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Rhein, an active metabolite of diacerein, down-regulates the gene-expression and production of pro-
matrix metalloproteinases and up-regulates the tissue inhibitors of metalloproteinase-1 production.
The therapeutic effects of diacerein on osteoarthritis are, at least in part, due to the chondroprotective
effect of rhein. Boswellic acid is a specific, non-redox inhibitor of leukotriene synthesis. It is claimed to
possess good anti-inflammatory, anti-arthritic, analgesic, and anti-ulcer activities. It prevents the
destruction of articular cartilage by decreasing degradation of glycosaminoglycans. Therefore, rhein
and boswellic acid were linked chemically through a bioreversible ester linkage to synthesize their
mutual prodrug by reported procedure. In vitro release profile of this prodrug was extensively studied
in aqueous buffers of varied pH, upper GIT homogenates and 80% human plasma. In vivo release studies
were undertaken in blood, urine and feces of rats. The prodrug was stable in HCl buffer (pH 1.2) and
stomach homogenates of rats. However; in phosphate buffer (pH 7.4) and in intestinal homogenates
the prodrug exhibited 91% and 96% release of rhein and 27.5% and 38% release of boswellic acid respec-
tively over a period of 6 h following first order kinetics. In 80% human plasma (in vitro) and rat blood
(in vivo) also 96.35% and 91% release of rhein and 78% and 86.41% release of boswellic acid respectively
was observed. The 24 h pooled samples of rat urine revealed presence of 6.2% intact prodrug, 7.1% of
rhein and 8.9% of boswellic acid indicating their renal excretion. Samples of rat feces pooled over a period
of 24 h showed absence of rhein and presence of 3.1% of intact boswellic acid and 4.6% of boswellic acid
emphasizing their intestinal excretion. The in vivo release kinetics of prodrug in rat clearly indicated acti-
vation of prodrug to be occurring in blood, being catalyzed by the weak alkaline pH of blood (7.4) in com-
bination with esterases present therein.

� 2012 Elsevier Ltd. All rights reserved.
Osteoarthritis (OA) is a multifactorial, complex disease of syno-
vial joints.1 It is characterized by loss of articular cartilage due to
degradation resulting in reduced joint space, remodeling of the sub-
chondral bone, formation of osteophytes, cyst formation, joint mis-
alignment and inflammation of the synovial membrane; the later
being the main cause of chronic pain which is the major symptom
of OA.2–4 Ligament laxity, meniscal degradation and bone marrow
edema are other important characteristics which lead to joint
impairment and disability. All of these are responsible more or less
for the generation of local, chronic pain with insidious onset char-
acterized by aching with episodic stabbing.5–8 OA generally occurs
when the normal cartilage matrix is overloaded or when cartilage
matrix is vulnerable. Interleukin- 1 (IL-1) is principally involved
in degradation while transforming growth factor (TGF-b) is impli-
cated in the excessive repair of synovium and chondrocytes. Degra-
dation and repair are simultaneously occurring phenomenon.9

A large number of palliative treatment modalities are available
for OA which mainly use non-steroidal anti-inflammatory drugs
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(NSAIDs) but steroidal anti-inflammatory agents and immunosup-
pressants are also equally important components of OA therapy.10

Long-term administration of NSAIDs has deleterious effects on the
vital organs like gastrointestinal tract (GIT), kidney, liver, central
nervous system and immune system.11–13 Intra-articular, long act-
ing corticosteroid injections although used in the management of
knee OA, can be given only three to four times in year as repeated
injections lead to progressive cartilage damage in weight-bearing
joints.14–17 Chondro-protective or disease-modifying drugs pre-
serve normal joint function by slowing down the rate of anatomical
progression of OA.18 Chondroitin sulfate, glucosamine, diacerein,
doxycycline and minocycline are the frontline disease modifying
anti-osteoarthritic drugs (DMOADs).19

