
 

 

 

 

 

 

Identification of xanthomicrol as a major colonic metabolite 

of 5-demethyltangeretin in mice and their anti-
inflammatory effects in lipopolysaccharide (LPS)-stimulated 

RAW 264.7 macrophages 
 

 

Journal: Food & Function 

Manuscript ID FO-ART-02-2018-000279.R1 

Article Type: Paper 

Date Submitted by the Author: 30-Apr-2018 

Complete List of Authors: Guo, Shanshan; University of Jinan, Department of Food Science and 
Nutrition; University of Massachusetts Amherst, Food Science 
Wu, Xian; University of Massachusetts Amherst, Food Science 
Zheng, Jinkai; University of Massachusetts Amherst, Food Science; Chinese 
Academy of Agricultural Sciences (CAAS), Institute of Agro-Products 
Processing Science and Technology 
Charoensinphon, Noppawat; University of Massachusetts Amherst, Food 
Science 

Dong, Ping; University of Massachusetts Amherst, Food Science 
Qiu, Peiju; University of Massachusetts Amherst, Food Science 
Song, Mingyue; University of Massachusetts Amherst, Food Science 
Tang, Zhonghai; Hunan Agricultural University, College of Food Science 
and Technology 
Xiao, Hang; University of Massachusetts Amherst, Food Science; Hunan 
Agricultural University, College of Food Science and Technology 

  

 

 

Food & Function



Identification of xanthomicrol as a major colonic metabolite of 5-

demethyltangeretin in mice and their anti-inflammatory effects in 

lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages 

Shanshan Guo
1,2 #

, Xian Wu
2 #

, Jinkai Zheng
2,4

, Noppawat Charoensinphon2, Ping Dong
2
, Peiju 

Qiu
2
, Mingyue Song

2,5 
, Zhonghai Tang

3
, Hang Xiao

2,3 
* 

1
 Department of Food Science and Nutrition, University of Jinan, Jinan, Shandong, P. R. China 

2 
Department of Food Science, University of Massachusetts Amherst, Amherst, MA, United 

States  

3 
College of Food Science and Technology, Hunan Agricultural University, Changsha 410128, 

China 

4
 Institute of Food Science and Technology, Chinese Academy of Agricultural Sciences, Beijing, 

P. R. China 

5 
College of Food Science, South China Agricultural University, Guangzhou, P. R. China 

 

 

#: Shanshan Guo and Xian Wu contributed equally to this work. 

 

* Corresponding Author: Hang Xiao 

Department of Food Science 

University of Massachusetts Amherst 

102 Holdsworth Way 

Amherst, MA 01003, USA 

Tel: (413) 545-2281; Fax: (413) 545-1262 

Email: hangxiao@foodsci.umass.edu 

 

Abbreviations: 5DT, 5-demethyltengeretin; XAN, xanthomicrol; PMF, polymethoxyflavone; 

LPS, lipopolysaccharide; NO, nitric oxide; PGE2, prostaglandin E2; iNOS, inducible nitric oxide 

synthase; COX-2, cyclooxygenase-2; interleukin-1β (IL-1β); HO-1, heme oxygenase-1;  

Page 1 of 31 Food & Function



Abstract 

Scope: 5-demethyltengeretin (5DT) is a citrus flavonoid with various potential health 

benefits. To provide physiologically relevant information on the anti-inflammatory properties of 

5DT, we identified the major metabolite of 5DT in the mouse colon and established its anti-

inflammatory effects in lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages.  

Methods and results: CD-1 mice were fed with a 5DT-containing diet for four weeks, 

and colonic mucosa samples were collected and subjected to LC-MS analysis. Xanthomicrol 

(XAN) was identified as the major metabolite of 5DT in the mouse colon. More importantly, the 

colonic level of XAN was about 3.1-fold higher than that of 5DT. The anti-inflammatory effects 

of 5DT and XAN were determined in LPS-stimulated macrophages. XAN produced significant 

inhibitory effects on the production of nitric oxide and PGE2. Western blotting and real-time 

PCR analyses demonstrated that XAN greatly decreased the protein and mRNA levels of iNOS 

as well as the protein level of COX-2. Furthermore, XAN also reduced the production of pro-

inflammatory cytokine IL-1β and induced the expression of anti-oxidative enzyme HO-1. 

