


Abstract

     Recently, progress has been made to utilize the matrix metalloproteinase inhibitory properties of some drugs for developing anti-inflammatory drugs that are efficacious and relatively free of side effects, and can be used effectively for a long time. The present study was designed to evaluate the dose-response relationship of the anti-inflammatory activity of doxycycline in experimental animal models of chronic inflammation and compared to that produced by the standard drugs dexamethazone and methotrexate. Seventy two rats were allocated into nine groups, each containing 8 rats, for the study of the anti-inflammatory activity of doxycycline in experimental animal model of formaldehyde-induced chronic inflammation; another 16 rats were used, and allocated into two groups, each containing 8 rats, for the study of the anti-inflammatory activity of (doxycycline 2.5 mg/kg) when used in combination with dexamethasone or methotrexate. The result of the present study reported that doxycycline in the dose range of (0.1, 0.2. 0.4, 0.6, 1.2, 2.5 mg/kg)    significantly suppress inflammation in experimental animal model of formaldehyde induced chronic inflammation. Combination of doxycycline with dexamethasone (1 mg/kg body weight) significantly suppresses inflammation which was higher than all of the effects produced by other approaches of treatment. In conclusion, doxycycline, in a dose dependent pattern, was effective in attenuating formaldehyde-induced chronic inflammation in rats and has the ability to potentiate the anti-inflammatory activity of dexamethasone and methotrexate.
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الخلاصة
لقد حصل تقدم هام لتطوير أدوية فعالة مضادة للالتهاب باستعمال الخصائص المثبطة للبروتيناز الفلزي للقالب البين خلوي لبعض الأدوية خالية من الآثار الجانبية نسبياً، يمكن استعمالها بصورة فعالة لفترة طويلة، صممت هذه الدراسة لتقييم العلاقة بين الجرعة و الاستجابة للفعالية المضادة للالتهاب لمادة الدوكسيسيكلين في النماذج الحيوانية التجريبية للالتهاب المزمن مع مقارنتها بالفعالية المضادة للالتهاب لمادتي الديكساميثازون والميثوتريكسيت و التي استخدمت كأدوية قياسية، وتقييم الفعالية المضادة للالتهاب للأدوية القياسية عند إعطائها مؤتلفة مع مادة الدوكسيسيكلين. تم استخدام  72 جرذ مختبري قسمت إلى 9 مجموعات ، كل مجموعة تحتوي على 8 جرذان لدراسة الفعالية المضادة للالتهاب لمادة الدوكسيسيكلين والمركبات القياسية في النموذج التجريبي للالتهاب المزمن المستحدث بمادة الفورمالديهايد. تم استخدام  16 جرذ مختبري قسمت إلى مجموعتين، كل مجموعة تحتوي على 8 جرذان لدراسة الفعالية المضادة للالتهاب لمادة الدوكسيسيكلين( 2.5ملغم/كغم)عند إعطائها مع مادتي الديكساميثازون اوالميثوتريكسيت. بينت نتائج هذه الدراسة ان الجرع المستخدمة لمادة الدوكسيسيكلين(2.5, 1.2, 0.6, 0.4, 0.2, 0.1 ملغم/كغم) قد أحدثت تأثيرا ذا فرق معنوي في كبت الالتهاب في النموذج الحيواني التجريبي للالتهاب المزمن المستحدث بمادة الفورمالديهايد، كما بينت الدراسة انه عند إعطاء مادة الدوكسيسيكلين(2.5ملغم/كغم) مؤتلفة مع مادة الديكساميثازون (1.0ملغم/كغم) تعطي فعالية ذات فرق معنوي في كبت الالتهاب في النموذج الحيواني التجريبي للالتهاب المزمن المستحدث بمادة الفورمالديهايد بصورة أعلى من التأثيرات المنتجة بواسطة الطرق الاخرى للعلاج. ويمكن الاستنتاج من نتائج الدراسة بان مادة الدوكسيسيكلين تعمل وفق نموذج ارتباط الجرعة بالفعالية في تقليل لالتهاب المزمن المستحدث بمادة الفورمالديهايد في الجرذان، كما إن لها القابلية على تقوية الفعالية المضادة للالتهاب لمادتي الديكساميثازون والميثوتريكسيت.
ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ

