purpurin 
and aloe-emodin compared to control was 5.3 fold and 3.5 fold, 
respectively (Fig. 4B). 

3.4. Identification and quantification of 8 selected hydroxyanthraquinone 
inducers of Nrf2 mediated gene expression in methanolic extracts of single 
herb-based granules and TCMs 

Fig. 5 and Table S10 present the levels of the hydroxyan
thraquinones, which were shown to be Nrf2 inducers, in extracts of 
single herb-based granules and TCM. The results in Fig. 5A reveal that 
the extracts of aloe and rhubarb contain relatively high concentrations 
of total hydroxyanthraquinones, amounting to 11,341 μg/g extract and 
11,087 μg/g extract, respectively. The results also reveal that in the aloe 
extract, aloe-emodin was identified as the major hydroxyanthraquinone 
(around 99% of total) while only 1% of the total concentration was 
present as rhein. In contrast, rhein was abundantly present in the extract 
of rhubarb (around 58% of total hydroxyanthraquinones) with addi
tional hydroxyanthraquinones present in the rhubarb extract being 
emodin (around 23% of total), aloe-emodin (around 18% of total), 
purpurin and aurantio-obtusin (less than 1% of total). Extracts of Cassia 
Seed and Senna Leaf also contained substantial amounts of hydroxyan
thraquinones, amounting to 3440 μg/g extract and 3456 μg/g extract, 
respectively. Aurantio-obtusin and emodin were detected as the major 
hydroxyanthraquinones in Cassia Seed extract while rhein was found to 
be a major hydroxyanthraquinone in Senna Leaf. Purpurin (around 94% 
of total) and rhein (around 6%) were detected in Madder extract and 
only emodin was found in Polygonum extract. Morinda and Oldenlandia 
appeared not to contain any of the targeted hydroxyanthraquinones. 

Compared to extracts of single herb-based granules, extracts of TCM 
showed relatively lower concentrations of hydroxyanthraquinones as 
shown in Fig. 5B and Table S11. Among the eight TCM extracts analysed, 
BZP and TCP contained relatively higher levels of hydroxyan
thraquinones, amounting to 4037 μg/g extract and 3752 μg/g extract, 
respectively. Aloe-emodin, emodin and rhein were detected in both 
these two extracts, and also, albeit at a somewhat lower level, in the 
extract of SZJZP. 

As a final step we investigated to what extent the detected concen
trations of hydroxyanthraquinones (converted to μM and presented in 
Table S12 and Table S13) in combination with the concentration 
response curves and BMCL10 values for 10% added effect above back
ground level of the Nrf2 induction by the individual compounds could 
account for the Nrf2 induction of the extracts of TCM and single herb- 
based granules. To this end RPF for every positive hydroxyan
thraquinones were calculated (Table S14) and Fig. 6 presents a com
parison of the experimentally observed IF of the various extracts tested 
at 400 μg/ml (after correction for the response in the Cytotox CALUX 
assay) and the IF calculated based on the detected levels of the 
hydroxyanthraquinones and their relative potency compared to aloe- 
emodin, expressing the total hydroxyanthraquinone levels in the ex
tracts in aloe-emodin equivalents and the corresponding IF as derived 
from the aloe-emodin concentration response curve. Fig. 6A shows that 
extracts of Aloe, Cassia Seed and Senna leaf display comparable IFs if 
calculated and determined experimentally at 400 μg/ml. For the extracts 
of Polygonum and Madder, the concentrations of hydroxyan
thraquinones were too low to contribute to Nrf2 induction. No IF could 
be calculated for Morinda and Oldenlanida as we did not detect the 
selected hydroxyanthraquinones in these products. The extract of 
Rhubarb was not compared here, since it displayed cytotoxicity at 400 
μg/ml. 

As Fig. 6B showed, for extracts of BZP, SZJZP and TCP, their 
experimentally determined IFs were much higher than their respective 
calculated IFs. For extracts of JWFFTSP, JDGCP and KZP, they contained 
lower concentration of hydroxyanthraquinones at 400 μg/ml, which 
cannot explain the observed Nrf2 induction. For CXLKYP and ZGSJTP, 
no IF could be calculated because no selected hydroxyanthraquinones 
was detected in them, while some activity on the Nrf2 CALUX assay was 
detected experimentally (Fig. 6B). 