Conclusion: Our results demonstrated that XAN is a major metabolite of 5DT in the 

colon of mice fed with 5DT, and XAN may play important roles in the anti-inflammatory effects 

elicited by orally administered 5DT. 

 

Keywords: 5-hydroxy-6, 7, 8, 4’-tetramethoxyflavone, 5-demethyltangeretin, 

polymethoxyflavones, xanthomicrol, metabolite 
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1. Introduction 

Polymethoxyflavones (PMFs) refer to flavonoid compounds that bear two or more 

methoxy groups on their basic benzo-γ-pyrone skeleton with a carbonyl group at the C4 position. 

Naturally, PMFs are found mainly in the Citrus genus, particularly in the peel of sweet oranges 

(Citrus sinensis) and mandarin oranges (Citrus reticulate) [1]. PMFs have been of particular 

research interest due to their broad spectrum of documented biological activities including anti-

inflammation [2, 3], anti-carcinogenic [4-6], and anti-atherogenic properties [7]. The most 

studied PMFs are permethoxylated PMFs, such as nobiletin and tangeretin. Recently, a unique 

class of hydroxylated PMFs has been isolated from aged orange peel extracts, and they can be 

formed by auto-hydrolysis of their permethoxylated counterparts during long-term storage [1, 8, 

9]. Accumulating evidence has shown that hydroxylated PMFs possess potent anticancer effects 

against various cancer cells such as human lung [6, 10], colon [4, 5, 11, 12], and breast [13] 

cancer cells. Animal studies also confirmed anticancer effects of hydroxylated PMFs [3, 14, 15]. 

It is well recognized that there are intriguing links between inflammation and the 

initiation and progress of chronic diseases such as colon cancers. Inflammation can be oncogenic 

in the colon by various mechanisms including induction of genomic instability, promoting 

angiogenesis, altering the genomic epigenetic status, and enhancing cell proliferation [16]. This 

study aimed to provide physiologically relevant information on the anti-inflammatory potential 

of 5-demethyltengeretin (5-hydroxy-6, 7, 8, 4’-tetramethoxyflavone, 5DT) in the colon. 5DT is 

one of the major hydroxylated PMFs presented in citrus fruits and their byproducts such as citrus 

oil and molasses  [1, 17]. It also has been reported that 5DT had more potent biological activities 

than its permetylated counterpart, tangeretin [6]. However, as one important PMF, 5DT has not 

been well studied and no detailed information on its anti-inflammatory effects is available.  
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Biotransformation of dietary PMFs plays an important role in their biological activities 

because they can be transformed to different metabolites that could possess distinct bioactivities 

[4, 18-21]. For example, biotransformation of nobiletin and tangeretin, two major PMFs found in 

citrus fruits, has been determined in various experimental models [22, 23]. More than 10 

different demethylated metabolites of nobiletin have been identified [22]. We recently reported 

that total colonic concentration of three major demethylated metabolites of nobiletin was about 

20-fold higher than that of nobiletin itself [4]. More importantly, nobiletin metabolites exerted 

much stronger anti-inflammatory and anti-cancer activities than did nobiletin [4, 5, 18, 19]. 

Therefore, biotransformation plays a critical role in health benefits of orally administered PMFs 

such as nobiletin observed in animal models. In this study, in order to better understand the anti-

inflammatory effects of 5DT as a dietary component, we aimed to identify the major colonic 

metabolite of orally ingested 5DT in mice, and determine its anti-inflammatory effects in 

comparison with 5DT in lipopolysaccharide (LPS)-treated RAW 264.7 macrophages. 

 

2. Materials and methods 

2.1 Identification of the major metabolite of 5DT in the mouse colon 

As reported in previous studies, 5DT and XAN was synthesized by acidolysis from 

tangeretin and 4'-demethyltangeretin, respectively, with purity greater than 99% (Chemical 

structures of 5DT and XAN are illustrated in Figure 1A) [8, 11]. Tangeretin was isolated from 

orange peels and 4'-demethyltangeretin was chemically synthesized [1, 11]. The study complied 

with all institutional and national guidelines (Guide for the Care and Use of Laboratory Animals 

8
th

 Edition, by the Institute of Laboratory Animal Research, National Research Council). The 
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protocol for the animal experiment was approved by the Institutional Animal Care and Use 