Introduction

     Tetracyclines are indicated for the use as adjunctive therapy in infections with severe inflammatory manifestations like acne; doxycycline and minocycline are the most commonly prescribed[1]. Doxycycline treatment at doses of 100-200 mg/kg has been shown to reduce the number and severity of inflammatory lesions[2]. However, these anti-microbial doses are often associated with the emergence of resistant bacteria[3], and adverse effects such as Gram-negative folliculitis, vaginal candidiasis, gastrointestinal upsets and dose-related phototoxic effects[4], sequalae that adversely influence the use of these doses in treatment of such type of infections. With emerging evidence suggesting that tetracycline family members can function as matrix metalloproteinase (MMP) inhibitors, there is a renewed interest in studying tetracycline analogues, such as doxycycline, minocycline and especially non-antimicrobial tetracycline analogues[5]. Application of the anti-MMP properties of tetracycline family members has extended into multiple medical fields, such as neurological diseases, in inflammatory diseases and tumor metastases[6]. Doxycycline has known as being a safe drug, and it is the only FDA approved MMP inhibitor for the treatment of periodentitis[7]. Moreover, it has been reported that doxycycline exerts an anti-angiogenesis effect independent of being an MMP inhibitor[8]. The present study was designed to evaluate the dose-response relationship of the anti-inflammatory activity of doxycycline in animal models of chronic inflammation.

Materials and Methods

Animals’ selection

     Eighty eight Sprague-Dawley rats weighing 180-240 gm of both sexes were brought from the animal house of the College of Pharmacy/University of Baghdad. The animals were maintained there on normal conditions of temperature, humidity and light/dark cycle. They were fed standard rodent pellet diet and have free access to water except when starvation needed during the investigations. The research protocol was approved by the Ethic Committee for Animal Care and Experiments at the College of Pharmacy, University of Baghdad. 
Preparation of Doxycycline solution

     Doxycycline hydrochloride powder (SDI, Iraq) was dissolved in distilled water to produce solution with concentration of 0.5mg/ml, which is utilized as a standard solution for the preparation of the doses used in the study.
Study design

      The study protocol were divided into 2 stages: First stage, in which 72 rats were used, and allocated into nine groups, each containing 8 rats, for the study of the anti-inflammatory activity of doxycycline in experimental animal model of formaldehyde-induced chronic inflammation. These groups represent control, standard drugs and test drug groups. Second stage, includes 16 rats allocated into two groups for the study of the anti-inflammatory activity of the maximum effective dose of doxycycline when used in combination with the standard anti-inflammatory agents, dexamethasone (American regent Inc. USA) and methotrexate (Ebewe Pharma, KG, Austria) in experimental animal model of formaldehyde-induced chronic inflammation.

Formaldehyde-induced chronic inflammation 

     The effect of doxycycline in chronic inflammation was evaluated by formaldehyde-induced paw edema[9]. In this model, chronic inflammation was induced by injecting 0.1ml of 2% formaldehyde into the sub planter area of the right hind paw of ether anaesthetized rat. All drugs including doxycycline (0.1, 0.2, 0.4, 0.6, 1.2, and 2.5 mg/kg), dexamethasone 1 mg/kg and methotrexate  0.075 mg/kg, in addition to the vehicle normal saline (0.1 ml/100 gm) which is given to the control group, were given 30 minutes prior to formaldehyde injection and continued for seven consecutive days. All drugs and the vehicle were given as once daily intraperitoneal doses.
      In this model, the increase in paw edema was measured by the vernier caliper method. The paw thickness was measured before and 6 days after induction of inflammation, and presented as mean increase in paw thickness (mm)[10].
     The ability of the anti-inflammatory drug to suppress paw inflammation was expressed as a percentage of inhibition of paw edema and calculated according to the following equation[11]: 
Percentage of inhibition (%) = (1 - X / Y) × 100 
Where X= mean increase in paw thickness of treated group of rats and Y= mean increase in paw thickness of control group of rats. 

All the results were expressed as mean±SD. The data were analyzed by using computerized SPSS program. The significance of difference among the studied groups was determined using one-way analysis of variance (ANOVA). P values less than 0.05 are considered significant.  
Results

     Using vernier caliper method, the suppressive effects of different doses of doxycycline, when used alone, and in combination with standard anti-inflammatory agents (dexamethasone and methotrexate) on formaldehyde-induced chronic inflammation were shown in table 1 and figure 1.

    All doxycycline doses (0.1, 0.2, 0.4, 0.6, 1.2, and 2.5 mg/kg body weight) significantly reduced the increase in paw thickness (in a dose-dependent pattern) compared to control group, with maximum effect produced by 1.2 mg/kg (31%) and 2.5 mg/kg (32.8%) respectively, where both are not significantly different when compared with each other. Meanwhile, both 1 mg/kg dexamethasone and 0.075 mg/kg methotrexate significantly inhibited the increase in paw thickness compared to controls, with maximum effect produced by dexamethasone (36.4%).  Doxycycline (2.5 mg/kg body weight) in combination with  dexamethasone (1 mg/kg body weight) resulted in 39.0% inhibition in paw thickness, which was significantly higher than all of the effects produced by others; while doxycycline ( 2.5 mg/kg body weight) in combination with methotrexate (0.075 mg/kg body weight) resulted in 35.5% inhibition in paw thickness, an effect comparable to that produced by dexamethasone alone and significantly higher than the effects produced by other approaches of treatment. In figure 2, the dose-response relationship for the anti-inflammatory activity of doxycycline was found to be relatively linear within the dose ranges utilized in the study, with best linearity between 0.1–1.2 mg/kg.  

