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Abstract
The aim of the presented study is to investigate a new promising radiopharmaceutical tracer able to visualize and

differentiate inflammation versus infection in early stages. Radioiodinated tenoxicam (125I-tenoxicam) was prepared and its

radiochemical yield and in vitro stability were assayed. The biodistribution studies were conducted on two different mice

models: sterile inflammation and bacterial infection mice models. 125I-tenoxicam showed high T/NT accumulation in the

inflammatory tissues revealing high selectivity to the inflammatory tissues in contrast to infection bearing mice. The

docking study using CDOCKER protocol for tenoxicam and radioiodinated tenoxicam with COX enzymes was performed

to confirm that radioiodinated tenoxicam still retaining COX enzymes selectivity.
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Introduction

Inflammation is a normal host response that can be evoked

by infection or even aseptic physical injuries. Exaggerated

or sustained inflammation can lead to various human

pathological consequences such as malignancy, autoim-

mune disorders and atherosclerosis [1]. The inflammatory

response involves the production of inflammatory cytoki-

nes, prostaglandins, thromboxanes, leukotrienes and other

oxidized derivatives [2]. These inflammatory mediators

enhance a known sequence: vasodilation followed by high

capillary permeability, accumulation of leukocytes and

phagocytic cells then tissue degeneration leading to fibrosis

[3]. Prostaglandins, as important inflammation mediators,

are arachidonic acid derived autacoids that induce inflam-

matory response. Cyclooxygenase enzyme converts

arachidonic acid into the prostaglandins endoperoxide

precursors [4]. Cyclooxygenase has two main isoforms:

COX-1 and COX-2 homodimers. COX-1 is constitutive in

non-inflammatory cells, whereas COX-2 is more readily

inducible in activated lymphocytes, polymorphonuclear

cells and other inflammatory cells [5]. COX-1 and COX-2

molecular weight are similar, about 70 and 72 kDa,

respectively. Besides, they have 65% amino acid sequence

homology and nearly identical catalytic sites except for

isoleucine substitution at position 523 in COX-1 with

valine in COX-2 [6]. COX isoenzymes are blocked by non-

steroidal anti-inflammatory drugs (NSAIDs) through

competitive inhibition of their active sites by sterically

hindering the entrance of the physiological binder arachi-

donic acid, leading to restrained generation of pro-inflam-

matory thromboxane, prostaglandin, and prostacyclin
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[4, 5]. A long hydrophobic channel representing NSAID

drug binding site shows the cyclooxgenase active site. This

site starts from the membrane binding domain (the lobby)

to the core of the catalytic domain [7–9]. Hereby inflam-

mation-Cox-NSAID triad is an attractive relationship to be

studied in inflammation molecular imaging. Imaging

techniques are emerged in the scintigraphy, including

magnetic resonance imaging (MRI), positron emission

tomography (PET) and single photon emission computed

tomography (SPECT) to visualize and detect different

biological processes inside the human body at the cellular

and molecular levels [10]. Inflammatory foci can be also

visualized in their early process stages when anatomical

changes are not yet apparent [11]. NSAID accumulation in

the inflammatory foci can be a logical leading choice of

NSAID based radiotracer studying aiming for a high target/

non-target ratio’s. The most widely used diagnostic

radiopharmaceuticals for infection imaging are 99mTc-la-

beled leukocytes, 18F-fluorodeoxyglucose (FDG) and gal-

lium-67 (67Ga) citrate that can discriminate the infection

from inflammation foci [12]. The ideal characteristics of an

effective imaging radiopharmaceutical are minimal toxic-

ity, ease of preparation, high specificity and low cost [13].