Committee of the University of Massachusetts (#2011-0066). Ten male CD-1 mice (5 week of 

age) were obtained from Charles River Laboratories (Wilmington, MA, USA). Upon arrival, the 

mice were kept in an air-conditioned room with the temperature of 23°C, humidity of 65-70%, 

12-h light/night cycle and free access to water and AIN93G diet. After one week of acclimation, 

mice were randomly divided into two groups (5 mice per group). The mice in the control group 

were fed AIN93G diet, while the 5DT-treated group was fed with AIN93G diet containing 0.1% 

(w/w) 5DT. Both groups were allowed to eat and drink ad libitum during the entire experiment 

period. After four weeks of treatment, all mice were sacrificed by CO2 asphyxiation. Colonic 

mucosa were collected and stored at -80 °C for LC-MS analysis. Aliquots of colonic mucosa 

samples (100 mg) were homogenized with 50% methanol (1 ml) using a Bead Ruptor 

homogenizer (Omni International, Kennesaw, GA, USA). Methanol was the removed by vacuum 

evaporation, and PBS was used to resuspend the pellet. The homogenates were then extracted 

with equal volume (500 µl) of ethyl acetate for three times. After centrifugation, supernatants 

were pooled and dried under vacuum. The residue was dissolved in 50% methanol and subjected 

to LC-MS analysis as we previously reported [24]. The identities and concentrations of 5DT and 

XAN in the colonic mucosa were determined by comparing the LC-MS profiles of the colonic 

samples with those of chemically synthesized standards and their corresponding standard curves. 

2.2 Cell viability and nitric oxide assay 

 RAW 264.7 cells were seeded in 96-well plates. After 24 h, cells were treated with serial 

concentrations of test compounds in 200µL of serum complete media. Dimethyl sulfoxide 

(DMSO) was used as the vehicle to deliver test compounds to the culture media, and the final 

concentration of DMSO in all experiments was 0.1% v/v in cell culture media. After 24 h 
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treatments, cells were subject to MTT assay[10, 25]. Media were replaced by 100µL of fresh 

media containing 0.1 mg/mL of MTT (Sigma-Aldrich). After 2 h incubation at 37 °C with 5% 

CO2 and 95% air, MTT-containing media were removed and the reduced formazan dye was 

solubilized by adding 100µL of DMSO to each well. After gentle mixing, the absorbance was 

monitored at 570nm using a plate reader (Elx800TM absorbance microplate reader, BioTek 

Instrument, VT, USA). The nitrite concentration in the culture media was measured as an 

indicator of nitric oxide (NO) production by the Griess reaction [25]. The culture media were 

mixed with an equal volume of Griess reagent A and B (A: 1% sulfanilamide in 5% phosphoric 

acid, and B: 0.1% naphthylethylenediamine dihydrochloride in water). Absorbance at 540nm 

was measured by a plate reader, and concentrations of nitrite were calculated according to a 

standard curve constructed with sodium nitrite as a standard. 

2.3 ELISA for prostaglandin E2 (PGE2) and interleukin-1 (IL-1) 

RAW 264.7 cells were seeded in 6-well plates. After 24 h, cells were treated with 

1µg/mL LPS alone or with serial concentrations of test compounds in 2 mL of serum complete 

media. After another 24 h incubation, the culture media were collected and analyzed for PGE2 

(Cayman Chemical Company, Ann Arbor, MI, USA) and IL-1 (R&D Systems, Minneapolis, MN, 

USA) levels by ELISA kits, according to the manufacturer’s instructions. 

2.4 Immunoblot Analysis 

Whole cell lysates were prepared according to the method we reported previously [25]. 

Equal amount of proteins (50µg) were resolved over 12% SDS-polyacrylamide gel 

electrophoresis and transferred to nitrocellulose membranes. After blocking, proteins of interest 

were probed using different antibodies at manufacturer’s recommended concentrations, and then 
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visualized using enhanced chemiluminescence (Boston Bioproducts, Ashland, MA). Antibodies 

for iNOS, COX-2, and HO-1 were purchased from Cell Signaling Technology (Beverly, CA, 

USA). Anti-β actin antibody was from Sigma-Aldrich (St. Louis, MO). 