Fig. 4. Upregulation of HO-1 mRNA expression by purpurin (200 μM) and aloe-emodin (100 μM), in Nrf2 CALUX cells (A) and wild type U2OS cells (B). The results 
were expressed as fold induction compared to solvent control (1% v/v DMSO). Data are showed as mean ± SEM of at least three independent replicates and * 
indicates a response significantly different from treatment of solvent control (1% DMSO) (*, p < 0.05; **, p < 0.01; ***, p < 0.001; Student’s t-test). 
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4. Discussion 

Traditional Chinese medicine (TCM) and individual herbs have 
claimed beneficial (intestinal) health effects and are thus frequently 
used as alternative treatments of several human intestinal complaints. 
The biological activity has been attributed to the presence of hydrox
yanthraquinones in these TCM and herbs (Teschke et al., 2015; Zhang 
et al., 2020). Hydroxyanthraquinones can be found in numerous plant 
species belonging to different families (Gao et al., 2017; Hsu and Chung, 
2012; Tessier et al., 1981; Wang et al., 2013, 2020; Zahn et al., 2008; 
Zhang et al., 2012). A growing number of studies focuses on the po
tential beneficial effects of several hydroxyanthraquinones such as 
rhein, emodin, aloe-emodin, including their potency to induce beneficial 
Nrf2 mediated gene expression (Antonisamy et al., 2019; Bu et al., 2018; 
Li et al., 2021; Park et al., 2016; Shang et al., 2021; Shen et al., 2022; 
Tian et al., 2018; Zhuang et al., 2019a, 2019b). However, for other 
hydroxyanthraquinones not much is known on their potential for Nrf2 
induction. Here, we successfully used the Nrf2 CALUX reporter gene 
assay to investigate the potential of 16 individual hydroxyan
thraquinones claimed to be present in plants and of extracts of selected 
TCMs and single herb-based granules for induction of Nrf2 mediated 
gene expression. 

From the results obtained in the Nrf2 CALUX assay, 8 of the 16 
hydroxyanthraquinones, including purpurin, aloe-emodin, 2-hydroxy-3- 
methylanthraquinone, rhein, aurantio-obtusin, obtusifolin, rubiadin-1- 
mehtyl ether and emodin were shown able to induce the Nrf2-EpRE 
mediated gene expression in the Nrf2 CALUX assay in a concentration- 
dependent manner. Among these 8 hydroxyanthraquinones, the 
maximum IFs of purpurin, aloe-emodin, 2-hydroxy-3-methylanthraqui
none and rhein in the Nrf2 CALUX assay were 45.5, 20.9, 20.3 and 
10.1, respectively (Fig. 2). Based on the concentration response curves 
obtained upon correction for the response in the Cytotox CALUX assay, 
BMCL10 values for 10% added effect above background were calculated. 
Aloe-emodin and rhein induced Nrf2 mediated gene expression at lower 
concentrations (BMCL10 of 1.1 μM and 2.3 μM, respectively) than pur
purin and 2-hydroxy-3-methylanthraquinone (BMCL10 of 16 μM, and 23 
μM, respectively). Our findings about Nrf2 activation by purpurin, aloe- 
emodin and rhein confirms results from earlier studies in which pur
purin (30 μM and 100 μM) effectively reversed the down-regulation of 
Nrf2 expression in mice hepatocytes after 0.1% alcohol treatment 
(Hussain et al., 2022). Aloe-emodin induced EpRE-mediated gene 
expression in an EpRE-LUX reporter gene assay at 20 μM (IF = 5) 
(Papadi et al., 2019), and aloe-emodin increase HO-1 expression in L02 
and HepaRG cells at 40 μM (Hu et al., 2022). Rhein was found previously 

