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Abstract

Therapeutic effects of black tea theaflavines (TFs) containing the benzotropolone (BZ) core structure of poly-
phenols are well established. In our study, we synthesized nine different BZ derivatives and tested them for anti-
proliferative and anti-inflammatory bioactivities employing cell-based and in vivo models for inflammation. Three
low molecular weight derivatives such as the natural-derived purpurogallin (BZ-5), 3, 4, 6-trihydroxy-5H-benzo[7]-
annulen-5-one (BZ-6) and 3,4,6-trihydroxy-5-oxo-5H-benzo[7]annulen-1-yl)acrylic acid (BZ-7) showed strong anti-
inflammatory effects. TagMan gqPCR demonstrated a prominent downregulation of COX-2, TNF-a, ICAM-1, IL-1f3
and IL-8. Intriguingly, the new described compound BZ-7 showed strongest anti-inflammatory effects and only
mild toxicity as compared to the others. Structure-activity relationship analysis revealed that placement of func-
tional groups around the benzotropolone core moiety strongly affected anti-proliferative and anti-inflammatory
bioactivities. Further analysis of BZ-6 representing the benzotropolone core moiety showed a significant down-
regulation of COX-2 in colonic carcinoma cells (Caco-2). Strong anti-inflammatory effects correlated in a mouse
edema model where BZ-6 gave comparable effects to ibuprofen. In summary, our results indicate an inhibitory
interaction of the BZ core moiety with cellular targets of inflammatory pathways as potential executioner of
theaflavins through biotransformation. Thus, specific benzotropolones might be good candidate compounds with
a therapeutic potential against diseases associated with chronic inflammation.
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1. Introduction highest degree of fermentation has a consumption of around 78%.
The different types of tea contain a distinct composition of diverse
polyphenols such as catechins, theaflavins and thearubigins. Dur-
ing the fermentation process catechins are converted to polymeric
polyphenols mainly into theaflavins and thearubigens which ap-

pear in high amounts in black tea. The formation of black tea poly-

Tea derived from leaves of Camellia sinensis is the most consumed
beverage in the world only second to water. Teas are usually di-
vided in three major groups such as green tea, oolong tea and black

tea which differ in the degree of fermentation and consumption
(Du et al., 2025; Ho et al., 2008; Li et al., 2013; Samanta, 2022;
Sang et al., 2011). Whereas green tea is unfermented with a con-
sumption of approximately 20% worldwide, leaves of oolong tea
are semi-fermented and consumed around 2%. Black tea with the

phenols during fermentation involves the two steps of oxidation
and polymerization. In the first reaction green tea catechins, main-
ly EGC and EGCG are partially oxidized to quinones by enzymatic
catalysis of polyphenol oxidase (PPO) and peroxidase (POD) both
naturally existing enzymes in fresh tea leaves. The second polym-
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Figure 1. Structure of benzotropolone derivatives. Structures of the nine different benzotropolone derivatives (BZ-1 to BZ-9) are illustrated. For comparison,
the four theaflavin isomers such as theaflavin (TF-1), theaflavin-3-O-gallate (TF-2), theaflavin-3'-O-gallate (TF-2’) and theaflavin-3,3'-O-O-digallate (TF-3)

with the benzotropolone moiety as their core structure are also shown.

erization step involves a nucleophilic addition reaction of the re-
sulting gallocatechin quinones to catechin quinones, followed by
further oxidation by oxygen or hydrogen peroxide. Elimination of
carbon dioxide and rearrangement then complete the synthesis of
the benzotropolone structure, the core moiety of theaflavins (Du
et al., 2025; He, 2017, Li et al., 2013; Samanta, 2022; Sang et al.,
2011). Although accounting for only for 3 - 6% of the dry weight,
health beneficial effects of black tea are mainly attributed to the
group of theaflavins. Four different isoforms such as theaflavin
(TF-1), theaflavin-3-O-gallate (TF-2a), theaflavin-3'-O-gallate
(TF-2b) and theaflavin-3,3'-O-O-digallate (TF-3) (see Figure 1
for structures) have been described (Du et al., 2025; He, 2017,
Li et al., 2013; Samanta, 2022; Sang et al., 2011). All theaflavins
contain the benzotropolone core structure from the reaction of a
catechol and pyrogallol during the polymerization reaction. In ad-
dition, several thearubigens contain one or more benzotropolone
moieties as core structures in their molecules (Drynan et al., 2010;
Gosslau et al., 2018; Li et al., 2013; Sang et al., 2011; Tanaka and
Matsuo, 2020). It is the benzotropolone moiety which results in
dark orange to dark brown color characteristic for black tea (Du et
al., 2025; Ho et al., 2008; Samanta, 2022; Sang et al., 2011).

It is widely accepted that damaging effects of chronic inflam-
mation are a major contributor to the development of numerous
diseases. Inflammation is initiated by the activation of a vari-
ety of genes such as cyclooxygenase-2 (COX-2), tumor necrosis
factor-a (TNF-c), intracellular adhesion molecule-1 (ICAM-1),
interleukin-1p (/L-1f) and interleukin-§ (/L-8) as important me-
diators of the inflammatory cascade (Furman et al., 2019; Gosslau
etal., 2011b; Robbins et al., 2010; van de Vyver, 2023). Activation
of the transcription factor NF«B plays a central role in the induc-
tion of many of these but also other inflammatory genes. Some of
them are further activating NFkB (e.g. TNF-o and /L-1f) through
positive feedback mechanisms (Furman et al., 2019; Ghosh and
Hayden, 2008; Robbins et al., 2010; van de Vyver, 2023). In addi-
tion, COX-2 and ICAM-1 are increasing the inflammatory cascade
through vasodilation and chemotaxis of leukocytes triggered by
the generation of different prostaglandins or other chemoattract-
ants. Inflammation is characterized by phagocytosis and intracel-
lular degradation of ingested material mediated through lysoso-
mal enzymes and oxidative burst by neutrophils and macrophages
(Chaudhary et al., 2023; Davies, 1995; Maldonado et al., 2023). In
enzymatic reactions electrophilic species such as reactive oxygen
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species (ROS) and reactive nitrogen species (RNS) are generated.
In contrast to acute inflammation as beneficial part of the innate
immune response, chronic inflammation is characterized by pro-
longed duration caused by persistent infections, immune-mediated
inflammatory diseases, or prolonged exposure to toxic reagents.
An important event in chronic inflammation is the differentiation
of monocytes to macrophages. Macrophages activate /CAM-1,
COX-2, several cytokines (e.g. TNF-a and IL-1) and chemokines
(e.g. IL-8) to perpetuate the inflammatory response (Furman et al.,
2019; Gosslau et al., 2011b; Ley, 2001; Robbins et al., 2010; van
de Vyver, 2023). Electrophilic species and proteolytic metallopro-
teinases then lead to accumulation of cell damage and tissue de-
struction during severe chronic inflammation. Thus, these damag-
ing effects of chronic inflammation represent a major underlying
cause of various degenerative diseases including cardiovascular,
Alzheimer’s, diabetes, rheumatoid arthritis, diabetes and cancer
(Aggarwal et al., 2012; Calle and Fernandez, 2012; Furman et al.,
2019; Ley, 2001; Robbins et al., 2010; van de Vyver, 2023).