2.5 qRT-PCR Analysis 

Total RNA was isolated by RNeasy Plus Mini Kit according to the manufacturer’s 

instructions (Qiagen, Valencia, CA, USA). RNA concentrations were determined using 

NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). From 

each sample, total RNA was converted to single-stranded cDNA which was then amplified by 

Brilliant II SYBR Green QRT-PCR Master Mix Kit, 1-Step (Agilent Technologies, Santa Clara, 

CA, USA) to quantify the gene expression of iNOS, COX-2, HO-1, IL-1β, and GAPDH (an 

internal standard) using Mx3000P QPCR System (Stratagene, La Jolla, CA, USA). The primer 

pairs were synthesized by Integrated DNA Technologies, Inc. (Coralville, Iowa, USA) and the 

sequences were as followed: iNOS, forward primer 5’-TCC TAC ACC ACA CCA AAC -3’, 

reverse primer 5’-CTC CAA TCT CTG CCT ATC C -3’; COX-2, forward primer 5’-CCT CTG 

CGA TGC TCT TCC -3’, reverse primer 5’-TCA CAC TTA TAC TGG TCA AAT CC -3’; HO-

1, forward primer 5’-AAG AGG CTA AGA CCG CCT TC -3’, reverse primer 5’-GTC GTC 

GTC AGT CAA CAT GG -3’; IL-1β, forward primer 5’-GAG TGT GGA TCC CAA GCA AT -

3’, reverse primer 5’-CTC AGT GCA GGC TAT GGA CCA -3’; GAPDH, forward primer 5’-

TCA ACG GCA CAG TCA AGG -3’, reverse primer 5’-ACT CCA CGA CAT ACT CAG C -3’. 

Minimum of three independent experiments (each with triplicates) were carried out. The copy 

number of each transcript was calculated relative to the GADPH copy number using the 2
-∆∆Ct

 

Method [25]. 
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2.6 Statistical Analysis 

All data were presented as mean ± SD. Student’s t-test was used to test the mean 

difference between two groups. Analysis of variance (ANOVA) model was used for the 

comparison of differences among three or more groups.  

 

3. Results and discussion 

3.1 XAN is the major metabolite of 5DT in the colon after oral administration of 5DT in 

mice 

It is known that many dietary flavonoids undergo extensive biotransformation to produce 

different metabolites due to the first-pass metabolism in the gastrointestinal tract and liver. These 

metabolites have attracted increasing attention because they may possess unique and potent 

biological activities. The biotransformation of 5DT has not been reported in the literature. In this 

study, we aimed to elucidate the metabolism of 5DT in vivo. 5DT was orally administrated to the 

mice as part of regular diet (0.1% w/w) for four weeks. Body weight and food intake was 

monitored twice a week as indicators of potential toxicity of dietary 5DT. Compared to the 

control mice, there was no difference in body weight, liver weight or spleen weight between the 

5DT-treated group and control group, and no noticeable behavioral or appearance difference was 

observed either, suggesting no apparent adverse effects caused by dietary feeding of 5DT to the 

mice. In order to identify the metabolites of 5DT in the colon, we analyzed the colonic mucosa 

samples from both groups using LC-MS. First, we identified and quantified the colonic levels of 

5DT (SIM: m/z359 [M-H]
 +

, retention time of 22.7 min, Figure 1B) using synthesized 5DT as 
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standard. We found that the colonic level of 5DT was 1.76 ± 0.13 nmol/g of tissue in 5DT-fed 

mice (Figure 1D). 

Moreover, we successfully observed multiple potential metabolites in the colonic mucosa 

of 5DT-fed mice. Among these metabolites, LC-MS analysis indicated that one metabolite (SIM: 

m/z 345 [M-H]
 +

, retention time of 19.2 min, Figure 1C) showed the highest abundance. It has 

been reported that PMFs such as nobiletin and 5-demethylnobiletin were transformed to 

demethylated metabolites in mice. The demethylation primarily occurred at 3′ and 4′-positions 

on B ring of the PMFs[4, 11]. There is only one methoxyl group at 4′-positioin of 5DT (Figure 

1A). Therefore, we hypothesized that the biotransformation of 5DT is similar to that of nobiletin 

and 5-demethylnobiletin, thus a potential metabolite of 5DT is 4′-demethylated 5DT (XAN, 