However, most of the tracers exhibited non-perfect ex vivo

or in vivo findings due to inadequate binding or consider-

ably low inflammation sensitivity such as; 18F-FDG PET of

inflammation may give false-positive results in cancer

patients [1] and [11C] rofecoxib could not detect the

overexpression of COX-2 in rat models of inflammation

[13]. It was reported that 18F-labeled celecoxib showed

high COX-2 inhibitory activity [1, 14–16]. Iodine-125

(125I) is exceptionally reasonable for research examination

due to its potentially high specific activity (NCA) and long

radioactive decay t1/2 (60 days) [17]. Tenoxicam (oxicam

derivatives) plays an important pharmacological role as

NSAID agent (Fig. 1) [16]. Based on these findings, we

suggested radioiodinated tenoxicam as a promising radio-

tracer for inflammation imaging.

Experimental

Materials and equipment

Tenoxicam [C13H11N3O4S2], chloramine-T [ArSO2NClNa

(CAT)], sodium metabisulfite [Na2S2O5], methanol

[C2H6O], and chloroform [CHCl3] were purchased from

Sigma-Aldrich Company, Egypt. Whatman no 1 filter

paper was purchased from Merck Company. Radioactive

iodide (no-carrier added (NCA) Na125I, 3.7 GBq/ml in

0.1 N NaOH) was granted from radioisotope production

facility, Egyptian Atomic Energy Authority, Cairo, Egypt.

A gamma counter (Nucleus Model 2010) connected with a

well type NaI (Tl) crystal was used to measure potential of

nuclear decay. Shimadzu reversed phase-HPLC that con-

sists of pumps LC-9A, Rheodyne injector, UV spec-

trophotometer detector (SPD-6A) operated at a wavelength

of 254 nm and a reversed-phase column (RP-18,

250 9 4.6 mm, 5 lm, Lichrosorb).

Animal model

Animal studies were done according the rules approved by

the Egyptian Atomic Energy Authority (EAEA). Animal

ethics committee also affirmed it. Normal Swiss albino

mice (25–50 g) were brought from Helwan University,

Egypt. They were sheltered in a shack in groups of five.

Radioiodination procedure

Radioiodinated tenoxicam was prepared using NCA-125I in

the presence of CAT that acts as an oxidizing agent.

NCA-125I is exceptionally reasonable for research exami-

nation due to its potentially high specific activity (NCA)

and long radioactive decay t1/2 (60 days). In an amber

colored vial, discernments of tenoxicam (50-1000 lg) were
dissolved in water. At that time, an aqueous solution of

newly synthesized CAT (5–200 lg) was added. Then

100 ll of buffer solutions were used to adjust pH (4–12)

followed by the addition of 10 ll of 125I (7.2 MBq). The

Fig. 1 a The chemical structure

of tenoxicam, b active sites of

COX-1 and COX-2
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reaction mixture was swirled and kept at 25 �C. Sodium
metabisulfite solution (10 mg/ml) was added at various

time points to decompose extra iodine (I2) in order to

suppress the reaction. Different reaction specifications

were optimized to augment the percentage of the radio-

chemical yield [17].

Radiochemical yield assay

Using paper chromatography and HPLC assay methods,

the radiochemical yield of the radioiodinated Tenoxicam

was evaluated.

Paper chromatography

Paper chromatography procedure, using Whatman no. 1

paper strips (1 cm 9 13 cm), was performed. Paper chro-

matography strips were developed with a freshly prepared

mixture of chloroform:methanol (9:1 v/v)where radioiodide
125I Rf is 0–0.1 while the iodocompound (125I-tenoxicam) Rf

is 0.8–1. The proportion of the radioactivity of 125I-tenoxi-

cam represents the percent radiochemical yield of the 125I-

tenoxicam [17, 18].

Hplc

HPLC-analysis of 125I-tenoxicam, as an extra affirmation,

was done using Shimadzu HPLC. The HPLC was operated

at 254 nm using acetonitrile: water (15:85, v/v) at rate of

1 ml/min. Then portions of 0.5 ml were separated distinctly

and counted in a good-type c-scintillation counter. An

HPLC radiochromatogram is presented in Fig. 2 showing

one peak at fraction No. 10 for free radioiodide (I-), while

another peak at fraction No. 28 for 125I-tenoxicam that was

found to match its UV signal at fraction No. 27.