It is generally believed that the health-promoting effects of black
tea are based on anti-oxidant, anti-inflammatory and pro-apoptot-
ic activities of theaflavins as their main underlying mechanisms
(Du et al., 2025; Gosslau et al., 2018; Li et al., 2013; Samanta,
2022; Sang et al., 2011). Strong anti-oxidative effects of the three
theaflavin isoforms have been described, reflected by prevention
of pro-carcinogenic lipid peroxidation, lipoprotein oxidation, and
DNA damage and mutation (Du et al, 2025; Gosslau et al., 2011a;
Wu et al., 2016). According to their antioxidative activity promi-
nent anti-inflammatory effects for TF-1, TF-2 and TF-3 have been
described (Du et al., 2025; Gosslau et al., 2011a; He, 2017; Li et
al., 2013; Samanta, 2022; Sang et al., 2011). Attenuation of key
inflammatory cascade genes by theaflavins have been shown to
target the NF«B signaling pathway (Du et al., 2025; Gosslau et
al., 2011a; Samanta, 2022). In accordance to its anti-inflammatory
and pro-apoptotic effects several studies demonstrated effects of
black tea against diseases related to chronic inflammation such as
cardiovascular, gastrointestinal, neurological and immunological
disorders, diabetes, rheumatoid arthritis and different cancers (Du
et al., 2025; He, 2017; Li et al., 2013; Samanta, 2022; Sang et
al., 2011). A mystery in tea research has been the discrepancy be-
tween the well-established bioactivity of high molecular weight
theaflavins on the one hand and poor bioavailability on the other
(Li et al., 2025; Sang et al., 2011; Shi et al., 2022). Recently, we
discussed a generation of secondary metabolites containing the
benzotropolone structure formed by means of biotransformation
through gut microbiota as possible candidates to explain the miss-
ing link (Gosslau et al., 2018).

Strong anti-oxidative and anti-inflammatory effects of the natu-
ral occurring benzotropolone-containing compound purpurogallin
have been demonstrated in numerous studies (Chang et al., 2014,
Kim et al., 2011; Park et al., 2013; Prasad et al., 1994; Sang et al.,
2004; Wu et al., 1996; Zeng and Wu, 1992). Bioactivity against
inflammation appears to affect NFkB signaling on level of iKK
preventing ikB degradation thus leading to a suppression of NFkB
activity (Park et al., 2013). The anti-inflammatory properties are in
correspondence to effects of purpurogallin against cancer (Abou-
Karam and Shier, 1999; Chakrabarty et al., 2013; Watanabe et al.,
2009) but also to cardio- and hepatoprotective effects (Wu et al.,
1994; Wu et al., 1991; Wu et al., 1996). In addition, proapoptotic
effects for purpurogallin as another underlying pathway leading to
anti-proliferative and anti-cancer effects have been reported (Ki-
tada et al., 2003). There exist only few studies on the bioactivity
of other benzotropolone derivatives. In 2004, Sang and cowork-
ers performed a comparative structure-activity relationship (SAR)
analysis of eighteen benzotropolone derivatives by the use of three

different cancer cell lines. They found the benzotropolone moiety
to be essential for anti-inflammatory activities and cytotoxic ef-
fects (Sang et al., 2004).

In our current study, we prepared nine different benzotropolone
derivatives for a relationship analysis between molecular structure
and biological activity on viability and inflammation using a hu-
man cell-based model. BZ-6 representing the benzotropolone core
molecule was further tested in a paw edema in vivo mouse model.

2. Materials and methods
2.1. Materials and chemicals

Dulbecco’s modified Eagle’s medium (DMEM), Eagle’s minimum
essential medium (EMEM), RPMI-1640 medium, and fetal bovine
serum (FBS) were obtained from Gibco BRL (Gaithersburg, MD).
Cell culture flasks, dishes, and 24-well plates were from Falcon
(Becton-Dickinson, Franklin Lakes, NJ). For RNA isolation, RNe-
asy™ Total RNA Kit (Qiagen, Chatsworth, CA) was used. Oligo-
dT, dNTPs, Superscript™ 1II reverse transcriptase were purchased
from Invitrogen, Life Technologies (Grand Island, NY). 7agMan
gqPCR probes, primers and master mix were from Applied Biosys-
tems, Life Technologies (Grand Island, NY). Catechol, pyrogallol,
gallic acid, (+)-catechin, (—)-epicatechin (EC), (—)-epigallocatechin
(EGC), (—)-epicatechin gallate (ECG), and (—)-epigallocatechin gal-
late (EGCG), horseradish peroxidase, hydrogen peroxide (H,0,),
and other chemicals were purchased from Sigma (St. Louis, MO).

2.2. Preparation of benzotropolones derivatives

Nine different benzotropolone derivatives were synthesized with
structures illustrated in Figure 1 and respective molecular weights as
indicated in brackets: BZ-1 (Neotheaflavate B, MW 700.61), BZ-2
(3,4,6-trihydroxy-5-ox0-8-(((2R,3R)-3,5,7-trihydroxy-3,4-dihy
dro-2H-chromen-2-yloxy)carbonyl)-5H-benzo[7]annulen-1-yl)
acrylicacid, MW 580.45), BZ-3 ((2R,3R)-5,7-dihydroxy-2-((5E,7E)-
1,2,8-trihydroxy-9-oxo0-9H-benzo[ 7]annulen-6-yl)-3,4-dihydro-2H-
chromen-3-yl 3,4,5-trihydroxybenzoate, MW 566.51), BZ-4 (Ne-
otheaflavin, MW 564.50), BZ-5 (Purpurogallin, MW 220.18), BZ-6
(3, 4, 6-trihydroxy-5H-benzo[ 7]-annulen-5-one, MW 204.18), BZ-7
(3,4,6-trihydroxy-5-oxo-5H-benzo[ 7]Jannulen-1-yl)acrylic acid (,
MW 248.19), BZ-8 (1,2,8-trihydroxy-9-oxo0-9H-benzo[ 7]annulene-
6-carboxylic acid, MW 248.19), and BZ-9 (4-(2-carboxyvinyl)-1,
2,8-trihydroxy-9-oxo-9H-benzo[ 7]Jannulene-6-carboxylic acid, MW
292.20). The synthetic procedure of the nine benzotropolone com-
pounds was followed Sang’s procedure (Ho et al., 2006; Sang et al.,
2004). Specifically, BZ-1 (Neotheaflavin B) was synthesized from
catechin and EGCG; BZ-2 from caffeic acid and EGCG; BZ-3 from
catechol and EGCG; BZ-4 (Neothealflavin) from catechin and EGC;
BZ-5 (Purpurogallin) from pyrogallol; BZ-6 from catechol and py-
rogallol; BZ-7 from caffeic acid and pyrogallol; BZ-8 from gallic
acid and pyrogallol; and BZ-9 from gallic acid and caffeic acid. All
the products after purification were characterized with HRMS and
NMR and in accordance with reported data (Ho et al., 2006; Sang
et al., 2004).