Figure 1A). To test this hypothesis, we chemically synthesized XAN by acidolysis of 4′-

demethyltangeretin using a method we reported previously [11], and the purity of XAN was 

greater than 99%. Using synthesized XAN standard, we confirmed that the major metabolite 

(SIM: m/z 345 [M-H]
+
, retention time of 19.2 min, Figure 1C) was XAN. We further determined 

the level of XAN in the colonic mucosa of 5DT-fed mice. As shown in Figure 1D, the 

concentration of XAN in mouse colonic mucosa was 5.46±1.37 nmol/g of tissue. It is noteworthy 

that the level of XAN was about 3.1-fold higher than that of 5DT in the colonic mucosa. This is a 

very important finding because it suggested that due to its high abundance, XAN might play a 

critical role in eliciting the biological activities of orally administered 5DT, such as anti-

inflammatory effects in the colon against colitis and colon carcinogenesis. In the following 

sections, we determined the anti-inflammatory potential of XAN and 5DT. 

3.2 XAN inhibited NO and PGE2 production  

Page 9 of 31 Food & Function



Upon the stimulation by pro-inflammatory agents, epithelial cells express iNOS, and 

increased iNOS expression was associated with various malignant tumors in human, including 

brain, breast, colorectal, lung, prostate, pancreatic carcinoma, and melanoma [26-32]. NO is the 

major product of enzymatic activity of iNOS, and it has been implicated in epithelia 

carcinogenesis [33-35]. Overproduction of NO can cause mutagenesis, damage DNA structure, 

and promote the formation of carcinogenic N-nitrosoamines [36-38]. To evaluate the anti-

inflammatory effects of 5DT and its major metabolite XAN, we determined their inhibitory 

effects on the LPS-induced NO production in RAW264.7 macrophages. Using MTT assay[10], 

we first established non-toxic dose ranges of 5DT and XAN in macrophages. As shown in figure 

2A, 5DT and XAN did not cause significant inhibition (< 10%) on the viability of macrophages 

when their concentrations were lower than 2.0 and 30 µM, respectively. It is noteworthy that 

XAN was much better tolerated by the macrophages than 5DT. Using the non-toxic dose ranges 

established, we further determined the inhibitory effects of the two compounds on LPS-induced 

NO production in macrophages. This was to ensure that the inhibitory effects observed were not 

due to disruption of normal cellular functions. As shown in figure 2B, within the non-toxic dose 

ranges, 5DT only caused marginal inhibition (<15%) on NO production, whereas, XAN showed 

much stronger inhibitory effects (49-73%) although the concentrations used were higher than 

those of 5DT. Besides iNOS, cyclooxygenase-2 (COX-2) is another important inducible enzyme 

in the pro-inflammatory pathways. Increased COX-2activity leads to the production of a series of 

prostaglandins including PGD2, PGE2, PGF2α, PGI2 or thromboxane A2 by tissue-specific 

isomerases [39]. Among these prostaglandins, PGE2 has been closely associated with 

carcinogenesis by promoting cell survival, angiogenesis, and metastasis [40-42]. As shown in 

Figure 2C, LPS treatment resulted in a dramatic increase of PGE2 level, and this increase was 
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slightly inhibited by XAN at 10 µM (7% inhibition). However, XAN or 5DT at 2µM showed no 

effect on LPS-induced PGE2 production. Overall, our results demonstrated for the first time that 

XAN, the major metabolite of 5DT, effectively inhibited LPS-induced inflammation in 

macrophages. Meanwhile, 5DT at non-toxic dose ranges, showed very limited anti-inflammatory 

efficacy. 

The aforementioned findings were physiologically relevant to the in vivo situation 

because that 2 µM of 5DT and 2 and 10 µM of XAN were achievable in mouse colon after oral 

consumption of 5DT. If we consider that 1 gram of tissue is about 1 mL in volume, the 

concentrations of 5DT and XAN in the colonic mucosa were 1.76 and 5.46 µM, respectively. In 

addition, this level of XAN was achieved by ad libitum intake of AIN93G diet uniformly 

containing 5DT throughout the feeding period of the mice (overnight), and it thus reflected 

sustained level (not the peak level after an acute exposure) of XAN in the colon mucosa after 

long-term chronic dietary exposure to 5DT. It was reasonable to expect that much higher levels 

of XAN (10 µM) was achievable by one time single dose oral administration of 5DT, such as via 

taking dietary supplement in capsules, or by consuming 5DT at higher oral doses than 0.1% 

(w/w). 