In vitro stability of radioiodinated tenoxicam

The in vitro stability of radioiodinated tenoxicam was

investigated at 25 �C for up to 72 h. Samples of 1–2 ll
reaction mixtures were taken at various time intervals then

their radiochemical yields were measured.

Biodistribution studies

Biodistribution studies of the radioiodinated tenoxicam

were carried out on Swiss albino mice for two mice

models, mice exhibited induced sterile inflammation and

mice exhibited induced septic inflammation.

Sterile inflammation induction in mice

200 ll of sterile turpentine oil was used to induce sterile

inflammation by its intramuscular administration in left

thigh muscle of mice. Two days later, swelling arose

[19–21].

Bacterial infection induction in mice

To attain a pathogen-induced inflammation, we carried out

the following steps: Escherichia coli (E. coli) was used to

acquire focal infection. Individual colonies were intra-

muscularly injected in 200 ll suspension in the left thigh

muscle of mice. Then, the mice were kept for 24 h to get

infective inflammation in thigh [19–21].

Fig. 2 HPLC radiochromatogram of radioiodinated tenoxicam
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Biological assay

To determine the biological activity, bioassay was exe-

cuted at intervals: 15, 60, 120 and 240 min after radioio-

dinated tenoxicam injection (p.i.). Proportions of 10 ll
containing 3.7 MBq of the radioiodinated tenoxicam were

i.v. injected to every mouse via the tail vein. Then mice

were anaesthetized and weighed.

Fresh samples of separated blood, bone and muscle were

taken in formerly weighed vials and assayed with ratios 7,

10 and 40% of the total body mass, respectively [22–33].

Organs were separated and placed in containers, weighed

and their radioactivities were measured. Percent-injected

dose per gram (% ID/g ± standard error mean (SEM)) in

five mice for each time point were calculated.

Statistical analysis

Data were expressed as a mean ± SD. Statistical analysis

was evaluated using Minitab 16 where one-way analysis of

variance (ANOVA). Differences were considered to be

significant for values of P\ 0.05.

Molecular modeling

COX-1 and COX-2 active cavities are extending from loop

of residues 111–120 representing the membrane binding

region through a narrow entrance that is restricted via

H-bonding network between side chains of ARG120,

GLU524, TYR355 and ARG 513 (only in case of COX-2)

to TYR385 at the apex of the channel. Above TYR385, the

heme group is placed. Most of ligands spanned between

TYR355 and TYR385. These made several specific con-

tacts depending on their dimensions and chemical nature of

functional groups. COX-1, the channel can be divided into

two regions: region 1, extending from a hydrophobic

pocket around TYR385 ending at GLU524 and region 2

extending from SER530 to ARG120 and a ILE portion

below it. The COX-2 channel forks from the membrane

end creating an extra space above His 90 and ARG513

(region 3) due to few amino acid changes [16]. The co-

crystallized structure of ibuprofen with COX-1 enzyme

(code: 1eqg) and celecoxib with COX-2 enzyme (code:

3ln1) were downloaded from the Brookhaven protein data

bank (http://www.rcsb.org) without change in its confor-

mation. Docking was done for our proposed structures

using the compound energy as scoring function (Fig. 3)

[34].

Accelrys Discovery Studio 2.5 operating system (Ac-

celrys Inc., San Diego, CA, USA), was used to perform the

molecular modeling studies. Molecules were built and their

conformational models were generated automatically. The

docking analysis was carried out on COX-1 and COX-2

enzymes. The 3D protein structure of COX-1 enzyme co-

crystalized with ibuprofen (code: 1eqg) and COX-2

enzyme co-crystalized with celecoxib (code: 3ln1), were

downloaded from the Protein Data Bank of the Research

Collaboration for Structural Bioinformatics (RCSB) web-

site [www.rcsb.org]. The cox binding pocket was docked

with the lead compounds ibuprofen and celecoxib then

docked with the test set compounds, after removing the

water structure, protein cleaning, missing hydrogens addi-

tion and energy minimization based on DS protocol. The

binding pocket of the complexed lead compounds

(ibuprofen and celecoxib) with the connected amino acid

molecules at sphere of radius = 7.5 Å was identified fol-

lowed by docking with test compounds using CDocker

module. The docking scores (-CDOCKER interaction

energy) of the best-fitted conformation of each of the

docked molecules as well as the total number of H-bonds

with the amino acids at the binding pocket were recorded.

