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Highlights 

- Co-administration of green tea extract and methotrexate (MTX) has been studied in arthritic 

rats 

- A green tea extract gradually decreased the effectiveness of MTX on arthritic score 

- A green tea extract alone and with MTX reduced MCP-1, but counteracted IL-17 only at day 

14 

- A green tea extract inhibited iNOS mRNA and GGT, but in a less extent compared to MTX  

- Long-term administration of green tea extract may inhibit the therapeutic action of 

methotrexate 
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Abstract 

Methotrexate is a widely used drug for treatment of rheumatoid arthritis. The present study 

aimed to investigate if tea polyphenols administered as decaffeinated extract (GreenSelect®, 

GS) can ameliorate methotrexate treatment of rat adjuvant arthritis. The study design lasted 

28 days and included healthy animals administered with GS in the daily dose of 200 mg/kg, 

arthritic rats administered or not with GS, arthritic animals administered with methotrexate in 

single treatment and in combination with GS. Arthritic score and changes in body weigh were 

measured during the treatment while inflammatory markers (monocyte chemotactic protein-1, 

IL-17 and inducible NO-synthase mRNA) and biochemical parameters (activity of gamma-

glutamyltransferase and expression of heme oxygenase-1) at the end of the treatment. The 

association between GS and methotrexate was less efficient in ameliorating the arthritic score 

compared to methotrexate alone and, in general, GS did not improve the inflammatory and 

biochemical markers except for monocyte chemotactic protein-1. GS did not increase the 

plasma antioxidant capacity, suggesting a pro-oxidant effect and worsened the body weight 

loss. The results suggest that long-term administration of GS may inhibit the therapeutic 

action of methotrexate in arthritic rats due to the inhibitory activity of (-)-epigallocatechin-3-

gallate on folate transporter. 
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1. Introduction  

Rheumatoid arthritis (RA) is a common severe joint disease-affecting people of all age. To 

control inflammatory symptoms and pain, disease modifying antirheumatic drugs are 

commonly used although they are associated with undesirable side effects. Many clinical 

studies show that combination therapy is usually more effective than a single treatment 

(monotherapy) in order to control inflammation in RA. Methotrexate (MTX), a folic acid 

antagonist, became the predominant immunosuppressive agent used in the treatment of 

patients with RA [1]. 

Green tea extract (GTE) is widely used in different dietary supplements for its proved health 

benefits. GTE restored the oxidative state of the liver and brain of adjuvant-induced arthritic 

rats, a model for human RA [2]. The treatment produces significant reduction in protein and 

lipid damage in liver, brain and plasma. It also reduces the tissue reactive oxygen species 

(ROS) content and increases the antioxidant capacity of the plasma. The antioxidant defences, 

which are diminished by arthritis, were improved by GTE treatment, as revealed by the 

restoration of the glutathione and protein thiol levels [3]. Several factors including 

inflammation and oxidative stress are believed to play a role in the development of chronic 

joint diseases. There are significant evidence that (-)-epigallocatechin-3-gallate (EGCG), the 

predominant green tea flavonoid in GTE, negatively modulates signal transduction pathways 

that play important roles in inflammation and joint damage in arthritis [4]. In details, EGCG 

inhibits advance glycation end products (AGEs), induces expression of MMP-13 (matrix 

metalloproteinases-13) in human osteoarthritis chondrocytes [5] and induces the production of 

MMP-1 and MMP-3 in RA synovial fibroblasts [6]. 

Besides their anti-inflammatory and oxidative stress reducing activities, GTE and EGCG are 

able to reduce the transport of folic acid and MTX into the cell. The proton coupled folate 

transporter (PCFT)-mediated folate uptake is competitively inhibited by EGCG. The uptake 
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of the PCFT substrate MTX is also competitively inhibited by EGCG. Authors of this study 

suggested that, when folate or MTX are ingested with tea, it is likely that the intestinal 

absorption of these compounds by PCFT is inhibited, which could result in insufficient 

efficacy of drug MTX [7]. 