3.3 XAN inhibited iNOS and COX-2 expression  

To further determine the mechanisms by which XAN inhibited LPS-induced 

inflammation, the effects of 5DT and XAN on the protein expression levels of iNOS and COX-2 

were assayed. LPS-stimulated RAW 264.7 macrophages were treated with a series of 

concentrations of 5DT or XAN for 24 h, and then the protein levels of iNOS and COX-2 were 

determined by Western blotting. As shown in figure 3A, XAN significantly decreased iNOS 
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protein levels by 74% and 92% at 2 and 10 µM, respectively, while 5DT only caused a marginal 

decrease in the protein levels of iNOS at 2µM in comparison to the LPS-treated positive control. 

These results were consistent with the extent to which 5DT and XAN inhibited the LPS-induced 

production of NO (Figure 1B). Furthermore, XAN at 10µM significantly suppressed COX-2 

protein expression by 68%, compared to control cells. In contrast, 5DT did not decrease the 

protein level of COX-2 at 2 µM. Despite the potent suppression of COX-2 signaling produced by 

XAN at 10µM, it only led to a moderate inhibition on PGE2 production (Figure 2C). Since both 

COX-1 and COX-2 are involved in the LPS-induced synthesis of PGE2 in macrophages and it 

has been found that COX-2 predominantly catalyzes PGE2 release in the first 8 h, whereas COX-

1 couples the newly expressed microsomal prostaglandin E2 synthase-1 (mPGES-1) that 

contributes to the PGE2 release [43]. And COX-1 activity mostly remains unchanged after LPS 

stimulation. Thus in this study, COX-1 derived PGE2 might constitute a great proportion of total 

level of PGE2, which was not significantly altered by XAN treatment. Another possible 

explanation could be that down-regulated protein expression of COX-2 by XAN treatment may 

result in reduced levels of other COX-2 derived prostaglandins besides PGE2 [39].  

Using qRT-PCR, we determined the effects of 5DT and XAN on the mRNA levels of 

iNOS and COX-2 after 24 hours of treatments. As shown in figure 3B and 3C, the LPS 

treatments significantly increased the mRNA levels of both iNOS and COX-2 in comparison to 

the negative control. 5DT at 2µM did not decrease mRNA levels of iNOS or COX-2, while XAN 

at 2 and 10 µM dose-dependently decreased the mRNA level of iNOS by 18% and 25%, 

respectively, compared to the LPS-treated positive control. However, same XAN treatments did 

not cause any decrease in the mRNA level of COX-2. Together, our results showed that XAN 

caused dose-dependent inhibition on the protein levels of both iNOS and COX-2, but XAN 
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treatment only decreased the mRNA level of iNOS not that of COX-2. It is likely that XAN 

decreased the protein level of iNOS mainly by inhibiting transcription of iNOS gene, whereas 

XAN might inhibit translation and/or promote degradation of COX-2 protein to cause the 

decrease of protein level of COX-2 in LPS-stimulated macrophages. Previous studies have 

shown that COX-2 protein can be degraded via two pathways, initiated by either post-

translational N-glycosylation at Asn-594 or substrate-dependent suicide inactivation in LPS-

stimulated RAW 264.7 cells [44, 45]. Other dietary bioactive compounds have also been found 

to disrupt the translation step of COX-2 mRNA in RAW 264.7 cells [2]. 