Fig. 5. Concentrations (μg/g extract) of 8 hydroxyanthraquinones as potential inducers of Nrf2 mediated gene expression in methanolic extracts of single herb-based 
granules (A) and TCM (B). “n.d.“: no hydroxyanthraquinones detected in extract. 
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to induce the Nrf2-EpRE mediated gene expression upon 17h exposure 
at 4 μM in rat small intestine epithelial cells (IEC-6 cells) (Zhuang et al., 
2019b). For the other 6 hydroxyanthraquinones acting as Nrf2 inducers, 
obtusifolin showed the highest IF of 4.60, followed by aurantio-obtusin, 
rubiadin 1-methyl ether and emodin, whose IFs were 3.80, 3.80 and 
3.42, respectively. For 1-hydroxy-2-methylanthraquinone, the IF in the 
Nrf2 CALUX assay reached 3.73 at 200 μM while its IF in Cytotox CALUX 
assay was also relatively high, indicating part of the activity may orig
inate from stabilizing the luciferase protein. The results from BMD 
analysis showed obtusifolin, aurantio-obtusin and emodin had a com
parable BMCL10 of 15 μM, 4.6 μM and 3.8 μM, respectively. The Nrf2 
activation by emodin was in line with results from previous studies. One 
study indicated that emodin was an Nrf2 inducer in mouse BV2 micro
glial cells after 2 h exposure at 40 μM (Park et al., 2016). Another in vitro 
study reported that emodin significantly induced Nrf2-luc activity and 
upregulated the downstream gene expression of antioxidant genes in rat 
neuron-like PC12 cells after 6-h exposure at concentrations from 10 μM 
to 30 μM (Ding et al., 2022). In addition to these in vitro studies, rhein 
and emodin induced Nrf2 and the downstream gene expression like 
heme oxygenase-1 in vivo studies, and showed antioxidant effect on 
brain and anti-inflammatory effects on intestine, liver and lung tissues 
(Antonisamy et al., 2019; Bu et al., 2018; Li et al., 2021; Shang et al., 
2021; Shen et al., 2022; Tian et al., 2018; Zhuang et al., 2019b). We are 
the first to report that other hydroxyanthraquinones, 2-hydroxy-3-me
thylanthraquinone, obtusifolin, aurantio-obtusin, and rubiadin 1-methyl 
ether were also able to induce Nrf2-EpRE mediated gene expression. For 
some hydroxyanthraquinones we observed both an induction of the 
Nrf2-EpRE-mediated gene expression and a concomitant increase in 
cytotoxicity observed with the Cytotox CALUX. The Cytotox CALUX 
assay serves as a control for cytotoxicity and non-specific activation or 
inhibition of luciferase expression (Auld et al., 2008; Thorne et al., 
2010). Thus, the responses observed in the Nrf2 CALUX for 1-hydrox
y-2-methylanthraquinone, chrysophanol, citreorosein and damnacan
thal were regarded as false positive for Nrf2-EpRE signaling pathway. 

Besides, RT-qPCR was used to validate the results of the Nrf2 CALUX 
assay (Fig. 4). The two most potent compounds, purpurin and aloe- 
emodin were tested at the highest concentration at which they were 
tested in the Nrf2 CALUX assay. The results showed a significantly 
upregulated HO-1 gene expression in both Nrf2 CALUX cells and in the 
wild type cells used for the CALUX assay. The results are in line with the 
induction of luciferase gene expression in the Nrf2 CALUX assay. The 
higher fold induction detected when using luciferase activity as the read 
out in the Nrf2 CALUX assay as compared to the fold induction for HO-1 
mRNA levels detected by RT-qPCR might be related to the fact that the 
Nrf2 CALUX cells contain the firefly luciferase gene under control of four 
EpRE, resulting in a more pronounced response. 

The results obtained revealed that especially purpurin, with 3 hy
droxyl moieties on one of its aromatic rings, showed a high potential for 
Nrf2 activation. Given that these hydroxyl substituents are electron 
donating groups this may point at a mode of action related to ionization 
and ROS formation rather than to electrophilicity as the mode of action 
underlying the Nrf2 induction, a novel finding that is of interest for 
future investigations. 

In a next step a well-established modified methanolic extraction (Wei 
et al., 2013) was used in order to extract free hydroxyanthraquinones 
from herbs (i.e. single herb-based granules) and TCMs likely to contain 
these active ingredients. We selected single herb-based granules and 
TCMs that, based on previous studies and information on the labels 
could contain one or more hydroxyanthraquinones. Two concentrations 
of dried extracts (200 and 400 μg extract/ml) were assessed in the Nrf2 
CALUX assay. And the same concentrations were evaluated in the 
Cytotox CALUX assay to exclude an interaction between the extract and 
the luciferase reporter protein, which could lead to false positive activity 
(Auld et al., 2008; Papadi et al., 2019; van der Linden et al., 2014). The 
concentrations were selected to enable detection of the intrinsic activity 
of the extracts to induce Nrf2 mediated gene expression, and to achieve 
active concentrations of individual ingredients that are present at only a 
fraction of the total concentration. The methanolic extract of Aloe and 