2.3. Cell culture and treatment

U-937 cells (CRL-1593.2, human histiocytic lymphoma), Caco-
2 cells (HTB-37, human colorectal adenocarcinoma) and HepG2
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(HB-8065, human hepatocellular carcinoma) were obtained from the
American Type Culture Collection (Rockville, MD). All cell lines
had low passage numbers (below 30) and cell growth and density
were monitored routinely. Cells were either cultured in RPMI-1640
medium (for U-937 cells), Dulbecco’s modified Eagle’s medium (for
Caco-2 cells) or Eagle’s minimum essential medium (for HepG2
cells) with 10% FBS at 37°C in a humidified, 10% CO, atmosphere.
Cells were subcultured in culture flasks (Falcon, Becton-Dickinson,
Franklin Lakes, NJ) and passaged every 3 days. Before experiments,
cells were seeded in 60 mm culture dishes or 24-well plates (Falcon,
Becton-Dickinson, Franklin Lakes, NJ) as indicated for the different
assays. Different benzotropolone derivatives were applied directly to
the medium to achieve final concentrations as indicated.

2.4. MTT cell proliferation assay

Proliferation of U-937 monocytes was measured by the MTT
(3(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl-tetrazolium-bromide)
method after treatment in 24-well plates at different concentrations
for 3 h, 24 h, or 5 days. The MTT-assay measures mitochondrial
activity based on conversion of the tetrazolium salt MTT to blue
formazan by mitochondrial dehydrogenase activity (Berg et al.,
1990). Color development was documented by a scanner (UMAX,
Astra 2200) and absorbance determined spectrophotometrically at
570 nm using a multi-well plate spectrophotometer (Infinite M200,
Tecan, Maennedorf, Switzerland). Viability is given in percent of the
control value (e.g. DMSO controls) and corresponding IC, values
(e.g. 50% of growth inhibition) are indicated in the Results section.
In view of the concern that MTT may yield false-positive results for
certain cell types when treated with polyphenols (Bernhard et al.,
2003), proliferation data were verified by trypan blue cell counting.
For some benzotropolone derivatives a 24-hr viability test using hu-
man hepatocellular carcinoma cells (HepG2) was performed.

2.5. Human cell-based models for inflammation

For analysis of anti-inflammatory potential, we used U-937 cells
as a monocyte-macrophage differentiation model for nutrigenomic
analysis (Gosslau et al., 2011b). Briefly, U-937 cells were treated
by the inflammatory stimulant 12-O-tetradecanoylphorbol-13-ac-
etate (TPA; 20nM) for 3h either alone or in combination with the
benzotropolone derivatives. The expression of a subset of inflam-
matory surrogate genes during differentiation to macrophages is
then used as measure for anti-inflammatory bioactivity (Forsbeck
etal., 1985; Gosslau et al., 2011b). We employed six inflammatory
surrogate genes (COX-2, TNF-a, ICAM-1, NFxB, IL-1f3, and IL-8)
which had been previously selected and validated throughout vari-
ous cell-based, animal and clinical studies by whole genome Affy-
metrix microarray, focused Oligo microarray and TagMan qPCR
analysis (Gosslau et al., 2014; Gosslau et al., 2011a; Gosslau et
al., 2011b; Gosslau et al., 2008). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as house-keeping gene was used as in-
ternal control. Gene expression analysis was performed by either
RT-PCR or TugMan qPCR analysis. In addition to U-937 cells, we
used human colon cancer cells (Caco-2) for nutrigenomic analysis.
Previously, we observed an upregulation of a variety of inflamma-
tory genes by TPA in Caco-2 cells (Gosslau et al., 2011a).

2.6. Mouse paw edema model

The carrageenan-induced mouse hind paw edema model was used

for determination of anti-inflammatory activity for BZ-6 by meas-
uring the degree of edema formation (Morris, 2003). Male albino
mice (6 weeks old) were group housed (6 per cage) and fed stand-
ard mouse chow and tap water ad libitum. All animal experiments
were approved by the Ethics Committee for Animal Experiments
of Rutgers University and were performed in accordance with the
Guideline for Animal Experiments of the laboratories (protocol
No. 87-115). For experiments, mice were grouped in three differ-
ent cohorts (six animals per treatment group and time point) and
treated by a single oral dose of BZ-6 (250 mg/kg) and compared
to the vehicle control (tocopherol-stripped corn-oil). The concen-
tration was chosen based on earlier studies analyzing the effects
of theaflavin-2 or a theaflavin-enriched black tea extract, respec-
tively (Gosslau et al., 2011a; Gosslau et al., 2011b). As positive
control we included ibuprofen (100 mg/kg) demonstrated to have
strong anti-inflammatory effects in the paw edema model in com-
parable studies (Gosslau et al., 2014; Moilanen et al., 2012). 1 h
after treatment, all groups received an injection of 0.1 mL of car-
rageenan (1% in water) into the plantar side of the right hind paw
of the mice. The mice were then euthanized 1, 2, 4, and 8 h after
carrageenan injection and hind paws taken. The degree of swell-
ing was determined by paw volume displacement measured by a
digital hydroplethysmometer. Results are expressed as area under
the curve (AUC) units or volume of hind paw (mL) at indicated
times, respectively.

2.7. TagMan qPCR analysis

After cell treatment as described under 2.5., total RNA was iso-
lated using the QIAcube from Qiagen (Chatsworth, CA) accord-
ing to manufacturer’s protocols. Total RNA was then reverse
transcribed using standard protocols and reagents from Invitro-
gen, Life Technologies (Grand Island, NY). 7agMan qPCR was
run on the Roche 480 Lightcycler for 50 cycles with concentra-
tions ranging from 100 ng to 0.01 ng for the standard curve. Gene
expression of COX-2 (Hs01573471 ml), TNF-a (Hs00174128
ml), ICAM-1 (Hs99999152 ml), NFxB (Hs00153294 ml),
IL-1f (Hs00174097_ml), IL-8 (Hs00174103_ml), and GAPDH
(Hs99999905 m1) was analyzed using the probes, primers and
master mix from Applied Biosystems, Life Technologies (Grand
Island, NY; for details see the Assay IDs as indicated above in
brackets next to the respective genes). After normalization to GAP-
DH, gene expression was calculated according to the delta-delta
CT method as ratio of the mean experimental channel (TPA + BZ)
to the mean control channel (TPA alone). Besides ratios, degree of
gene expression is also expressed as “inflammatory index” which
was calculated as Log2 values of the ratios as described below.