3.4 XAN inhibited IL-1β gene expression  

Accumulating studies have demonstrated that pro-inflammatory cytokines such as IL-1β 

may promote the progression of various diseases including cancer [46]. Using ELISA, we 

determined the effects of 5DT and XAN on the LPS-induced production of IL-1β in RAW 264.7 

macrophages. As shown in figure 4A, LPS treatment resulted in a significant production of IL-1β 

in the macrophages. XAN at 2 and 10 µM dose-dependently suppressed protein levels of IL-1β 

by 19% and 63%, respectively, compared to the LPS-treated positive control cells. However, 

5DT at 2 µM did not inhibit LPS-induced production of IL-1β. Using qRT-PCR, we further 

determined the effects of 5DT and XAN on the mRNA levels of IL-1β after 24 hours of 

treatments. XAN at 2 and 10 µM showed a dose-dependent inhibition on the mRNA level of IL-

1β by 18% and 42%, respectively (Figure 4B). In contrast, 5DT had no effects on the mRNA 

level of IL-1β in LPS-stimulated macrophages. Our results suggested that XAN suppressed the 

LPS-induced IL-1β production, and this suppression was at least partially due to the inhibition on 

the transcription of IL-1β gene by XAN. As a pro-inflammatory cytokine, IL-1β can increase 

transcription of both iNOS and COX-2 by activation of NF-κB [47, 48]. Therefore, the 
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suppression on IL-1β production may also contribute to the decrease of the mRNA levels of 

iNOS caused by XAN. 

3.5 Induction of anti-oxidative enzyme HO-1 by XAN and 5DT 

HO-1 is an important phase II antioxidant enzyme, and it has been reported to suppress 

inflammatory responses and provide protection against the pro-inflammatory effects of toxic 

agents [49-55]. Previously, we have reported that HO-1 is an important target of PMFs [5, 19], 

therefore we further examined the effects of 5DT and XAN on the gene expression level of HO-1 

in LPS-treated macrophages. As shown in figure 5A, Western-blotting results demonstrated that 

5DT at 2 µM increased protein levels of HO-1 by 2.1-fold compared to the LPS-treated cells. 

XAN at 10 µM caused an increase on the protein level of HO-1 by 1.9-fold, whereas XAN at 2 

µM did not result in a significantly induction. We also determined the effects of 5DT and XAN 

on mRNA level of HO-1 in LPS-stimulated macrophages. The results from qRT-PCR 

demonstrated that 5DT at 2 µM increased the mRNA level of HO-1 by 58% in comparison with 

the LPS-treated control cells (Figure 5B). XAN at 10µM increased the mRNA level of HO-1 by 

67%, while XAN at 2µM did not caused any significant change. These results showed that the 

effects of 5DT and XAN on the protein levels of HO-1 shared a similar trend with their effects 

on the mRNA levels of HO-1, suggesting that induction of transcription of HO-1 gene 

contributed to the increases on the protein level of HO-1 by both 5DT and XAN. Increased HO-1 

levels may contribute to the anti-inflammatory effects by 5DT and XAN. It was reported that 

HO-1 can increase cellular anti-oxidant status by generating antioxidant such as bilirubin [56]. 

Bilirubin inhibits iNOS protein expression and suppresses NO production in LPS-stimulated 

RAW 264.7 macrophages, but showed no effect on LPS-stimulated COX-2 expression [57]. In 

addition, Carbon monoxide (CO), a major product of HO-1 activity, was shown to cause 
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downregulation of pro-inflammatory cytokine production through p38 mitogen-activated protein 

kinase (MAPK)-dependent pathways [58]. Moreover, CO was shown to inhibit iNOS enzymatic 

activity thus decreases NO production [59]. 

In summary, we have identified, for the first time, XAN as the major metabolite of 5DT 

in the mouse colon after oral administration of 5DT. The difference between the chemical 

structures of 5DT and XAN is that 5DT has a methoxyl group on the B ring, while XAN has a 

hydroxyl group at the same position. This structural difference results in very different biological 

activities of 5DT and XAN in LPS-stimulated RAW 264.7 macrophages. At physiologically 

achievable concentrations, XAN showed stronger anti-inflammatory effects in LPS-stimulated 

macrophages in comparison with those of 5DT, which was evidenced by lowered NO and PGE2 

production and decreased protein levels of iNOS and COX-2. These anti-inflammatory effects 

were associated with suppression of IL-1β gene expression and induction of phase II enzyme 

HO-1. To our knowledge, this is the first report to show the anti-inflammatory effects of XAN in 