The present study aims to demonstrate if a standardized preparation of decaffeinated extract 

of green tea (Greenselect®, GS) can modulate MTX treatment in a rat model of adjuvant 

arthritis and improve the efficacy of MTX therapy. 

 

2. Methods  

2.1. Animal study 

Male Lewis rats were obtained from the Breeding Farm Dobra Voda (Slovakia) and housed 

five per cage under standard conditions with food and water ad libitum and a 12 h light/12 h 

dark cycle. The experimental protocol was approved by the Ethics Committee of Centre of 

Experimental Medicine of The Slovak Academy of Sciences (authorization n. 3144/16-221/3) 

and by the Slovak State Veterinary and Food Administration in accordance with the European 

Convention for the Protection of Vertebrate Animals Used for Experimental and Other 

Scientific Purposes. The study was in accordance with Slovak legislation. 

 

2.1.1. Induction of Adjuvant Arthritis 

Adjuvant arthritis (AA) was induced to male Lewis rats weighing 160-180 g by a single 

intradermal injection of 0.1 mL suspension of heat-inactivated Mycobacterium butyricum 

(Difco Laboratories, Detroit, MI, USA) in incomplete Freund’s adjuvant at the base of the tail 

as previously reported [8]. 

 

2.1.2. Experimental Design and Treatments 
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Rats were randomized into six groups. The experimental design included: healthy animals 

(HC); HC administered with GS (kindly provided by Indena, Italy; data on Greenselect® 

composition can be retrieved from https://www.indena.com) in an oral daily dose of 200 

mg/kg b.w. (HC-GS); arthritic-induced animals (AA); AA rats administered with GS in oral 

daily dose of 200 mg/kg b.w. (AA-GS); AA rats administered with MTX in oral daily dose of 

0.3 mg/kg b.w. twice a week (AA-M); AA rats administered with a combination of GS and 

MTX (GS+MTX). All treatments lasted 28 days and included eight animals per group. GS 

and MTX were administered by oral gavage on day 14, blood samples were taken from eye 

retro-orbital plexus under Zoletil®/xylazine anesthesia. On day 28, the animals were sacrificed 

under the same anaesthesia and blood for plasma preparation was withdrawn from each rat 

along with the different tissues (liver, spleen, joint and lung) employed for the subsequent 

analyses. All samples were stored at -80°C until biochemical analyses. The selected oral dose 

of GS was considered to be safe based on previous toxicity studies [9, 10]. 

 

2.1.3. Change of body weight 

Change of body weight (g) was measured on days 1, 14, 21 and 28 and calculated as the 

difference of the body mass determined on days 14, 21 and 28 and the body weight measured 

at the beginning of the experiment (day 1). 

 

2.1.4. Arthritic score 

The arthritic score was measured as the total score of hind paw volume (mL; max. points 8) 

plus paw diameter of forelimb (mm, max. points 5) plus diameter of scab in the site of M. 

butyricum application, measured in parallel with the spinal column (mm, max. points 5) for 

each animal [11]. 

 



 
 

7 

 

2.2. In vitro assays 

2.2.1. Markers of inflammation and total antioxidant status in plasma 

Plasma interleukin-17 (IL-17) and monocyte chemotactic protein-1 (MCP-1) levels were 

measured as inflammatory markers using ELISA kits from R&D Systems Quantikine® 

(Minneapolis, MN, USA) and eBioscience® (Waltham, MA, USA), respectively. The assay 

procedures were as reported by the manufacturers’ instructions. 