2.8. Reverse transcription-polymerase chain reaction (RT-PCR)

For analysis of COX-2 expression in Caco-cells but also for routine
purposes, traditional RT-PCR analysis employing gel electropho-
resis and semi-quantitative densitometry was used for COX-2 and
GAPDH as inflammatory surrogate or house-keeping gene, re-
spectively. After treatment for 3h, RNA was isolated, and reverse
transcribed into cDNA as described above. For PCR amplification,
gene specific primers were used for COX-2 (sense, 5'-ttcaaatga-
gattgtgggaaaat-3'; antisense, S5'-agatcatctctgectgagtatctt-3') and
GAPDH (sense: 5'-tgaagctcggagtcaacggatttg-3'; antisense: 5'-cat-
gtgggccatgaggtccaccac-3'). PCR conditions were chosen to ensure
that the yield of the amplified product was linear with respect to
the amount of input cDNA. PCR products were analyzed by elec-
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trophoresis on a 1% agarose gel and visualized with ethidium bro-
mide staining. COX-2 and GAPDH expression was quantified by
densitometry using the Image J software (NIH, Bethesda, MD).
COX-2 expression was then normalized to GAPDH and expressed
as ratio of the mean experimental channel (TPA + BZ) to the mean
control channel (TPA alone) or as “inflammatory index” as de-
scribed below.

2.9. Oligo-microarray analysis

U-937 cells were treated with TPA (20nM) either alone or in com-
bination with BZ-6 (50 pg/ml) for 3h. After RNA isolation and re-
verse transcription, expression of COX-2, LTA, hydrolase, TNF-a,
TNF-o receptor, iNOS, ICAM-1, IL-1f, IL-8, IL-15, IL-18, NFxB,
c-Jun, c-Fos, and p53 was analyzed by a proprietary Oligo micro-
array. As housekeeping genes, ATP synthase mitochondrial com-
plex subunit bl (ATP5F1), eukaryotic translation initiation factor
4A1 (EIF4A1), myristoylated alanine-rich protein kinase C sub-
strate (MARCKS), phosphoglycerate kinase 1 (PGK1), proteasome
subunit beta type 5 (PSMBSJ), and glutaminyl-tRNA synthetase
(QARS) were employed. Gene expression is expressed as “fold
gene expression” by cluster analysis (blue indicate anti-inflamma-
tory effects, red cluster indicate inflammatory effects) after calcu-
lating the ratio of mean experimental channel (TPA + BZ-6) to the
mean control channel (TPA alone) normalized to spike-in controls
(e.g. alien DNA (Stratagene) labeled as C-1 to C-5).

2.10. Inflammatory Index

The inflammatory index indicates either pro- or anti-inflammatory
effects. It is based on the delta-delta CT method indicating the
ratio between experimental (TPA plus BZs) and control channel
(TPA alone) normalized to the expression of housekeeping genes.
Ratiometric numbers (indicated as fold gene expression) are then
converted into log 2 base values (ratios below 1 transform into
negative numbers) and expressed as inflammatory index. Based on
the inflammatory index, anti-inflammatory potential is indicated
by negative numbers, whereas positive index numbers are indica-
tive for pro-inflammatory effects.

2.11. Statistics

Results are presented as means + standard deviation (SD) of at
least three independent experiments unless otherwise indicated.
Statistical comparisons of data were performed using the Student’s
t-test or analysis of variance (ANOVA) as indicated.

3. Results
3.1. Effects of different BZs on viability of U-937 cells

First, long-term effects of seven benzotropolone derivatives on
cell viability using the MTT-method were analyzed. After treat-
ing U-937 cells for 5 days with different concentrations of BZs,
effects on cell viability were analyzed and expressed in percent as
compared to untreated controls (Figure 2a). We observed different
anti-proliferative activities of BZs as indicated by different ICy
values (e.g. half-maximal inhibition of viability). BZ-6 with the
lowest molecular weight (MW 204.18) showed strongest effects

on cell viability (ICy, around 5 pg/mL or 24 pM, respectively).
Although we did not include BZ-1 and BZ-4 in our studies we
observed that higher molecular weight derivatives such as BZ-2
(MW 580.45) and BZ-3 (MW 566.51) showed lesser effects on cell
viability as indicated by ICy, values of around 50 pg/mL for BZ-2
(86 uM) or 40 ng/mL for BZ-3 (71 pM), respectively. As judged
by ICy, molarity values other low molecular derivatives such as
BZ-5,BZ-7, BZ-8, and BZ-9 showed even lesser anti-proliferative
effects as compared to BZ-2 and BZ-3: BZ-5 (136 uM), BZ-7 (121
uM), BZ-8 (121 uM) and BZ-9 (240 uM).

Intriguingly, the comparison throughout low molecular weight
derivatives (e.g. BZ-5 - BZ-9) revealed that placement of func-
tional groups at different positions around the benzotropolone
core structure affected cell viability. BZ-6 representing the ben-
zotropolone core structure with only one ketone group and three
hydroxyl groups (3, 4, 6-trihydroxy-5H-benzo[7]-annulen-5-one)
exhibited strongest cytotoxicity with an IC,, value of around 5 pg/
mL (24 uM). Purpurogallin (BZ-5) with an additional hydroxyl
group at C-2 showed significant lesser cytotoxicity (IC, of around
30 pg/mL; 136 uM). Similar IC, values were observed for BZ-7
and BZ-8 (both around 121 pM) which contain an additional car-
boxyl group at C-1 or C-8, respectively. BZ-9 with two additional
carboxyl groups at C-1 and C-8 showed least cytotoxicity (ICs,
around 70 pg/mL; 240 uM) as compared to the other low molecu-
lar weight derivatives but also to the larger BZ-2 (ICy, around 50
pg/mkL; 86 uM) and BZ-3 (IC,, around 40 ug/mL; 71 uM).

We then performed a more detailed dose response and kinetic
analysis of three benzotropolone derivatives representing either a
high molecular weight molecule showing low cytotoxicity (BZ-2)
or low molecular weight derivatives showing strong (BZ-6) or low
cytotoxicity (BZ-9) after 5 days of exposure, respectively (Figure
2a). Dose response analysis was performed in the range from 0.1 -
100 pg/mL after 3 h, 24 h, and 5 days of exposure (Figure 2b). As
expected, we observed an increase in cytotoxicity in response to
longer exposure times for BZ-2, BZ-6 and BZ-9. BZ-6 exhibited
strongest cytotoxicity as indicated by ICy, values of around 75 pg/
mL (367 uM), 7.5 pg/mL (37 uM) or 5 pg/mL (24 uM) after 3
h, 24 h, and 5 days, respectively. Although we observed similar
IC,, values for BZ-2 (around 50 pg/mL) and BZ-9 (around 70 pg/
mL) after 5 days due to the difference in molecular weight the
IC,, values calculated for molarity are different (e.g. 86 pM and
240 uM for BZ-2 or BZ-9, respectively). Interestingly, after 3h the
toxicity profiles of BZ-2 and BZ-9 looked very similar (viability
of more than 90% in response to 100 ng/mL) but we noted a dif-
ference in the profile after 24 h and 5 days of incubation. Whereas
BZ-9 showed stronger cytotoxicity after 24 h as compared to BZ-2
(IC4, of around 75 pg/mL and 100 pg/mL for BZ-9 or BZ-2, re-
spectively), after 5 days the cytotoxic effects of BZ-2 (around 50
ng/mL) were stronger in comparison to BZ-9 (around 70 pg/mL).