Fig. 6. Comparison of calculated induction factor 
(IF) and experimental induction factor (IF) in the Nrf2 
CALUX assay for dried methanolic extracts of single 
herb-based granules (A) and TCM (B) at 400 μg/ml. 
The calculated IF was obtained by expressing the total 
level of hydroxyanthraquinones present in each 
extract in aloe-emodin equivalents and then predict
ing the IF using the corrected concentration response 
curve for aloe-emodin. The experimental IF was the IF 
obtained in the Nrf2 CALUX assay after 24h incuba
tion and correcting for the response in the Cytotox 
CALUX assay, and data are presented as mean ± SEM 
of three independent replicates. “#“: individual 
hydroxyanthraquinones detected in respective extract 
but the calculated IF was negligible. “n.d.“: no 
hydroxyanthraquinones detected in extract.   
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Madder showed a high capacity for Nrf2 activation at both 200 μg/ml 
and 400 μg/ml in a concentration-dependent manner while Polygonum 
only induced Nrf2 mediated gene expression at 400 μg/ml (Fig. 3A). For 
Cassia Seed, the IF of Nrf2 CALUX assay at 400 μg/ml was over 2.0 fold 
while the response of the Cytotox CALUX assay also increased at this 
concentration (Fig. 3A). Therefore the Nrf2 response was regarded as a 
false positive one. LC-MS/MS results confirmed that the Nrf2 activation 
capacity of Aloe can be ascribed to the presence of hydroxyan
thraquinones present in these extracts, assuming additive effects of the 
individual hydroxyanthraquinones present in this extract (Fig. 6A). 
However, for Madder that only contained low concentrations of pur
purin and rhein and Polygonum containing emodin (Fig. 5A), this is not 
the case as the plant extracts showed higher Nrf2 induction than can be 
expected based on the concentration of the individual hydroxyan
thraquinones (Fig. 6A), which means that the detected hydroxyan
thraquinones in these two extracts of single herb-based granules only 
partly explain their Nrf2 induction. A previous study showed that 
Madder also contains mollugin which was reported to significantly 
activate the Nrf2 pathway and induce HO-1 expression (Devi Priya and 
Siril, 2014). Polygonum was previously found to contain Nrf2 inducers 
like 2, 3, 5, 4′-tetrahydroxystilbene-2-O-β-d glucoside (Lin et al., 2018, 
2018, 2018; Yuan et al., 2020). While Cassia Seed and Senna leaf did 
contain hydroxyanthraquinones that as individual compound induced 
the Nrf2, the single herb-based extracts did not induce Nrf2 activation 
and thus the extracts cannot be regarded as Nrf2 inducers (IF < 2.0). The 
methanolic extract of the single herb-based granules Rhubarb showed 
strong cytotoxicity for U2OS cells at 200 μg/ml and 400 μg/ml, though it 
showed Nrf2 induction (Fig. 3A), which can be caused by the unknown 
presence of other chemicals. 

All of our tested methanolic extracts of TCM induced the Nrf2 
mediated gene expression at a concentration of 400 μg/ml (Fig. 3B). 
While the fold induction of the Nrf2 mediated gene expression by ex
tracts of TCM did not always correspond with the concentration of the 
detected hydroxyanthraquinones. CXLKYP activated Nrf2 mediated 
gene expression, while we did not observe any of our positive hydrox
yanthraquinones in this extract by LC-MS/MS (Fig. 5B). A previous study 
reported that some other plants used in CXLKYP, for example, Androg
raphis paniculate contained andrographolide (a labdane diterpenoid) 
which is known to significantly induce the Nrf2 signaling pathway (Seo 
et al., 2017; Wong et al., 2016). And Taraxacum officinale and Prunella 
vulgaris present in this TCM were also reported to induce the Nrf2 
signaling pathway (Dong et al., 2020; Huang et al., 2018; Hwang et al., 
2012). Similarly extracts from ZGSJTP, induced Nrf2 mediated gene 
expression while we did not detect our hydroxyanthraquinones in this 
extract. Clematichinenoside as an active compound in Clematix chinensis, 
which is a herb included in ZGSJTP enhanced the hypoxia/reoxygena
tion (H/R) stimulated activation of the Nrf2/HO-1 singling pathway in 
HK-2 cells (Feng et al., 2020). And curcumin as a major active com
pound in the rhizome of Curcuma longa (also an ingredient in this TCM) 
activates Nrf2 significantly (Reuland et al., 2013). And another four 
plant ingredients, Commiphora myrrha, Spatholobus suberectus, root of 
Rehmannia glutinosa and root of Liqusticum chuanxiong in ZGSJTP are 
also reported to induce Nrf2 activation (Do et al., 2018; Lebda et al., 
2021; Liu et al., 2020; Mengmeng Wang et al., 2021b). For methanolic 
extracts of BZP, TCP and SZJZP, aloe-emodin, emodin and rhein were 
the major hydroxyanthraquinones detected at relatively high concen
trations in our study (Fig. 5B). However, the calculated Nrf2 activation is 
lower than the experimentally determined Nrf2 activation by the indi
vidual hydroxyanthraquinones present in the extracts. This can be 
explained by previous studies which reported that BZP contained many 
active compounds as potential Nrf2 inducers, such as plantamajoside in 
Plantago asiatica, Juglanin in Polygonum aviculare, Geniposide and Cro
cetin in Gardenia jasminoides, 3-arylcoumarin liquiritcoumarin and 
crotoliquiritin in Glycyrrhiza uralensis (Kong and Xu, 2020; Nguyen 
et al., 2021; Shen et al., 2020; Miaomiao Wang et al., 2021c; Wen et al., 
2021; Zeng et al., 2022). TCP contains potential Nrf2 inducers, such as 