The total antioxidant capacity was measured in the plasma of rats treated as indicated above 

employing the ABTS (2,20-azinobis(3-ethylbenz-thiazoline-6-sulfonic acid)) (Sigma-Aldrich, 

Milan, Italy) radical cation decolorization, essentially as previously reported [12] with few 

modifications. Briefly, 5 L of plasma were added to 200 L of acetate buffer pH 5.8 before 

the addition of 5 L of ABTS radical solution. After 5 min of incubation at room temperature, 

absorbance at 660 nm was measured and values expressed as micromolar equivalent of 

ascorbic acid, an antioxidant present in the plasma [12]. 

 

2.2.2. Relative mRNA expression by quantitative RT-PCR 

Relative mRNA expressions of iNOS (inducible nitric oxide synthase) was analysed by 

qPCR. Total RNA was extracted from the livers of rats treated as reported above at day 28 

using RNAzol RT (Sigma-Aldrich) and reverse transcribed using the PrimeScript RT Reagent 

Kit (Takara) following the manufacturer´s guidelines. Amplification and detection of cDNA 

of target and reference genes were performed in triplicates using HOT FIREPol EvaGreenR 

qPCR Mix Plus (ROX) (Solis Biodyne) on a 7300 Real-Time PCR System (Applied 

Biosystems). Primer sequences were: iNOS Fw:5´-AAAACCCCAGGTGCTATTCCC-3´, 

iNOS Rev: 5´-GTGGTGAAGGGTGTCGTGAA-3´, β-actin Fw: 5´-

TCAAGATCATTGCTCCTCCTG-3´, β-actin Rev: 5´-AGGGTGTAAAACGCAGCTCA-3´. 

Relative mRNA expressions of iNOS was analysed using the ∆∆Ct value method. β-Actin 
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was used as a reference gene. PCR products were evaluated by melting curve analysis to 

confirm the specific amplification. The sequences of the primers were designed and checked 

using Primer3 and Oligo Analyzer 1.0.3. 

 

2.2.3. Immunoblot analysis of heme oxygenase-1 (HO-1) 

Protein samples from joint and lung homogenates were resolved on a 10% SDS-

polyacrylamide gel and transferred onto nitrocellulose membrane (Whatman GmbH, Dassel, 

Germany), as previously reported [12]. Immunoblots were performed using primary 

antibodies for HO-1 (1:1000; Abcam, Cambridge, UK) and β-actin (Thermo Fisher Scientific, 

Monza, Italy) was used as loading control. Immunodetected proteins were visualized using 

ECL kit (BioRad, Hercules, CA, USA). 

 

2.2.4. Activity of cellular γ-glutamyltransferase in spleen tissue 

The activity of cellular γ-glutamyltransferase (GGT) in spleen tissue homogenates was 

measured as previously reported [13]. Samples were homogenized in a buffer (2.6 mM 

NaH2PO4, 50 mM Na2HPO4, 15 mM EDTA, and 68 mM NaCl; pH 8.1) at 1:9 (w/v) by 

UltraTurax TP 18/10 (Janke & Kunkel, Germany) for 1 min at 0°C. Substrates (8.7 mM γ-

glutamyl-p-nitroanilide, 44 mM methionine) were added to 65% isopropyl alcohol to final 

concentrations of 2.5 mM and 12.6 mM, respectively. After incubation for 60 min at 37°C, the 

reaction was stopped with 2.3 mL of cold methanol and the tubes were centrifuged for 20 min 

at 5000 rpm. Absorbance of supernatant was measured in a Specord 40 spectrophotometer 

(Analytic Jena AG) in a 0.5 cm cuvette at 406 nm. Reaction mixtures in the absence of either 

substrate or acceptor were used as reference samples. 

 

2.3. Statistical analysis 
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Mean and S.E.M. values were calculated for each parameter in each group (seven to eight 

animals/group). Statistically significant differences among treated, untreated, and control 

groups were tested using parametric Analysis of Variance (ANOVA). Post hoc tests (Tukey-

Kramer (ANOVA)) were applied in situations where differences among groups were 

significant at the level of significance α = 0.05. After post hoc testing, the following 

significance levels were specified: extremely significant (P < 0.001), highly significant (P < 

0.01), significant (P < 0.05), and not significant (P > 0.05). Data reported for the AA group 

were compared to those measured in the HC group (*); data from the AA-M and AA-GS-M 

groups were compared with those measured in the AA group (+ and #, respectively).  