Diacerein [4,5-bis(acetyloxy)-9, 10-dioxo-2-anthracene carbox-
ylic acid], a low molecular weight anthraquinone derivative has
been introduced as an effective chondroprotective for the manage-
ment of OA. Since then it has emerged as a better and safer alter-
native for the treatment of the OA, which provides symptomatic
treatment along with modification of underlying pathological pro-
cess.20,21 It has demonstrated efficacy on the functional and struc-
tural manifestations of OA by inhibition of IL-1 which is mainly
involved in cartilage destruction and acting on the synthesis of
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principal components of cartilage like proteoglycans and hyalu-
ronic acid.22 Diacerein inhibits interleukin-1b (IL-1b) and down-
regulates the IL-1b-induced inflammatory pathways and cartilage
breakdown in OA as opposed to inhibiting the cyclooxygenase
(COX) pathway as NSAIDs do. In addition, it down-regulates the
gene-expression and production of pro-matrix metalloproteinases
(proMMPs) that are involved in cartilage degradation and up-reg-
ulates the tissue inhibitor of metalloproteinase-1 (TIMP-1) produc-
tion.10,23–25 Orally administered diacerein is completely converted
into its active metabolite rhein by deacetylation before reaching
systemic circulation.26 Rhein being an IL-1 inhibitor, reduces colla-
genase production in articular cartilage, dose-dependently inhibits
superoxide anion production, chemotaxix and phagocytic activity
of neutrophils, macrophage migration and phagocytosis.27 The
therapeutic effects of diacerein on OA may be due, at least in part,
to the chondroprotective effect of rhein.28

Therefore in the present work, rhein was chosen as potential
candidate for development of a mutual prodrug which would have
quick onset of action with improved absorption and bioavailability
than diacerein. Boswellic acid was selected as the promoiety in this
mutual prodrug design owing to its diverse pharmacological activ-
ities that would potentiate the chondroprotetive, disease modify-
ing effect of rhein.

Boswellic acid and its acetates are ursane-type pentacyclic triter-
pene acids isolated from the gummy exudates of Boswellia serrata
Roxb and Boswellia carterri Birdw.29 The resin of Boswellia serrata is
used in India for the treatment of chronic inflammatory arthritis.
Ethanolic extract of the resin contains boswellic acid as the main ac-
tive constituent.30,31Gum resin extracted from Boswellia serrata
Roxb possesses good anti-inflammatory, anti-arthritic and analgesic
activities.32 Boswellic acid is reported to possess anti-ulcer property
as well.33 It also has protective effect on articular cartilage by the vir-
tue of its inhibitory effect on degradation of glycosaminoglycans.34

We have reported the synthesis and the chondroproctective ef-
fect of mutual prodrugs of diacerein with glucosamine35,36 and
essential amino acids in monosodium iodoacetate-induced osteo-
arthritis in Wistar rats.37 Two hydrolytically activated antraqui-
none-diclofenac prodrugs have been designed and synthesized by
Daan et al. (2009) for bone targeting.38 Synthesis and pharmacolog-
ical activities of anthraquinone-ibuprofen prodrugs targeting osse-
ous tissues were also reported by Duan et al. (2009).39 Singh et al.
(2007) have revealed the synergistic effect of mixture of boswellic
acid and glucosamine for anti-inflammatory and anti-arthritic
activities in rats.40

There are no reports of any prodrugs of rhein in the literature so
far. The present work reports synthesis, in vitro and in vivo release
kinetics of mutual prodrug of rhein with boswellic acid with aims
of decreasing local irritant effect, potentiating anti-inflammatory
activity, anti-arthritic effect and increasing lipophilicity of rhein
in order to increase its bioavailability.