LPS-treated RAW 264.7 macrophages. Since XAN is a major metabolite of 5DT in vivo, it is 

important to investigate the biological effects of XAN in order to obtain meaningful mechanistic 

information on the biological effects of orally ingested 5DT. Furthermore, it is also important to 

investigate the biological effects of 5DT and XAN in combination because they likely co-exist in 

the target tissues and organs in vivo.  
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Figure 1. (A) Chemical structures of 5DT and XAN.LC/ESI-MS (positive ion) chromatograms 

of 5DT (B) and XAN (C) in colonic mucosa samples obtained from 5DT-fed mice and control 

mice. (D) The levels of 5DT and XAN in the colonic mucosa of 5DT-fed mice. *** represents p 

< 0.001, compared to 5DT. All data represent mean ± SD (n = 5).  
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(C) 

 

Figure2. (A) Cytotoxicity profiles of 5DT and XAN on RAW 264.7 macrophages. Macrophages 

in 96-well plates were treated with a series of concentrations of 5DT and XAN for 24 hours, and 

cell viability was determined MTT assay. The viability of control cells was set as the reference 

with a value of 100%. (B) Effects of 5DT and XAN on LPS-induced NO production in RAW 

264.7 cells. The LPS-stimulated cells were treated with 5DT and XAN for 24 hours, and the 

culture media were collected for NO assay as described in the Materials and methods section. (C) 

Effects of 5DT and XAN on LPS-induced PGE2 production in RAW 264.7 macrophages. The 

LPS-stimulated cells were treated with 5DT and XAN for 24 hours, and the culture media were 

collected and analyzed for protein levels of PGE2 by ELISA. Results are presented as mean ± SD 

from six replicates. Different annotations indicate statistical significance (p<0.01, n = 6) by 

ANOVA. 
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(C)

 

Figure3. The effects of 5DT and XAN on the protein levels of iNOS and COX-2 (A), mRNA 

levels of iNOS (B), and mRNA levels of COX-2 (C) in LPS-stimulated RAW 264.7 

macrophages. The LPS-stimulated cells were treated with 5DT and XAN for 24 hours, and then 

the whole cell lysate was collected and subject to Western-blotting and real-time RT-PCR as 

described in Materials and methods section. In (A), the numbers underneath of the Western blots 

represent band intensity (normalized to β-actin, means of three independent experiments) 

measured by Image J software. The standard deviations (all within ±15% of the means) were not 

shown. β-Actin was served as an equal loading control. “*” indicates statistical significance (P < 

0.05, n = 3). In (B) and (C), each value represents the mean ± SD of three independent 

experiments. Different annotations indicate statistical significance (p < 0.05, n = 3) by ANOVA. 
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Figure4. Inhibitory effects of 5DT and XAN on the protein levels (A) and mRNA levels (B) of 

IL-1β in LPS-stimulated RAW 264.7 macrophages. The LPS-stimulated cells were treated with 

5DT and XAN for 24 hours, and then the culture media were collected and subject to ELISA and 

real-time RT-PCR as described in Materials and methods section. Results are presented as mean 

± SD. Different annotations indicate statistical significance (p < 0.05, n = 6 for A, and n = 3 for 

B) by ANOVA. 
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Figure5. Effects of 5DT and XAN on the protein levels (A) and mRNA levels (B) of HO-1 in 

LPS-stimulated RAW 264.7 macrophages. The LPS-stimulated cells were treated with 5DT and 

XAN for 24 hours, and then the whole cell lysate was collected and subject to Western-blotting 

and real-time RT-PCR as described in Materials and methods section. In (A), the numbers 

underneath of the Western blots represent band intensity (normalized to β-actin, means of three 

independent experiments) measured by Image J software. The standard deviations (all within 

±15% of the means) were not shown. β-Actin was served as an equal loading control. “*” 

indicates statistical significance (P < 0.05, n = 3). In (B), each value represents the mean ± SD of 
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three independent experiments. Different annotations indicate statistical significance (p < 0.05, n 

= 3) by ANOVA. 

Graphical Abstract 

 

 

5-Demethyltengeretin (5DT) is a citrus flavonoid with various health benefits. Our results shown 

that orally administered 5DT was mainly metabolized to form xanthomicrol (XAN) via 

demethylation in mice. More importantly, the colonic level of XAN was much higher than that 

of 5DT. Furthermore, we found that XAN inhibited LPS-stimulated inflammation in RAW 264.7 

macrophages via suppressing IL-1β, iNOS and COX-2, as well as inducing HO-1. These results 

provided insights on the anti-inflammatory effects of 5DT. 
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