 

3. Results 

 

3.1. Effects of GS, MTX and their combination on body mass and arthritic score 

During the AA development, body weight of untreated AA animals significantly decreased, as 

expected, from day 14 to day 28 (Fig. 1). The GS treatment in control rats showed a trend of 

body weight reduction, although not significant. Differently than GS, MTX rescued 

significantly the loss of weight in the AA group on days 21 and 28. Unexpectedly, at the same 

time points, the addition of GS to MTX treatment abolished the positive effect on rat body 

weight caused by MTX in the AA group (Fig. 1).  

The arthritic score showed the expected increase in the AA group during the entire duration of 

the treatment which was not influenced by the treatment with GS. MTX and GS+MTX 

significantly ameliorated this parameter, although the combined treatment was less efficient in 

decreasing the arthritic score points respect to MTX single treatment (Fig. 2). 

 

3.2. Effect of GS, MTX and their combination on inflammatory markers 
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The induction of AA significantly increased the plasma levels of MCP-1 on days 14 and 28. 

On day 14, the administration of both GS and MTX in monotherapy was without significant 

effects, but their combination significantly decreased the level of MCP-1 when compared to 

the AA and AA-MTX groups (Fig. 3A). On day 28, administration of GS, MTX and their 

association significantly reduced the MCP-1 levels when compared to untreated AA animals. 

Moreover, combination of GS+MTX was more effective than MTX single treatment in 

reducing plasma MCP-1 concentration (Fig. 3A). 

On day 14, IL-17 concentration followed the same increasing trend than MCP-1 in the AA 

group. The administration of GS indicated a potential beneficial effect, although not 

significant, while MTX in monotreatment and in combination with GS significantly decreased 

the plasma levels of IL-17 when compared to the AA group (Fig. 3B). However, this effect 

was clearly due to MTX rather than to its association with GS. On day 28, the concentration 

of IL-17 strongly decreased (about 3-fold) compared to the previous time-point and the 

treatment with MTX and/or GS was ineffective (Fig. 3B). 

 

3.3. Effect of GS, MTX and their combination on biochemical markers 

3.3.1. Expression of iNOS mRNA 

iNOS is expressed in response to pro-inflammatory stimuli and produces NO as a defence 

response. The associated overexpression of iNOS mRNA has been described in several 

pathophysiological conditions, including rheumatoid arthritis [14]. Therefore, we verify the 

capacity of GS, in association with MTX, to modulate the levels of iNOS mRNA in our 

experimental model, since we previously measured iNOS increase in liver of 28 days AA rats 

[15]. Administration of GS, MTX and their combination significantly reduced the expression 

of iNOS mRNA when compared to the AA group of animals (Fig. 4A), but also in this case, 

the efficacy of GS in the AA-GS-M group was negligible.  
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3.3.2. GGT activity 

GGT is localized in several human tissues and its increase has been detected in active immune 

cells, hypothesizing an involvement of GGT in the immune responses. Since lymphocytes 

accumulate in the RA synovium, GGT can be implicated in inflamed synovium and arthritis-

related osteolysis. In fact, expression of GG has been detected in joints of patients with RA 

and in animal model of collagen-induced arthritis [16]. Based on these evidence, GGT activity 

in the spleens of AA rats resulted about 3-fold higher compared to HC group (Fig. 5). 

Administration of GS, MTX and their combination significantly decreased the enzymatic 

activity compared to the AA group with the MTX treatment that resulted the most effective, 

independently from the presence of GS (Fig. 4B). 