In summary, our structure-activity relationship analysis did not
reveal an apparent correlation between molecular size and anti-
proliferative activities as indicated by IC;, values after 5 days:
derivatives with similar size showed either different (e.g. BZ-9
(240 uM), BZ-6 (24 uM), BZ-5 (136 uM)) or same activities (e.g.
BZ-7 and BZ-8 (both around 121 pM)). Moreover, small deriva-
tives (BZ-9; 240 uM) showed lesser effects as compared to high
molecular derivatives (BZ-2 (86 uM) and BZ-3 (71 uM)).

3.2. Effects of different benzotropolone derivatives on expres-
sion of inflammatory genes in U-937

In the next set of experiments the bioactivity of the benzotropolone
derivatives against inflammation was analyzed. Anti-inflammato-
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Figure 2. Effects of benzotropolone derivatives on cell viability. Human monocytes (U-937) were treated with different BZ derivatives at indicated concen-
trations and measured by the MTT assay. Mean values * standard deviation of at least three independent experiments is shown. Cells were exposed to BZs
either at different concentrations for 5 days (a) or different concentrations of BZ-2, BZ-6 and BZ-9 were incubated for 3 h, 24 h, or 5 days as indicated by

different symbols (rhombus, square, and triangle), respectively (b).

ry effects of purpurogallin had been demonstrated in in vitro cell-
based and in vivo animal experiments (Chang et al., 2014; Kim et
al., 2011; Park et al., 2013). On the other hand, studies on other
BZ derivatives are very limited and anti-inflammatory effects for
only a few other derivatives have been shown (Sang et al., 2004).
For initial screening, we chose cyclooxygenase-2 (COX-2) as in-
flammatory surrogate gene which had been tested throughout pre-
vious cell-based, animal and clinical studies, previously (Gosslau
et al., 2011b; Gosslau et al., 2008; Smith et al., 2000). Figure 3a
shows the expression of COX-2 normalized to GAPDH for the
nine benzotropolone derivatives (50 pg/mL) after 3 h either as the
ratio of the mean experimental channel (TPA + BZ) to the mean
control channel (TPA alone) indicated as “I” or as inflammatory
indices (Log2 values of the ratio) indicated as “II”, respectively,
as described in the Materials and Methods section. Although BZ-6
showed some anti-proliferative effects in response to 50 pg/mL
after 3h with a cell viability around 75% (Figure 2b) inhibitory
effects on gene transcription are less likely since no changes in

GAPDH expression were observed (data not shown). We observed
a drastic decrease of TPA-induced COX-2 expression for BZ-5 (ra-
tio = 0.10; index = —3.38), BZ-6 (ratio = 0.15; index = —2.72) and
BZ-7 (ratio = 0.10; index = —3.39) as compared to the TPA con-
trol (all with P < 0.001). In contrast, the other BZ derivatives did
not affect COX-2 expression significantly. Whereas BZ-8 showed
a slight suppression, BZ-1, BZ-2, BZ-3, BZ-4 and BZ-9 showed
slight pro-inflammatory effects as indicated by ratios above 1 (I)
or positive inflammatory indices (II), respectively, although in a
non-significant range.

For amore in-depth analysis of effects against inflammation rep-
resentative members of small BZ derivatives were selected which
showed strong COX-2 suppression (e.g. BZ-5, BZ-6 and BZ-7) in
comparison with BZ-8 which did not affect COX-2 expression. We
extended our analysis to a subset of six inflammatory surrogate
genes (COX-2, TNF-a, ICAM-1, NFkB, IL-1f, and IL-8) normal-
ized to GAPDH by TagMan qPCR illustrated as inflammatory in-
dices (Figure 3b). As already observed by initial screening (Figure
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Figure 3. Effects of benzotropolone derivatives on the expression of inflammatory genes. Human monocytes (U-937) were treated with TPA (20nM) either
alone or in combination with different BZs (50 ug/ml) for 3h. After RNA isolation and reverse transcription, expression of either COX-2 (a) or (b), a panel
of different inflammatory genes (COX-2, TNF-a, ICAM-1, NFkB, IL-18, and IL-8) was analyzed by TagMan qPCR analysis. The expression of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as internal control. After normalization to GAPDH according to the delta-delta CT method, gene expres-
sion is expressed as a ratio of the mean experimental channel (TPA + BZ) to the mean control channel (TPA alone). Ratios converted into Log2 values are
expressed as inflammatory index as described in Materials and Methods. *, **, and *** indicate significant differences from the control group with P < 0.05,
0.01 or 0.001, respectively, as analyzed by the student’s t-test of at least three independent experiments. (a) COX-2 expression is either shown as mean ratios
+ standard deviation indicated by blue columns (I, mean value below) or as inflammatory indices indicated by black columns (ll, inflammatory index below).
(b) Inflammatory indices of COX-2, TNF-a, ICAM-1, NFkB, IL-18, and IL-8 are shown for BZ-5, BZ-6, BZ-7 and BZ-8 indicated by black columns.

3a), COX-2 was strongly suppressed by BZ-5, BZ-6 and BZ-7 as
demonstrated by negative indices ranging between -2 and -3. In
correspondence to our initial screening, BZ-8 did not show major
effects on COX-2 expression and only 7NF-o was significantly
suppressed (P < 0.01). On the other hand, BZ-5, BZ-6 and BZ-7,

consistent with a strong inhibition of COX-2, induced a prominent
down-regulation of TNF-a, [CAM-1, IL-15, and IL-8. Interestingly,
we did not observe a downregulation of /L-6 in response to all
small BZ derivatives (data not shown). NFxB (e.g. the p65 subunit)
did not show major changes in response to the four BZ derivatives
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Figure 4. Effects of BZ-6 in U-937 cells. (a) Human monocytes (U-937) were treated with TPA (20nM) either alone or in combination with different concentra-
tions of BZ-6 (25, 50 and 100 ug/ml) for 3h as indicated (a, b or c, respectively). After RNA isolation and reverse transcription, expression of COX-2 was ana-
lyzed by TagMan gPCR analysis. The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as internal control. After normalization
to GAPDH, gene expression was calculated as ratios (I) or inflammatory indices (l1), respectively. *** indicate significant differences from the control group
with P < 0.001 as analyzed by the student’s t-test of at least three independent experiments. (b) U-937 cells were treated with TPA (20nM) either alone or
in combination with BZ-6 (50 pg/ml) for 3h. After RNA isolation and reverse transcription, expression of COX-2, LTA, hydrolase, TNF-a, TNF-a receptor, iNOS,
ICAM-1, IL-18, IL-8, IL-15, IL-18, NFkB, c-Jun, c-Fos, and p53 was analyzed by a proprietary Oligo microarray as described in Material and Methods. Artificial
DNA sequences were used as control genes (C-1 - C-5) for normalization. As housekeeping genes, ATP5F1, EIF4A1, MARCKS, PGK1, PSMB5, and QARS were
employed. Gene expression is shown as relative inflammatory units by cluster analysis. Upregulation is indicated by red colors, downregulation by blue
colors, whereas no regulation is indicated by white colors. One set of representative data is shown of two independent experiments.