Diacerein was generously gifted by Glenmark Pharmaceuticals
Ltd., Mumbai, India. Rhein was synthesized in our lab from diacerein
by reported procedure. Boswellic acid was purchased from Jai Rhade
Sales, Ahmedabad, Gujrat, India. All chemicals and solvents used in
the study were purchased from Merck Chemical Corporation, USA
and were of analytical reagent grade (AR) or higher purity and were
used as it is. Thin layer chromatography was performed on pre-
coated silica gel plates-60 F264 (Merck) for purity check and moni-
toring of reactions. The IR spectrum of the synthesized compound
was recorded on Jasco V-530 FTIR in anhydrous IR grade potassium
bromide. Proton and 13C NMR spectra of the synthesized prodrug
were recorded in DMSO-d6 using Bruker Avance II 400 NMR spec-
trometer at Sophisticated Analytical Instrumentation Facility (SAIF),
Panjab University, Chandigarh, India. Chemical shifts are reported in
ppm downfield on d scale. The mass spectrum was recorded employ-
ing Waters Q-Tof Macromass spectrometer, LC–MS system at SAIF,
Panjab University, Chandigarh, India. The elemental analysis of syn-
thesized prodrug was performed on Elemental Analyzer (Vario MI-
CRO CUBE, Germany) at Department of Pharmaceutical Chemistry,
Poona College of Pharmacy, Pune (India). The absorbance maxima
(kmax) of synthesized compound in various solvents were deter-
mined on Jasco V-530 UV–Visible double-beam spectrophotometer.
Partition coefficient was determined in n-octanol/phosphate buffer
(pH 7.4) whereas the aqueous solubility was determined in distilled
water at room temperature 25 ± 1 �C using Jasco V-530 UV–Visible
double-beam spectrophotometer. For release kinetic studies, a
new HPLC method was developed for simultaneous estimation of
prodrug and its active metabolites (rhein and boswellic acid). In vitro
release was studied in aqueous buffers of varied pH, rat’s upper GIT
homogenates and 80% human plasma. In vivo release was studied in
rat blood, feces and urine. Human plasma was procured from Bharati
Vidyapeeth Medical College, Dhankavadi, Pune. The HPLC system
used for this purpose consisted of a pump (Jasco PU model 2080),
with autosampler programmed at 20 lL capacity per injection and
a UV/VIS detector (Jasco UV 2075). Data was integrated using Jasco
Borwin version 1.5, LC-net-II/ADC system. XTerra RP18 column
(4.6 � 150 mm; 3.5 lM) in the reversed phase partition chromato-
graphic condition was used for HPLC analysis. The system was used
in an air-conditioned HPLC laboratory atmosphere (20 ± 1 �C). Be-
fore analysis, the mobile phase was degassed using sonicator and fil-
tered through a 0.45 lM Millipore filter. Sample solutions were also
filtered through the same. The system was equilibrated before mak-
ing an injection. The column was monitored for UV absorbance at a
detection wavelength selected after taking the overlay spectra of
all the components.

Rhein 1 was synthesized from diacerein by standard proce-
dure.41 The mutual ester prodrug 3 of rhein 1 with boswellic acid
2 was synthesized by using N,N0-dicyclohexylcarbodiimide (DCC)
coupling (Fig. 1) and the structure was confirmed by spectral anal-
ysis.42–44

In vitro hydrolysis kinetics of prodrug was studied in aqueous
buffers pH 1.2 and 7.4. A reversed-phase HPLC method was devel-
oped for the simultaneous estimation of prodrug and its hydrolytic
metabolites rhein and boswellic acid. The mobile phase composed
of a phosphate buffer: acetonitrile (55:45 v/v, pH 3.0 ± 0.1) at a flow
rate of 1.0 mL/min and the column effluent was monitored at
211 nm. The retention times for rhein, boswellic acid and prodrug
were found to be 7.1, 5.4 and 8.2 min respectively. Aqueous buffers
of pH 1.2 (simulating the pH of stomach) and pH 7.4 (corresponding
to physiological pH of small intestine and blood) were prepared to
study the release profile of prodrug. The prodrug was incubated in
these media at 37 ± 0.5 �C with continuous stirring at 100 rpm.
Prodrug (10 mg) was introduced in the medium. Aliquots (5 mL)
were withdrawn and replaced with an equal volume of fresh incu-
bation medium by a sampler at different time intervals up to 7 h.
The release studies were performed in triplicate.