 

3.3.3. Expression of HO-1 

Given that HO-1 shows antioxidant properties and is a key therapeutic target of inhibition of 

inflammation, we investigated the effect of GTE on HO-1 protein levels in lung and joint of 

AA rats. As depicted in Fig. 4C, in the AA group, the expression of HO-1 protein in lung 

tissue was significantly decreased, suggesting a lowering of antioxidant defences. Only MTX 

in monotherapy significantly increased the expression of HO-1 to control value. Neither GS 

nor combination with MTX treatment were able to affect the decreased expression of HO-1 in 

the AA group. Expression of HO-1 in joint tissue was unaffected by AA and administration of 

substances studied (data not shown). Thus, GS failed to exert a protective effect in both lung 

and join from AA animals. 

 

3.4. GS effect on plasma antioxidant power 
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We measured the antioxidant capacity in plasma of AA rats following GS and MTX 

treatments using the colorimetric ABTS assay. As reported in Fig. 4D, GS decreased the 

plasma antioxidant power in control group (HC-GS) of about 20%, suggesting its potential 

and unpredicted pro-oxidant activity. A comparable decrease (33%) was measured in the AA 

group, as expected. The treatment with MTX further decreased the plasma antioxidant power 

in AA rats, lowering it of about 25% (comparing AA vs AA-M groups). The treatment with 

GS in AA and AA-M groups failed to ameliorate the antioxidant response. In fact, in the 

former (AA-GS group), no significant improvement compared to AA rats was obtained in the 

plasma antioxidant power by GS treatment. Similarly, the slight increase in the antioxidant 

power observed in AA-GS-M group respect to the AA-M one was statistically not significant 

and, in any case, remained significantly lower if compared to the AA group. 

Overall, these data suggest that GS failed to behave as an antioxidant mixture, ameliorating 

the antioxidant capacity in the plasma of arthritic rats and counteracting the oxidative stress 

associated to AA induction. On the opposite, and unexpectedly, healthy animals treated with 

GS showed a lower antioxidant capacity compared to controls (HC) confirming the pro-

oxidant trend of GS treatment (Fig. 4D). 

 

4. Discussion 

Various disease‐modifying anti‐rheumatic drugs (DMARDs) were developed in the last years 

for the treatment of  RA [17]. Biological treatments, such as etanercept and infliximab, are a 

newer form of treatment for RA, but the high cost and the need of repeated injections 

inhibited their widespread use. Thus, conventional DMARDs such as MTX have been 

continued to be used in clinical setting [18, 19]. MTX became the most frequently used 

DMARD in the therapy of RA, but its administration is limited being sometimes ineffective 

and for the presence of manifold adverse effects [20-22]. 
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In this scenario, alternative treatment with herbal products, like green tea polyphenols, have 

been proposed [3, 23, 24]. Green tea is a very popular beverage consumed daily worldwide 

and green tea extracts are often used in different dietary supplements. Very recently, a large 

cohort study, which included 733 RA patients, demonstrated that subjects consuming higher 

amount of tea (>750 mL/day) were associated with lower RA disease activity, suggesting the 

potential beneficial effect of tea [25]. However, in a similar study, based on the Women's 

Health Initiative Observational Study cohort (185 women self-reporting validated cases of RA 

observed for 3 years), only a small association between daily caffeinated, non-herbal tea 

consumption and incident RA was observed [26]. 

Similar ambiguous results have been reported for EGCG, one of the main catechins in tea 

extract, that showed beneficial effects in modulating inflammation in animal models of 

experimental arthritis [2, 27] with multiple positive effects on health. However, EGCG, as 

other phenolic compounds, can induce both antioxidant and pro-oxidant effects. If the latter 

can result beneficial in cancer prevention and therapy since they can stimulate endogenous 

antioxidant systems with the consequent induction of apoptosis in cancerous and pre-

cancerous cells [28, 29], the potential harmful effects of pro-oxidant EGCG in inflammatory 

pathologies, such as RA, remains to be determined. 