Results and discussion

Radioiodination of tenoxicam

Effect of chloramine-T (CAT) amount

Tenoxicam radioiodination response to CAT (5–200 lg) is
illustrated in Fig. 4a. Chloramine-T (CAT), as a gentle

oxidizing material, was broke down to hypochlorite anion

to do the oxidation action [35, 36]. This oxidizing agent is

able to modify iodine from I- to I? that is capable of

exhibiting an electrophilic substitution on the aromatic ring

[36]. The radiochemical yield increased from 85.5 ± 1.2 to

95.1 ± 0.9% upon uprising the quantity of CAT from 5 to

25 lg. Increasing the CAT amount to be higher than 25 lg
caused a decline in the radiochemical yield of 125I-

tenoxicam that may be due to the action of the formation of

unintended oxidative side reactions [36–38].

Effect of pH

The change of pH of the reaction environment affects the

radiochemical yield as shown in Fig. 4b. The ultimate

radiochemical yield 95.1 ± 0.9% was obtained at pH 6 but

extra pH increase in the direction alkalinity (pH 12) brings

about a concomitant decline in the radiochemical yield of
125I-tenoxicam down to 46 ± 1.9%. This consequence was

detected previously in studies pertinent to the radio-halo-

genation using CAT as an oxidant. This can be interpreted
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Fig. 3 The crystal structure of ibuprofen with COX-1 enzyme (a), the crystal structure of celecoxib with COX-2 enzyme (b)

Fig. 4 Effect of chloramine-T (CAT) amount (a) and pH (b) on the radiochemical yield of radioiodinated tenoxicam
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by the production of ClO- in a high concentration of

hydroxyl ions, which will pursue to oxidize iodide to

hypoiodite [39–41].

Effect of tenoxicam amount

125I-tenoxicam radiochemical yield is affected by tenoxi-

cam amount as demonstrated in Fig. 5a. Escalation of

tenoxicam amount from 50 to 1000 lg boosted the yield

from 75 ± 1.1 to 95.1 ± 0.9%. At concentration of

1000 lg, considerable stability and superlative value of

radiochemical yield was obtained, which may be attributed

to the fair amount of tenoxicam to capture the entire gen-

erated iodonium ion.

Effect of reaction time

The radiochemical yield of 125I-tenoxicam is vulnerable to

change in reaction time that ranges from 1 to 60 min

(Fig. 5b). At minute 1, the radiochemical yield was mar-

ginally low (89.5 ± 1.2%) which may be due inadequate

time for the reaction between chloramine-T and iodide to

produce the iodonium ion [18]. Radiochemical yield was

Fig. 5 Effect of tenoxicam amount (a) and time (b) on the radiochemical yield of radioiodinated tenoxicam

Fig. 6 In vivo biodistribution (a) and T/NT (b) of radioiodinated tenoxicam in inflammation bearing mice models at different time intervals post-

injection (% ID/g ± SEM, n = 3). (Color figure online)
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augmented to 95.1 ± 0.9% at reaction time above 5 min

and up to 60 min.

In vitro stability of 125I-tenoxicam

To determine the injection suitable time for we studied the

in vitro stability of 125I-tenoxicam, determination of opti-

mum time of injection is crucial to abandon the formation

of the undesired radioactive byproducts, which can accu-

mulate in non-target organs [42–44]. 125I-tenoxicam

showed stability up to 24 h.