In vitro release of rhein from the prodrug was further studied in
stomach and small intestinal homogenates of rats. A solution of pro-
drug was prepared in respective buffers (250 lg/mL) and 0.8 mL of it
was added to 0.2 g of stomach or small intestinal homogenate placed
in 1 mL centrifuge tubes that were pre-equilibrated at 37 ± 0.5 �C.
Samples were withdrawn at appropriate time intervals, centrifuged
at 10,000 rpm for 10 min. The supernatants were filtered through
membrane filter (0.45 lM) and estimated by HPLC for the amount
of prodrug remaining and also rhein and/or boswellic acid that
might have released after hydrolysis of prodrug. Rate constants for
the hydrolysis of prodrug were determined from the slopes of linear
plots of the logarithm of residual prodrug concentration versus time.
These studies were performed in triplicate and the mean of the rate
constant was calculated.

In vitro release kinetic studies were performed in human plas-
ma also. For this purpose 80% human plasma was prepared in
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Figure 1. Scheme of synthesis.
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0.05 M phosphate buffer (pH 7.4). Stock solution of prodrug was
prepared in methanol (250 lg/mL) and 100 lL of it was added to
100 lL of 80% plasma placed in 1 mL eppendorf tubes. The tubes
were kept in incubator at 37 ± 0.5 �C and removed at appropriate
time intervals and then centrifuged at 5000 rpm at 0–5 �C for
10 min. The supernatant (0.1 mL) was added to another eppendorf
tube (1 mL capacity) and 0.9 mL methanol was added to it for
immediate plasma protein precipitation. All the solutions were
then vortexed for 2 min and again centrifuged at 10,000 rpm for
5 min at 0–5 �C in order to precipitate other impurities or solid
matter present in the biological samples. The clear supernatant
(20 lL) was filtered through a membrane filter (0.45 lM) and ana-
lyzed by HPLC for presence of residual prodrug and released rhein
and/or boswellic acid. These studies were performed in triplicate
and the mean of the rate constant was calculated.

In vivo behavior of orally administered prodrug was investigated
in Wistar rats at animal facilities of Poona College of Pharmacy,
Pune, India which were approved by Committee for the Purpose
of Control and Supervision of Experiments on Animals (CPCSEA).
The protocols for the same were approved by Institutional Animal
Ethics Committee of Poona College of Pharmacy, Pune. Wistar rats
(200–250 g; n = 3) were housed in metabolic cages individually un-
der normal conditions (at 27 ± 0.5 �C and a relative humidity of
70 ± 0.5% under natural light/dark conditions). The rats were fasted
overnight before the experiment but had free access to water.
Prodrug (2.5 mg) was dissolved in saline (0.5 mL) and was adminis-
tered to rats by oral route. Blood was drawn by retro-orbital
puncture from both the eyes of the rats and collected in eppendorf
tubes over a period of 8 h. Same procedure as described for 80% hu-
man plasma was followed to study the fate of the prodrug in terms
of its absorption/distribution in the body. Urine and feces of the rats
treated with the prodrug were collected at different time intervals
from the metabolic cages over a period of 24 h and pooled together
and diluted with phosphate buffer (pH 7.4) by 10 and 100-fold
respectively. Same procedure as described for 80% human plasma
was followed to study the excretion profile of the prodrug.
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In this study, a novel covalently bound conjugate of rhein and
boswellic acid was synthesized and structurally characterized by
spectral analysis wherein satisfactory FTIR, 1H and 13C NMR spec-
tra were obtained. The IR spectrum showed characteristic peaks
at 1721 cm�1 for C@O stretching ester, broad peak at 3300 cm�1

for carboxylic OH stretching (rhein backbone) and 3538 cm�1 for
alcoholic OH stretching (boswellic acid backbone). The chemical
shifts observed in 1H NMR of prodrug were in accordance with
the anticipated structure. 13C NMR exhibited all the relevant chem-
ical shifts as per the anticipated number of carbon atoms present in
prodrug. Elemental analysis, 13C NMR and mass spectroscopy re-
sults confirmed the formation of prodrug by reaction of one mole-
cule of rhein with two molecules of boswellic acid. The molecular
weight of prodrug was calculated from the results of elemental
analysis and mass spectroscopy and it was in accordance with
the anticipated molecular weight. The lipophilicity of rhein (LogP
0.2402) was markedly enhanced in prodrug (LogP 2.568) due to
its conjugation with boswellic acid. This would improve absorption
and bioavailability of rhein.