To investigate if green tea polyphenols could be beneficial per se or ameliorate the 

therapeutic effect of MTX by improving its efficacy and/or reducing its negative side effects, 

we decided to study the efficacy of their co-administration in an experimental model of 

adjuvant arthritis. This animal model shows clinical and pathological features similar to 

human RA and, although it may not reproduce all the features of the human disease, it 

resulted helpful in understanding normal inflammatory and immune responses during RA [30, 

31]. As green tea extract, we employed a standardized and commercially available 
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formulation of decaffeinated green tea (GreenSelect®, from Indena, Italy) which contains > 

35% of EGCG equivalents.  

In our study, combination of GS and MTX treatment in arthritic rats did not produce negative 

effects considering clinical and biochemical parameters (hind paw volume, antioxidative and 

antiinflammatory effect), but the efficacy of MTX was only weakly ameliorated by GS. The 

time course analysis of basic arthritic parameters (change of body weight and arthritic score) 

indicates that GS gradually decreased the effectiveness of MTX. Similar effect of high tea 

consumption has been found in Iraqi patients affected by and treated with MTX. Tea 

consumption was positively correlated with swelling joint count [32]. This effect can be 

partially explained evoking the inhibition of EGCG and other tea catechins on PCFT [7, 33, 

34]. Shortly, MTX is transported into cells by PCFT with a Km of about 5 M and PCFT-

mediated folic acid uptake is competitively inibited by EGCG (Ki = 9 M). Therefore, it has 

been suggested that absorption of MTX can be strongly reduced by consumption of green or 

black tea [7]. Other phenolic compounds, such as myricetin and isoxanthohumol showed 

similar inhibitory effects on folic acid and MTX uptake [34]. 

Our data are largely in agreement with a previous work that explored the combination therapy 

of MTX and EGCG in the same rat model of AA [35]. Although the authors measured 

different markers of antiarthritic effect, antioxidant and anti-inflammatory responses, they 

concluded that the treatment with EGCG (100 mg/kg/die for 28 days) ameliorated arthritis 

progression although not at the same extent of MTX and provided pronounced anti-

inflammatory and immunomodulatory activity against immune suppressive properties of 

MTX. Roy et al. showed that the combination of EGCG and MTX improved several of the 

biological parameters investigate compared to the single treatments, although it was not easy 

to determine if these effects were synergic or only partially additive [35]. Differently than us, 

the authors commented that administration of MTX and EGCG was more effectively than did 
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MTX in suppressing arthritic progression in rats. This discrepancy between the two works can 

be attributed to the different source of EGCG employed (pure compound vs enriched extract). 

It is possible that the presence in GS of other catechins and polyphenol families could be 

responsible for the different responses of the combined treatments. Finally, an important 

measurement, such as changes in body weight, that could help to better compare the two 

works was not determined in the Roy et al. paper. 

Despite this interference of green tea extract on MTX uptake and effects evidenced in the 

present work, GS administration in combination with MTX was associated with interesting 

outcomes in terms of anti-inflammatory response in the rat model of AA. We investigated the 

effect of GS on IL‐17, a pro‐inflammatory cytokine secreted by activated memory CD4+ T 

cells and on MCP-1, a potent chemotactic agent for monocytes/macrophages, both found to be 

elevated in RA. IL‐17 contributes to the inflammation pathogenesis in RA; in fact, studies 

from osteoarthritis and skin fibroblasts showed that IL‐17 enhanced the effect of IL‐1β and 

TNF‐α on the production of IL‐6 and IL‐8 [36, 37]. In parallel, in a mice model of 

autoimmune arthritis, EGCG attenuated the arthritic symptoms by inhibition of STAT3 and 

HIF-1α pathway with Th17/Treg control [38]. In the present work, we demonstrated that GS 

tended to counteract the increase of IL-17 in AA rats, although its effect was not statically 

significant, and persisted in the presence of MTX (Fig. 3B). The IL-17 response to GS and 