Biodistribution of 125I-tenoxicam

Three mice models were used as followed: normal mice,

sterile inflammation bearing mice and bacterial inflamma-

tion bearing mice, these models are used to investigate

biodistribution of 125I-tenoxicam. To calculate standard

error, three mice were sacrificed at (15, 60, 120 and

240 min) as shown in Fig. 6a. Radioactivity levels were

expressed as % injected dose per gram (% ID/g organ). The

low thyroid uptake in contrast to other organs indicates that

the 125I-tenoxicam is free from radioiodide that is readily

captured in the thyroid and confirms its in vivo stability.

Fig. 7 a Alignment between the

bioactive conformer of

ibuprofen (colored in red) and

the docked pose (colored in

grey) at the COX-1 binding site

and b alignment between the

bioactive conformer of

celecoxib (colored in red) and

the docked pose (colored in

grey) at the COX-2 binding site.

(Color figure online)

Fig. 8 2D structures of the test set compounds and lead compounds
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Biodistribution in normal mice reveals that kidney is the

main excretion route for 125I-tenoxicam; also it didn’t show

any considerable accumulation in rest of body organs.

For discriminating the inflammation from infection

sites, T/NT of 125I-tenoxicam was evaluated. In the sterile

inflammation bearing mice model, 125I-tenoxicam showed

high T/NT (3.6 at 1 h p.i. and 3.3 at 2 h p.i.) accumulation

in the inflammatory tissues revealing high selectivity to the

inflammatory tissues. In contrast to inflammation bearing

mice model, the infection bearing mice didn’t show that

high selectivity in the infected tissues (T/NT 1.3 at 1 h p.i.

and 1.75 at 2 h p.i.) (Fig 6b). So, these preclinical results

prove the ability of 125I-tenoxicam to act as a discrimi-

nating radiopharmaceutical imaging agent between

inflamed and infected body organs due to its high selec-

tivity to inflamed tissue that is based upon its COX

enzymes targeting.

Table 1 Docking results (binding affinities, ligand amino acids interacted with the binding site on COX-1)

Compound Docking score (kcal/mol) Amino acids involved in H-bonds Amino acids involved in pi-interaction

Inhibitor (Ibuprofen) - 38.80 ARG120 (1.84 Å)

TYR355 (1.92 Å)

No

Tenoxicam - 30.85 ARG120 (2.16 Å)

SER530 (2.01 Å)

p-r TYR355

p-? ARG120

Compound (1) - 28.36 ARG120 (2.37 Å)

SER530 (2.38 Å)

SER530 (1.87 Å)

p-? ARG120

Compound (2) - 32.94 ARG120 (2.31 Å)

SER530 (2.24 Å)

No

Compound (3) - 28.71 ARG120 (2.21 Å)

SER530 (2.05 Å)

p-? ARG120

Compound (4) - 33.72 SER530 (2.19 Å) p-p PHE381

Compound (5) - 35.12 ARG120 (2.13 Å)

SER530 (1.98 Å)

ALA527 (2.34 Å)

p-? ARG120

Table 2 Docking results (binding affinities, ligand amino acids interacted with the binding site on COX-2)

Compound Docking score (kcal/mol) Amino acids involved in H-bonds Amino acids involved in pi-interaction

Inhibitor (celecoxib) - 52.43 SER339 (1.98 Å)

LEU338 (1.90 Å)

p-r SER399

p-? ARG106

Tenoxicam - 37.83 SER516 (2.09 Å) No

Compound (1) - 37.34 TYR341 (1.91 Å) p-r SER399

p-? ARG499

Compound (2) - 37.89 SER516 (2.05 Å) No

Compound (3) 53.75 SER516 (2.44 Å) p-? ARG106

Compound (4) - 41.48 SER516 (2.41 Å)

ARG499 (2.29 Å)

p-p PHE504

Compound (5) - 29.13 SER516 (2.27 Å)

ARG499 (2.14 Å)

No
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Ibuprofen: 2D interaction &3D interaction