which correspond to a regulation majorly on posttranslational level
(Baud and Karin, 2009; Ghosh and Hayden, 2008). By integrating
all six genes (COX-2, TNF-o, ICAM-1, NFxB, IL-1§, IL-8) the av-
erage ratios were calculated as inflammatory indices: BZ-5, BZ-6
and BZ-7 showed strong bioactivities against inflammation as il-
lustrated by relatively low indices of —1.99, =2.02 or 2.15, respec-
tively. On the other hand, the anti-inflammatory effect of BZ-8 was
much lesser as indicated by an inflammatory index of —0.98.

By integrating the data obtained by viability analysis (Figure 2)
some features of structure-activity relationship between viability
and inflammation can be derived for the tested benzotropolones:
(i) As observed for cell viability there appear also no correlation
between molecular size and anti-inflammatory activities: high
molecular (e.g. BZ-1 to BZ-4) as well as low molecular benzo-
tropolones (e.g. BZ-8, BZ-9) did not affect COX-2 expression
significantly. Among small derivatives strong anti-inflammatory
effects were observed only for BZ-5, BZ-6, and BZ-7. A panel
analysis throughout BZ-5 - BZ-8 confirmed strong anti-inflamma-
tory bioactivities for BZ-5, BZ-6, and BZ-7 as compared to BZ-8.
(ii) There appear also no simple relationship between bioactivities
against proliferation and inflammation: derivatives showed either
both strong anti-proliferative and anti-inflammatory activities (e.g.
BZ-6), relative mild anti-proliferative but strong anti-inflammato-
ry activities (e.g. BZ-5 and BZ-7), low anti-proliferative activity
and no effects on COX-2 expression (e.g. BZ-9) or relative strong
anti-proliferative activities but no anti-inflammatory activities (e.g.
BZ-2 and BZ-3). (iii) A comparison throughout low molecular de-

rivatives demonstrated that placement of functional groups around
the benzotropolone moiety are crucial for their anti-proliferative
and anti-inflammatory activities: BZ-6 as the benzotropolone core
structure with one ketone (at C-5) and three hydroxyl groups (at
C-3, C-4, C-6) showed strong anti-proliferative and anti-inflam-
matory effects. The addition of either a hydroxyl (BZ-5) or car-
boxyl group (BZ-7) at C-2 or C-1, respectively, showed relative
mild anti-proliferative but strong anti-inflammatory activities. On
the other hand, an additional carboxyl group at C-8 (BZ-8) resulted
in relative mild anti-proliferative as well as low anti-inflammato-
ry activities. The derivative with two additional carboxyl groups
at C-1 and C-8 showed lowest anti-proliferative and no anti-in-
flammatory activity as judged by COX-2 analysis (BZ-9). These
features, although preliminary, are in line with the notion that the
underlying bioactivities of benzotropolones affecting cell viability
and inflammation are different and due to specific interaction with
cellular targets.

3.3. Effects of BZ-6 on expression of inflammatory genes

To gain more insights into the relationship between cytotoxicity and
gene expression we chose BZ-6 representing the benzotropolone
core moiety which showed strongest anti-proliferative bioactivity
among our BZ derivatives as demonstrated by MTT-analysis (Fig-
ure 2) as well as strong anti-inflammatory bioactivity (Figure 3).
The MTT method is considered to monitor early cytotoxic effects
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based on mitochondrial dehydrogenase activity (Berg et al., 1990).
Our kinetic experiments indicate strong damaging effects of BZ-6
on mitochondrial activity (0% viability) at 100 pg/mL after 3 h of
exposure (Figure 2b). Surprisingly, we observed only a slight de-
crease in the expression of GAPDH when testing the effects of BZ-6
on TPA-induced COX-2 expression at 100 pg/mL (data not shown).
These results indicate that despite the loss of mitochondrial activity
the impact of high concentrations of BZ-6 (e.g. 100 pg/mL) on gene
expression machinery appear to be less prominent. Interestingly, a
24-hr MTT viability test showed similar IC,, values in human liver
cells (HepG2) in response to BZ-6 as compared to U-937 cells in-
dicative that harmful conversion through cytochrome p450 or other
systems is unlikely (data not shown). Figure 4a shows the impact of
BZ-6 on COX-2 expression normalized to GAPDH in response to
25, 50, and 100 pg/mL. We observed a decrease of COX-2 expres-
sion in a dose-responsive manner (a-c) showing a strong inhibition
of COX-2 expression by BZ-6 at 25 pg/mL (122 uM) but even lower
concentrations might be effective.

In further experiments, we analyzed the impact of BZ-6 (50 ng/
mL) on additional inflammatory genes and analyzed TPA-induced
gene expression by Oligonucleotide DNA microarray after 3 h
(Figure 4b). As observed for GAPDH, other house-keeping genes
such as ATP5F1 (ATP synthase mitochondrial complex subunit
bl) and PSMBS5 (proteasome subunit beta type 5) did not show
significant changes. On the other hand, high concentrations of
BZ-6 induced a down-regulation of other house-keeping genes
such as EIF4AI1 (eukaryotic translation initiation factor 4Al),
MARCKS (myristoylated alanine-rich protein kinase C substrate),
PGK1 (phosphoglycerate kinase 1), and QARS (glutaminyl-tRNA
synthetase). As observed for COX-2 by TagMan analysis (Figure
4a) the impact of BZ-6 on the expression of other inflammatory
genes was relatively higher as compared to the housekeeping con-
trol genes as demonstrated by a strong down-regulation of COX-2,
TNF-a, [CAM-1, IL-1f and IL-8. On the other hand, the regulation
of TNF-a R, iNOS, IL-15, IL-18, NF«kB (p65), and P53 in response
to high concentrations of BZ-6 appear to be minor or not affected.
Interestingly, although only for high concentrations, anti-inflam-
matory activity of BZ-6 - among other factors - might be based by
decreased activity of AP-1 as indicated by decreased C-JUN and
C-FOS expression.