MTX was transient since it was present at day 14, but disappeared at day 28. More interesting 

the results of GS administration on the plasma levels of MCP-1 that were significantly 

reduced (Fig. 3A). MCP‐1 is mainly produced locally by activated cells, where it may 

exacerbate and sustain inflammation by attracting pro‐inflammatory leukocytes, 

predominantly monocytes [39]. Similarly to our study, in a mouse collagen induced arthritis 

model, EGCG (20 mg/kg, intraperitoneally) caused a reduction in the amount MCP-1 

produced in osteoblasts [40]. It is worthwhile to note that the combined administration of 
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GS+MTX was associated with a significant improvement of MCP-1 plasma concentration for 

the entire length of the treatment, while, at least at day 14, the single treatments were 

ineffective in AA rats (Fig. 3A).  

Liver has been shown to play a critical role in modulating the immune response in chronic 

inflammatory diseases, including RA [41]. Expression of iNOS is under control of numerous 

pro-inflammatory pathways involved in RA pathogenesis: nuclear factor κB (NF-κB), 

mitogen activated protein kinases (MAPKs) and Janus kinases/signal transducers and 

activators of transcription (JAK/STAT1/3) [42, 43]. EGCG was effective in the inhibition of 

NF-κB activity with the consequent decreased expression of iNOS and reduced formation of 

NO-generated ROS [44, 45]. According to these previous observations, we reported that GS 

monotreatment in AA rats significantly inhibited iNOS mRNA although in a less extent 

compared to MTX (Fig. 4A). A very similar trend was observed for GGT enzymatic activity 

(Fig. 4B). Although it is well established that the main GGT is related to GSH homeostasis 

and its main function is the cleavage of GSH and GSH-S-conjugates, new roles have been 

attributed to GGT as a bone-resorbing factor that stimulates osteoclast formation and 

accumulates at the inflammation region [16]. Neutralizing antibodies against GGT had 

therapeutic effect on joint destruction in a collagen-induced arthritis in mice [14]. Our results 

showed that GS significantly reduced the activity of GGT in spleen of AA rats although, also 

for GGT activity, MTX in monotherapy was more effective than MTX+GS and GS alone. On 

the other hand, we found no significant changes in GGT activity by administration of GS in 

joint homogenates (unpublished results). 

Since HO-1 is a cytoprotective enzyme activated by various phytochemicals and we 

previously demonstrated that quercetin was able to restore its decreased expression in lung 

and joint of AA rats [12], we investigated the ability of GS to increase HO-1 expression in the 

same tissues. In our model, levels of HO-1 decreased in the lung of AA rats and MTX was 
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able to restore the expression of lung HO-1 to control levels (Fig. 4C). However, GS 

treatment failed to upregulate HO-1 expression in lung tissue, do not showing any protective 

effect. Moreover, no significant changes were detected in joint (data not shown). This is in 

contrast with data reported in literature. In fact, in a collagen-induced arthritis model, it was 

reported that EGCG-fed mice showed in joint homogenates increased levels of HO-1 

compared with PBS-fed mice [46]. Beside the different animal model, the reason for this 

different response may be related to the different doses of tea catechins employed in these 

studies. 

Surprisingly, GS failed to increase the plasma antioxidant power in the animal control group 

(see HC-GS bar in Fig. 4D), but, on the opposite, GS decreased it. This is in contrast with the 

effect of other “antioxidant” phenolic compounds, e.g. quercetin, that, in the same 

experimental model, showed an opposite effect. In fact, quercetin not only increased the 

plasma antioxidant capacity in control rats, but also rescued to the basal levels the oxidative 

stress induced in AA animals [12]. This contradictory behavior can be explained evoking the 

pro-/antioxidant effect of green tea polyphenols mentioned above although several doubts 

remain. In fact, it is well established that EGCG (as well as other polyphenols) can auto-