Discussion 

     Pioneering work done by Gloub et al, (1983) with minocycline[12] and other chemically modified tetracyclines[13] led to the discovery that these compounds could inhibit matrix metalloproteinases (MMPs) and down regulate connective tissue destruction in inflammatory diseases independent of their anti-microbial activity(14). In the present study, the dose-dependent anti-inflammatory activity of doxycycline in chronic model of inflammation is quite evident, and found to be comparable with those reported previously, where different doses of the drug produced different levels of interference with the inflammatory cascades[15,16]; this anti-inflammatory activity may be due to inhibition of IL-6, IL-1β and TNF-α, inflammatory cytokines up-regulated in response to inflammatory challenge; in turn, this inhibits the inflammatory pathway that leads to further recruitment of cellular components, such as neutrophils and their proteolytic enzymes like collagenase and matrix metalloproteinase-8[17,18].  Doxycycline doses used in the present study are much more less than those required for antibacterial activity, because the MMP-inhibition, supposed to be involved in the anti-inflammatory activity of doxycycline, can occur within concentration ranges below that required therapeutically for the treatment of bacterial infections[19], which makes it a very attractive agent for further examinations as a potential adjuvant treatment for chronic inflammations. Our observation of doxycycline's dose-dependent effect in chronic model of inflammation is considered as a first evidence for the potential role of this antibacterial agent in the treatment of many inflammatory disorders, suggesting that it may be a promising anti-inflammatory agent in many chronic inflammatory diseases like rheumatoid arthritis. Doxycycline is considered as a non-specific MMP inhibitor, although this dose-response relationship was not correlated with its effect on MMPs (especially on MMP-9), it has been reported that doxycycline inhibits TGF-β1-induced MMP-9 expression via smad and MAPK pathways in human corneal epithelial cells[8]. Based on the currently used model, although there was no significant difference among some groups, utilization of a more sensitive biochemical or enzymological techniques (including the MMP activity and the serum level of the inflammatory mediators like TNF-α, IL-1β, and IL-6) may give more evidence in this respect. With emerging evidence suggesting that tetracycline family members can function as MMP inhibitors, there is a renewed interest in studying tetracycline analogues, such as doxycycline, minocycline, and especially non-antimicrobial tetracycline analogs. The anti-MMP properties of tetracycline family members has extended into multiple medical fields, such as neurological diseases, inflammatory diseases and tumor metastases[6]. Moreover, these results supported our proposal in using a combination of doxycycline with corticosteroids or NSAIDs as adjuvant therapy for resistant cases of chronic inflammatory disorders like RA, or for reducing the dose of corticosteroids or NSAIDs to decrease the chance of side effect production when used in combination with doxycycline. In conclusion, doxycycline in a dose-dependent pattern produced anti-inflammatory activity in experimental model of chronic inflammation in rats.

Acknowledgment 

This article was abstracted from a thesis submitted to the department of Pharmacology and Toxicology. The authors gratefully thank College of Pharmacy, University of Baghdad for supporting this project.     

References

1. Meynadier J, Alirezani M. Systemic antibiotics for acne. Dermatology 1998; 196:135-139.
2. Greenwald RA, Golub LM. Preface: non-antibiotic properties of tetracyclines. Adv Dent Res 1998; 12:1.
3. Leyden J, Levey S. The development of antibiotic resistance in Probiobacterium acnes. Cutis 2001; 67:21-24.
4. Layton AM, Cnliffe WJ. Phototoxic eruptions due to doxycycline: a dose-related phenomenon. Clin Exp Dermatol 1993: 18:425-427.
5. Fife RS, Sledge GW, Sissons S, Zerler B. Effects of tetracyclines on angiogenesis in vitro. Cancer Lett 2000; 153:75-78.
6. Smilack JD. The tetracyclines. Myo Clin Proc 1999; 74:727-729.
7. Dove A. MMP inhibitors: glimmers of hope amidst clinical features. Nat Med 2002; 8:95-98.
8. Kim HS, Luo L, Pflugfelder SC, Li DQ. Doxycycline inhibits TGF-β1-induced MMP-9 via smad and MAPK pathways in human corneal epithelial cells. Invest Ophthalmol Vis Sci 2005; 46:840-848.
9. Chau TT. In: Pharmacological Methods in the Control of Inflammations. Alan R. Liss Inc, New York, 1989, pp. 67-87.
10. Joseph SM, George MC, Nair JR, et al. Effect of feeding cuttlefish liver oil on immune function, inflammatory response and platelet aggregation in rats. Current Sci 2005; 88 (3): 507-510.
11. Duffy JC, Dearden JC, Rostron C. Design, Synthesis and biological testing of a novel series of anti-inflammatory drugs. J Pharm Pharmacol 2001; 53:1505-1514.