Tenoxicam: 2D interaction &3D interaction

Compound (1): 2D interaction &3D interaction

Compound (2): 2D interaction &3D interaction

Compound (3): 2D interaction &3D interaction

Compound (4): 2D interaction &3D interaction
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Molecular modeling study

The study was done by evaluating the binding mode of

bioactive conformation of the selected ibuprofen co-crys-

tallized with COX-1 enzyme having the code: 1eqg and

celecoxib co-crystallized with COX-2 enzyme (Figs. 1, 3)

obtained from protein data bank without change in its

conformation to study the intramolecular interactions

between both of ligand and target protein. A ideal pose

validation was done by alignment of the X-ray bioactive

conformer with the best-fitted pose of the same compound.

The alignment proved good coincidence between them

(RMSD = 0.723 and 0.831 Å for ibuprofen and celecoxib,

respectively), confirming the validity of the predicted pose

(Fig. 7). Interactive docking using CDOCKER protocol

was performed between the proposed structures and the

prepared cox enzymes. Each proposed structure gave 10

possible docked poses.

We suggested different possibilities for complexation

between tenoxicam and iodine then study their binding

mode into cyclooxgenase binding site (Fig. 8).

The ideal pose pattern for each of the proposed mole-

cules and the corresponding CDOCKER energy (kcal/mol)

were presented to prioritize their virtual affinity to the

binding site in comparison to the ideal pose of the ligand.

The predicted binding energies and binding interaction of

the proposed structures on COX-1 and COX-2 were illus-

trated in Tables 1 and 2.

In case of COX-1 enzyme, the test set compounds 1–5

were able to interact with cyclooxygenase binding pocket.

This pocket involves such residues as AGR120, TYR385,

SER530. These results show that the binding pattern of

these compounds to COX-1 enzyme is similar to the co-

crystal structure of ibuprofen to the binding site (Fig. 9). In

case of COX-2 enzyme, the test set compounds 1–5 were

able to interact with cyclooxygenase binding pocket. This

pocket involves such residues as SER516, LEU338,

ARG106, PHE504, ARG499. These results show that the

binding pattern of these compounds to COX-2 enzyme is

similar to the co-crystal structure of celecoxib to the

binding site (Fig. 10).

Conclusion

Among the most important key promising factors in

radiopharmaceutical tracers are stability and selectivity.
125I-tenoxicam still gives high fitting value and good

binding mode to COX-1 and COX-2 as tenoxicam that is

confirmed biologically and by docking studies. Also, 125I-

tenoxicam showed high in vitro and in vivo stabilities. 125I-

tenoxicam T/NT, which is crucial for imaging success, was

high in inflammation bearing mice model (3.6 at 1 h p.i.) in

contrast to in infection bearing mice (T/NT 1.3 at 1 h p.i.).

This introduces 125I-tenoxicam as a new radiopharmaceu-

tical agent able to differentiate between inflammation and

infection foci that could be attributed to its selectivity to

COX enzymes that are highly distributed in inflammation

sites.

bFig. 9 Binding mode of (tenoxicam ? I) complexes inside the active

site of COX-1 resulting from docking. The most important amino

acids are shown together with their respective numbers. The

hydrophobic pi interactions with the amino acids are represented as

orange lines; hydrogen bonds are represented by green dashed lines

(2D and 3D interaction into the active site of COX-1). (Color

figure online)
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Celecoxib: 2D interaction &3D interaction

Tenoxicam: 2D interaction &3D interaction

Compound (1): 2D interaction &3D interaction

Compound (2): 2D interaction &3D interaction

Compound (3): 2D interaction &3D interaction

Compound (4): 2D interaction &3D interaction

Compound (5): 2D interaction &3D interaction

Fig. 10 Binding mode of

(tenoxicam ? I) complexes

inside the active site of COX-2

resulting from docking. The

most important amino acids are

shown together with their

respective numbers. The

hydrophobic pi interactions with

the amino acids are represented

as orange lines; hydrogen bonds

are represented by green dashed

lines (2D and 3D interaction

into the active site of COX-2).

(Color figure online)
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