Prunus Persica Seeds, Z-ligustilide (a benzoquinone derivative) in radix 
of Angelica and notopterol in Notopterygium incisum (Chen et al., 2021; 
Peng et al., 2013; Rehman et al., 2022). The ingredients of SZJZP, such 
as the Salvia miltiorrhiza containing cryptotanshinone and tanshinone, 
were also reported to induce Nrf2 activation (Nagappan et al., 2019; Tao 
et al., 2013). 

The extract of JWFFTSP displayed a relatively high induction of Nrf2 
mediated gene expression (Fig. 3B), though it only showed relatively 
low concentrations of aloe-emodin, aurantio-obtusin, rhein and obtusi
folin (Fig. 5B). The presence of other ingredients in it, for instance, 
Cinnamomum cassia that was previously reported as a inducer of Nrf2- 
EpRE-mediated gene expression can explain this difference (Wondrak 
et al., 2010). JDGCP and KZP contained small amount of hydroxyan
thraquinones that were only minimally able to induce Nrf2 mediated 
gene expression while in these extracts the activity may originate not 
only from hydroxyanthraquinones but also from ingredients from other 
plant constituents of the TCM, such as Lycium barbarum, Polygonatum 
sibiricum, Ganoderma lucidum, rhizome of Alisma orientale, Curcuma longa 
containing curcumin, Carthamus tinctorius, Angelica sinensis and Ligu
sticum chuanxiong in JDGCP as well as Scutellaria barbata, Coix lacry
ma-jobi containing 4-ketopinoresinol and Paris polyphylla containing 
curcumin from KZP (Ashrafizadeh et al., 2020; Cao et al., 2017; Chen 
et al., 2012; Han et al., 2013; Li et al., 2020; Man et al., 2016; Su et al., 
2020; Wang et al., 2021a,c; Y. Wang et al., 2019; Wu et al., 2013; Zhang 
et al., 2021). 

5. Conclusion 

In the present study, a high-throughput method, the Nrf2 CALUX 
reporter gene assay combined with the Cytotox CALUX assay, was used 
to quantify the concentration dependent Nrf2 activation by a series of 
hydroxyanthraquinones and several extracts of single herb-based gran
ules and TCM. The results obtained reveal that 8 of 16 individual 
hydroxyanthraquinones including purpurin, aloe-emodin, 2-hydroxy-3- 
methylanthraquinone, rhein, obtusifolin, aurantio-obtusin, rubiadin 1- 
methyl ether and emodin induce Nrf2 mediated gene expression with 
BMCL10 values in the low μM concentration range. Methanolic extracts 
from Aloe, Cassia Seed, Madder, and Polygonum also showed 
concentration-dependent induction of Nrf2. And all TCM extracts tested 
induced Nrf2-EpRE mediated gene expression. The Nrf2 induction was 
confirmed by RT-PCR measurement of HO-1 gene expression induced by 
purpurin and aloe-emodin. Subsequent LC-MS/MS based quantification 
of the levels of the hydroxyanthraquinones that were shown to be active 
Nrf2 inducers in the extracts revealed that the Nrf2 induction by the 
extracts could be partially, but not fully, explained by the presence of 
these hydroxyanthraquinones. Identification of additional Nrf2 inducers 
in these extracts, like for example flavonoids (Cao et al., 1997; Elbandy 
et al., 2014; López et al., 2013), remains of interest for future studies. 
Further studies could also involve omics based analysis to identify the 
whole pattern of downstream effects following the Nrf2 EpRE pathway 
induction by hydroxyanthraquinones as done for other Nrf2 inducers 
(Liu et al., 2022; Otsuki et al., 2021; Quiles et al., 2017; Shelton et al., 
2015). Lastly, it is of interest to study the mode of action underlying the 
Nrf2 activation by the hydroxyanthraquinones in some more detail 
given that in theory these compounds could exert both electrophilic 
reactivity as well as redox cycling capacity producing reactive oxygen 
species and oxidative stress. 
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