12. Gloub LM, Lee HM, Lehrer G, et al. Minocycline reduces gingival collagenolytic activity during diabetes: preliminary observations and proposed new mechanism of action. J Periodent Res 1983; 18:516-526.

13. Gloub LM, McNamara TF, D'Angelo G, et al. Non-antibacterial chemically modified tetracyclines inhibits mammalian collagenase activity. J Dent Res 1987; 66:1310-1314.

14. Gloub LM, Lee HM, Ryan ME, et al. Tetracyclines inhibit connective tissue breakdown by multiple non-antimicrobial mechanisms. Adv Dent Res 1998; 12:12-26.

15. Rolain JM, Mallet MN, Roult D. Correlation between serum doxycycline concentrations and serologic evolution in patients with Coxiella burnetii endocarditis. J Infect Dis 2003; 188:1322-1325. 
16. Liu J, Xiong W, Baca-Regen L, Nagase H, Baxter BT. Mechanism of inhibition of matrix metalloproteinase-2 expression by doxycycline in human aortic smooth muscle cells. J Vasc Surg 2003; 38:1376-1383.
17. Skidmore R, Kovach R, Walker C, Thomas J, Bradshaw M, Leyden J, Powala C, Ashley R. Effects ofsub-antimicrobial dose doxycycline in the treatment of moderate acne. Arch Dermatol 2003; 139:459-464. 
18. Kirkwood KL, Gloub LM, Bradford PG. Non-antimicrobial and antimicrobial tetracyclines inhibit IL-6 expression in murine osteoclasts. Ann N Y Acad Sci 1999; 878: 667-670.

19. Rolain JM, Boulos A, Mallet MN, Raoult D. Correlation between ratio of serum doxycycline concentration to MIC and rapid decline of antibody levels during treatment of Q fever endocarditis. Antimicrob Agents Chemother 2005; 49:2673-2676.

Table 1 Effect of different doses of doxycycline and its combination with dexamethasone or methotrexate on paw thickness and inhibition of paw edema (%) in formaldehyde-induced chronic inflammation in rats.

	Inhibition of paw edema (%)
	Mean increase in paw thickness (mm) after 7 days
	Mean paw thickness (mm) after 7 days
	Mean  paw thickness (mm) at zero time
	Treatment Groups



	ــــ
	3.41 ± 0.04
	7.42 ± 0.05
	4.01± 0.06
	Normal saline 

 (0.1 ml/100gm)

	8.80
	3.11 ± 0.07*a
	7.14 ± 0.06
	4.03 ± 0.08
	Dox  (0.1 mg/kg)

	13.49
	2.95± 0.08*b
	6.88 ± 0.08
	3.93 ± 0.09
	Dox (0.2 mg/kg)

	25.81
	2.53 ± 0.09*c
	6.44 ± 0.09
	3.91± 0.08
	Dox (0.4 mg/kg)

	27.56
	2.47 ± 0.08*c
	6.56 ± 0.08
	4.09 ± 0.07
	Dox (0.6 mg/kg)

	31.09
	2.35 ± 0.06*d
	6.46 ± 0.05
	4.11± 0.07
	Dox (1.2 mg/kg)

	32.84
	2.29 ± 0.08*d
	6.34 ± 0.09
	4.05 ± 0.08
	Dox (2.5 mg/kg)

	39.00
	2.08 ± 0.07*f
	6.16 ± 0.08
	4.08 ± 0.07
	Dox (2.5 mg/kg) + 

Dex   (1mg/kg)

	35.48
	2.20 ± 0.09*e
	6.14 ± 0.09
	3.94 ± 0.07
	Dox (2.5 mg/kg) + MTX (0.075mg/kg)

	36.36
	2.17 ± 0.07*e
	6.19 ± 0.09
	4.02 ± 0.08
	Dex (1mg/kg)

	31.96
	2.32 ± 0.08*d
	6.41± 0.08
	4.09 ± 0.07
	MTX(0.075 mg/kg)


Data were expressed as mean ± SD; number of animals = 8 in each group; *P<0.05 with respect to control group; values with non-identical superscripts (a, b, c, d, e, and f) are considered significantly different (P<0.05).
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Figure 1. Dose-response effect of different doses of doxycycline on inhibition of paw edema (%) in formaldehyde-induced chronic inflammation in rats.
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