3.4. Effects of BZ-6 on carrageenan-induced paw edema in
mice and COX-2 expression in human Caco-2

Using a carrageenan-induced paw edema model, we investigated
the effects of BZ-6 which showed strong anti-inflammatory poten-
tial as indicated by strong down-regulation of inflammatory sur-
rogate genes as demonstrated in our cell-based model for inflam-
mation (see 3.3 and 3.4). For experiments, mice were treated by
BZ-6 (250 mg/kg) and compared to the vehicle control. Kinetic
analysis (Figure 5a) showed that significant inhibitory effects of
BZ-6 started as soon as 2 hours after carrageenan injection (P <
0.05). After 4 and 8 hours the inhibition of paw edema in response
to BZ-6 was even stronger as compared to the vehicle control (P
< 0.001). In another set of experiments, we included ibuprofen
(100 mg/kg) as positive control in our carrageenan-induced paw
edema model. Strong anti-inflammatory effects of ibuprofen in the
paw edema model have been demonstrated previously (Gosslau et
al., 2014; Moilanen et al., 2012). In correspondence to our kinetic
analysis (Figure 5a), 8 hours after carrageenan injection a strong
reduction of paw edema by BZ-6 as compared to the control group
was observed (Figure 5b). Importantly, BZ-6 showed even slightly
stronger anti-inflammatory effects (P < 0.01) as compared to ibu-

profen (P < 0.05).

Many studies demonstrate a strong connection between chronic
intestinal inflammation and the development of colorectal cancer
(Aggarwal et al., 2012; Coussens and Werb, 2002; Furman et al.,
2019). Previously, we were using a colonic carcinoma cell line
(Caco-2) and observed a downregulation of COX-2, TNF-a, iNOS,
ICAM-1, and NF«xB expression in response to TF-2 (Gosslau et
al., 2011a; Lu et al., 2000). Here, we used Caco-2 cells to look for
effects of BZ-6 (50 nug/mL) on TPA-induced COX-2 expression
(Figure 5c). After 3 hours we observed a significant attenuation of
COX-2 as demonstrated by conventional RT-PCR (P < 0.05). Our
observation might be interesting in the context of several reports
of anti-cancer, anti-proliferative and proapoptotic effects described
for purpurogallin (Abou-Karam and Shier, 1999; Chakrabarty et
al., 2013; Kitada et al., 2003; Watanabe et al., 2009). These results
might further strengthen the hypothesis that the benzotropolone
core structure plays an important role in the anti-cancer potential
of anti-inflammatory black tea polyphenols.

4. Discussion

Black tea has well-documented health beneficial and therapeutic
effects against a variety of degenerative diseases. It is generally
believed that the health-promoting effects of black tea are based on
anti-oxidant and anti-inflammatory activities of the three theafla-
vin isoforms as major bioactives (Du et al., 2025; He, 2017; Li et
al., 2013; Samanta, 2022; Sang et al., 2011). In accordance to its
anti-inflammatory effects several studies demonstrated effects of
black tea against diseases related to chronic inflammation such as
cardiovascular, gastrointestinal, neurological and immunological
disorders, diabetes, rheumatoid arthritis and different cancers (Du
et al., 2025; Li et al., 2013; Samanta, 2022; Sang et al., 2011).
In addition, pro-apoptotic activities of theaflavins are attributed to
anti-cancer effects (Du et al., 2025; Gao et al., 2013; Gosslau et
al., 2011a; Samanta, 2022; Tu et al., 2016). The benzotropolone
moiety as the core structure of theaflavins raised our interest for a
mechanistic SAR study analyzing anti-proliferative as well as anti-
inflammatory bioactivities using nine BZ derivatives. Importantly,
a comparison throughout low molecular derivatives demonstrated
that positioning of functional groups around the benzotropolone
core structure dramatically affected the biological activity against
proliferation and inflammation: BZ-6 representing the benzo-
tropolone core moiety showed both strong anti-proliferative and
anti-inflammatory effects. ntriguingly, BZ-6 showed comparable
anti-inflammatory effects to ibuprofen in our paw edema animal
model. Recently, we demonstrated that ibuprofen as widely accept-
ed NSAIDs showed also effects against type 2 diabetes (Gosslau
et al., 2024; Rainsford, 2009). The addition of either a hydroxyl
group at C-2 (BZ-5) or carboxyl group at C-1 (BZ-7), respectively,
resulted in relative mild anti-proliferative effects, whereas strong
anti-inflammatory activities appeared to be unchanged. Notewor-
thy, the new compound BZ-7 showed strongest anti-inflammatory
activity with least cytotoxic effects. On the other hand, the addition
of'a carboxyl group at C-8 (BZ-8) induced a low anti-inflammatory
activity and relative mild anti-proliferative effects. The derivative
with two additional carboxyl groups at C-1 and C-8 (BZ-9) exhib-
ited lowest anti-proliferative and no anti-inflammatory bioactivity
as judged by COX-2 expression (Figure 3). These features are in
correspondence to earlier studies suggesting specific cellular sites
serving as pharmacological targets of benzotropolones (Gosslau
et al., 2018; Sang et al., 2011; Sang et al., 2004). Previously, we
observed a suppression of c-Jun and c-Fos in a skin inflammation
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Figure 5. Effects of BZ-6 on carrageenan-induced paw edema in mice and in Caco-2 cells. (a, b) Mice received a single oral dose of control vehicle (tocoph-
erol-stripped corn-oil), BZ-6 (250 mg/kg), or ibuprofen (100 mg/kg), respectively. 1 h after treatment, all groups received an injection of 0.1 mL of carra-
geenan (1% in water) into the plantar side of the right hind paw (n = 6 for each group per time point). The mice were then euthanized 1, 2, 4, and 8 h after
carrageenan injection. The degree of swelling was determined by paw volume displacement measured at indicated times by a digital hydroplethysmometer.
Results are expressed as mean * SD of the volume of hind paw (mL) for different time points (a) or as area under the curve (AUC) units after 8 h (b), respec-
tively. (c) Human colorectal carcinoma cells (Caco-2) were treated with TPA (20nM) either alone or in combination with BZ-6 (50 ug/ml) for 3h. After RNA
isolation and reverse transcription, gene expression of COX-2 and GAPDH was analyzed by RT-PCR and quantified using densitometry. COX-2 expression
normalized to GAPDH is expressed either as ratio of the mean experimental channel (TPA + BZ) to the mean control channel (TPA alone) + standard devia-
tion (1) or inflammatory index (l1), respectively. Mean values + standard deviation of three independent experiments with representative blots are shown
in the histograms. *, **, and *** indicate significant differences from the control group with P < 0.05, 0.01 or 0.001, respectively as analyzed by ANOVA (a,

b) or students t-test (c).

model and a COX-2 promoter reporter assay confirming a role of
NF«B and AP-1 in the anti-inflammatory effects of TF-2 (Gosslau
etal.,, 2011a).