oxidize producing hydrogen peroxide and SOD and catalase can abolish some cellular 

activities of EGCG by inhibiting its auto-oxidation and dimerization [47]. However, it is not 

always simple to match these observations with the concept that a bland pro-oxidant effect of 

polyphenols can stimulate the endogenous antioxidant systems protecting normal tissues from 

more harmful insults, including carcinogens [28]. Of course, key issues regard not only the 

chemical structures of the different compounds, but also their bioavailability and 

biotransformation, and, overall, the doses applied and the time of treatment, e.g. high vs low 

and acute vs chronic treatment. As an example, a recent paper reported that, in the pristane-

induced arthritis rat model, arthritic symptoms were considerably diminished both in the acute 
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and in the chronic phase of the disease by long term oral application of EGCG administered at 

a daily dose comparable to the one employed in the present study (about 100–160/kg) [48]. 

The therapeutic effect of EGCG were superimposable to the treatment with MTX used as 

positive control. Unfortunately, that work did not include a combined treatment. 

Finally, we cannot exclude (indeed, it is very likely) that the biological activities of green tea 

extracts reside behind their pro-/antioxidant properties and it is related to alternative 

molecular mechanisms of action (regulation of signal transduction pathways, transcription 

factors, DNA methylation, mitochondrial function, autophagy, etc.) (reviewed in [47]). 

 

5. Conclusions 

It has been mostly proven that green tea polyphenols in monotherapy can exert anti-

inflammatory and anti-arthritic effects. However, its pharmacodynamic interaction with MTX 

must be carefully considered before suggesting a combined treatment. Although sufficient 

dosage of GS to inhibit MTX activity in humans is not determined, RA patients should be 

informed about possible negative effect of drinking green tea or taking supplements 

containing green tea extracts during MTX therapy. More research is needed to establish the 

safe dose of green tea cups per day for patients treated with MTX. 
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Figure Legends 

 

Fig. 1. Effects of GS and MTX (M) in monotherapy and in combination on the progression of 

AA measured as changes in the body weight. Values are expressed as mean±S.E.M. Statistical 

significance was evaluated applying ANOVA for independent variables: *** P < 0.001 with 

respect to HC; +++ P < 0.001 with respect to AA group and ### P < 0.001 with respect to 

AA-M group. 

 

Fig. 2. Effects of GS and MTX (M) in monotherapy and in combination on the progression of 

AA measured as arthritic score. Values are expressed as mean±S.E.M. Statistical significance 

was evaluated applying ANOVA for independent variables: ***P < 0.001 with respect to the 

HC group; ++P < 0.01 and +++P < 0.001 with respect to the AA group, and ###P < 0.001 

with respect to the AA-M group. 

 

Fig. 3. Effects of GS and MTX (M) on plasma MCP-1 (A) and IL-17 (B) concentrations. 

Values are expressed as mean±S.E.M. Statistical significance was evaluated applying 

ANOVA for independent variables: ***P < 0.001 with respect to the HC group; +++P < 

0.001 with respect to the AA group and ##P < 0.01 and # P < 0.05  with respect to the AA-M 

group. 

 

Fig. 4. Effect of GS and MTX (M) and their combination on several biochemical markers. (A) 

Expression of iNOS mRNA in liver homogenates. (B) GGT activity in spleen homogenate. 

(C) Expression of HO-1 in lung homogenates. The contents of HO-1 were detected on day 28 

by immunoblot, as reported in Methods. (D) Effect on plasma antioxidant activity. The total 

antioxidant capacity in the plasma of treated rats was measured as reported in Methods by 



 
 

28 

 

means of the ABTS assay. Values are expressed as mean±S.E.M. Statistical significance was 

evaluated applying ANOVA for independent variables: *P < 0.05 and ***P < 0.001 with 

respect to the HC group; +P < 0.05, ++P < 0.01 and +++P < 0.001 with respect to the AA 

group.  