The results of in vitro kinetics studies are compiled in Table 1.
The prodrug resisted acid-catalyzed hydrolysis on incubation with
HCl buffer and stomach homogenates. However, the prodrug was
susceptible to weak alkaline hydrolysis in phosphate buffer (pH
7.4) accomplishing 91% release of rhein and 27.5% release of
boswellic acid over a period of 6 h following first order kinetics
with a half life of 192 min. The result of release kinetics of prodrug
in small intestinal homogenates was slightly better (96% of rhein
and 38% of boswellic acid) than in phosphate buffer (pH 7.4). The
release kinetics was further studied in 80% human plasma over a
period of 7 h offering 96.35% of rhein and 77.31% of boswellic acid
(Fig. 2).

In vivo behavior of the orally administered prodrug was studied
in Wistar rats over a period of 7 h in blood. The concentrations of
prodrug remaining after hydrolysis and released rhein and boswel-
lic acid were determined in blood which was withdrawn at various
time intervals by the retro-orbital puncture and also in 24 h pooled
samples of urine and feces collected from the metabolic cages. First
appearance of prodrug in blood was noted at 2 h (93.6%) indicating
its absorption in intact form from the stomach, which decreased
consistently at 3 h (70.43%), 4 h (34.5%), 5 h (22%) and 6 h (12%)
eventually reaching a negligible level at the end of 7 h (3.4%) owing
to its hydrolysis (activation) into rhein and boswellic acid. Pres-
ence of rhein and boswellic acid (approximately 29%) was first ob-
served in blood at 3 h. A constant increase in the concentration of
rhein and boswellic acid was observed from 4 h onwards reaching
the highest concentration at the end of 7 h. Approximately 91% of
the administered dose of prodrug was recovered in blood as rhein
and 86.41% as boswellic acid in 7 h (Fig. 3). The in vivo release pro-
file of prodrug in rat clearly indicates that its activation is mediated
by hydrolysis which in turn is catalyzed by the weak alkaline pH of
blood (7.4) in combination with esterases present therein (Fig. 4).
The results of in vitro release kinetics of prodrug in small intestinal
homogenates and 80% human plasma correlate well with its in vivo
Table 1
In vitro release kinetics data of prodrug at 37 �C

S.N. Incubation medium Order of reaction

1 Hydrochloric acid buffer (pH 1.2) Stable
2 Phosphate buffer (pH 7.4) First
3 Stomach homogenates Stable
4 Small intestinal homogenates First
5 80% Human plasma First

* Average of three readings.
behavior because of the similarity in their enzymatic set up (ester-
ases) and pH of the environment (7.4). The 24 h pooled samples of
rat urine revealed presence of 6.2% of intact prodrug, 7.1% of rhein
and 8.9% of boswellic acid indicating their renal excretion. The ur-
ine also indicated presence of negligible concentration of unknown
metabolites. Samples of rat feces collected and pooled over a per-
iod of 24 h showed absence of rhein and presence of 3.1% of intact
prodrug and 4.59% of boswellic acid emphasizing their intestinal
excretion.

In conclusion, the release kinetics has supported the biorevers-
ible nature of the ester linkage which upon alkaline and enzymatic
(esterases in small intestine and blood) hydrolysis is almost com-
pletely releasing rhein and boswellic acid at the end of 7 h. Markedly
enhanced lipophilicity of prodrug as compared to rhein and its sta-
bility in stomach might be responsible for its quick absorption from
K ± S.D. (min�1)* t1/2 (min) Av % release

Rhein Boswellic acid

— — — —
0.003 ± 3�10�4 192.3 91 27.5
— — — —
0.005 ± 2�10�3 160.3 96 38
0.004 ± 3�10�4 186.1 96.35 77.31
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the gastric mucosa which is characterized by appearance of 93.6% of
intact prodrug in blood during first 2 h of its oral administration. The
in vivo release kinetics of prodrug in rat clearly indicates that the
activation of prodrug is occurring in blood and is being catalyzed
by the weak alkaline pH of blood (7.4) in combination with esterases
present therein. The results of evaluation of disease-modifying ef-
fect of prodrug in collagenase (type-II)-induced OA in Wistar rats
are very promising and will be published separately.
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