A mystery in tea research has been the discrepancy between the
well-established bioactivity of high molecular weight theaflavins
on the one hand and poor bioavailability on the other (Li et al.,
2025; Sang et al., 2011; Shi et al., 2022; Takeda et al., 2013). This
is evident either by the failure or detection of only minute amounts
of theaflavins in blood or urine as demonstrated by in vivo animal
and clinical settings (Chen et al., 2011; Henning et al., 2006; Li et
al., 2025; Mulder et al., 2001; Sang et al., 2011; Shi et al., 2022).
Due to the recent understanding of the important role of microbiota
in nutrition biotransformation of black tea polyphenols metabo-
lized by gut microbiota are discussed to play an important role in
their health benefits. For theaflavins, surprisingly little research on
absorption and microbial metabolism had been conducted and so
far, no small BZ compounds had been detected in blood or urine
(Gosslau et al., 2018).

In several studies it have been demonstrated that natural occur-
ring PPG (2,3,4,5-tetrahydroxybenzo[7]annulen-6-one) induced a
downregulation of a variety of inflammatory genes such COX-2,
TNF-a, ICAM-1, iNOS, IL-1f and IL-6 (Chang et al., 2014; Kim
et al., 2011; Park et al., 2013) in correspondence to our results.
Mechanistic studies point to an interaction of PPG targeting in-
flammatory pathways such as NFxB, 3-kinase/Akt and/or mito-
gen-activated protein kinase signaling pathways (Chang et al.,
2014; Kim et al., 2011; Park et al., 2013). For the NF«B signaling
cascade, a suppression of the translocation of the p65 NF«kB subu-
nit into the nucleus and the degradation of kB had been shown to
be the molecular mechanisms leading to attenuation of inflamma-
tion (Park et al., 2013). Interestingly, we observed only a minor
attenuation of the p65 subunit of NFkB in our gene expression
analysis by BZ-5, BZ-6, BZ-7 and also BZ-8 which correlate to
a regulation mainly on posttranslational level to initiate the induc-
tion of many key inflammatory genes (Aggarwal et al., 2012; Baud
and Karin, 2009; Furman et al., 2019; Ghosh and Hayden, 2008;
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Robbins et al., 2010; van de Vyver, 2023). Since we observed a
similar pattern in the downregulation of inflammatory genes for
BZ-6 and BZ-7 as compared to PPG, a post-translational regula-
tion of NFkB by these compounds might be postulated. Interest-
ingly, although at high concentrations, BZ-6 induced a decrease in
c-Jun and c-Fos expression suggesting an additional role of AP-1
for anti-inflammatory effects at least of BZ-6. Activator protein-1
(AP-1) represents another transcription factor controlling many
inflammatory genes by different compositions of homodimers
and/or heterodimers of the Jun, Fos, activating transcription fac-
tor (ATF), and musculoaponeurotic fibrosarcoma (MAF) protein
families (Shaulian and Karin, 2002; Zenz et al., 2008).

The importance of apoptosis in chemoprevention or chemo-
therapy is apparent, as a defect in apoptotic mechanisms is recog-
nized as an important cause of carcinogenesis (Reed, 2003). The
induction of apoptosis has been described for TF-1, TF-2 and TF-3
(Du et al., 2025; Gao et al., 2013; Gosslau et al., 2011a; Samanta,
2022; Tu et al., 2016) which correlate to prominent effects of black
tea against different types of cancer. Since proapoptotic effects for
purpurogallin have been reported (Abou-Karam and Shier, 1999;
Chakrabarty et al., 2013; Kitada et al., 2003; Watanabe et al., 2009)
it is likely that induction of apoptotic cell death might be the mode
of action for at least some of the other derivatives which showed
strong anti-proliferative effects (e.g. BZ-6). Previously, we used
human colonic carcinoma cells (Caco-2) in addition to two mouse
models for inflammation and observed a downregulation of TPA-
induced COX-2, TNF-o0, iNOS, ICAM-1, and NFkB expression
in response to TF-2 (Gosslau et al., 2011a; Lu et al., 2000). Our
observation of a significant downregulation of COX-2 in Caco-
2 cells but also anti-proliferative effects against U-937 cells are
in line with reports of anti-cancer effects of PPG (Abou-Karam
and Shier, 1999; Chakrabarty et al., 2013; Kitada et al., 2003; Wa-
tanabe et al., 2009) but also some other benzotropolone deriva-
tives (Sang et al., 2004). A dose response analysis performed with
BZ-6 showed strong anti-inflammatory effects at low concentra-
tions (e.g. 25 pM; see Figure 4a) in U-937 cells and we can only
speculate on effective concentrations in the lower range of BZ-6
but also the other small benzotropolone derivatives. We can also
only hypothesize on the underlying mechanisms of the divergent
anti-proliferative effects as measured by the MTT which usually
correlates to cytotoxic effects as measured by trypan blue or other
dye exclusion assays (data not shown) and the anti-inflammatory
activity. It appears that the three most relevant BZs (e.g., BZ-5, -6
and -7) showed a similar pattern in the downregulation of inflam-
matory biomarkers (e.g., COX-2, TNF-a, ICAM-1, NFkB, IL-1p5,
and /L-8) with strongest effects for BZ-7 on the one hand and least
cytotoxic effects on the other. Therefore, it may be hypothesized
that other cytokines show a different display in response to these
BZs thus inducing a differential cytokine storm translating into dif-
ferent cytotoxicity (Nie et al., 2025).

5. Conclusion

Our study substantiated former studies showing strong anti-inflam-
matory bioactivities of the natural occurring benzotropolone (e.g.
purpurogallin) but also some other new derivatives. Importantly,
the positioning of functional groups around the benzotropolone
moiety are crucial for anti-proliferative and anti-inflammatory ac-
tivities. Intriguingly, the benzotropolone moiety exhibited strong
effects against inflammation comparable to ibuprofen in the paw
edema model. Information gained by our group but also elsewhere
indicate that anti-inflammatory effects of BZs are based on spe-

cific interaction either directly or indirectly leading to attenuation
majorly of NF«B signaling but also MAPK and/or AP-1 path-
ways. The accumulating evidence of strong bioactivities exhib-
ited by benzotropolones might pinpoint to their role as potential
metabolites to resolve the discrepancy between strong bioactivity
and poor bioavailability of tea polyphenols. Biotransformation by
biodiverse gut microbiota in response to different nutrition might
be of particular importance (Gosslau et al., 2018). So far in vivo
detection of BZ derivatives in urine or blood is warranted. Fur-
ther mechanistic studies on bioavailability, bioaccessibility and
bioactivity are needed to consolidate the role of BZs as bioactive
metabolites of black tea providing the foundation for potential
therapeutic applications. Particularly, the effects of bioactive BZ
compounds exhibiting only mild toxicity such as BZ-7 and PPG
are very promising. Although still very preliminary these reports
further emphasize the potential of benzotropolones against diseas-
es associated with chronic inflammation which needs to be sub-
stantiated by further clinical studies.
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