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Guava leaf extract suppresses osteoarthritis progression in a
rat anterior cruciate ligament transection model
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Abstract

2Kansei Science Research Laboratories, Kao Guava leaf extract and ellagic acid, one of its polyphenolic components, inhibit the

Corporation, Tochigi, Japan activity of a disintegrin and metalloproteinase with thrombospondin type 5

Correspondence (ADAMTS-5), which is associated with aggrecan degeneration during the early stage
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of osteoarthritis (OA). To investigate the efficacy of guava leaf extract for preventing
OA, we examined the effect of its dietary intake on cartilage destruction in anterior
cruciate ligament-transected (ACLT) rats. Rats were randomly assigned to four groups:
ACLT control rats fed with control diet, ACLT rats fed with diet containing 0.2% guava

leaf extract, ACLT rats fed with diet containing 0.5% guava leaf extract, and sham-
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operated rats fed with control diet. Mankin’s scores, an index of cartilage damage,
were higher in rats that underwent ACLT. Guava leaf extract treatment dose-
dependently led to lower Mankin's scores and higher concentrations of ellagic acid in
the serum and synovial membrane. Ellagic acid levels in the synovial membrane nega-
tively correlated with cartilage destruction scores. These results suggest that dietary
guava leaf extract suppresses OA progression in ACLT rats through ellagic acid-

mediated inhibition of early joint destruction.
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1 | INTRODUCTION

OA affects more than 25 million people and is a major reason the
elderly require nursing care (Yoshimura et al., 2009). Thus, effective

Japan is currently facing a “super-aged” society, with disability-free life treatments against OA are essential. Various symptomatic treatments

expectancy of the population estimated to be ten years shorter than
the average life expectancy for both sexes (Nakamura, 2009). Thus,
prolonging the disability-free life expectancy will help the elderly lead
more enriched lives.

Joint diseases are often precursors to physical disabilities.
Osteoarthritis (OA), the most common type of joint disease, is prev-
alent in developed countries, especially among the elderly. As the
proportion of senior citizens in the population increases, the number
of patients suffering from OA is also expected to increase. In Japan,
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have been proposed to alleviate OA, including knee replacement ar-
throplasty, arthroscopic surgery, intra-articular injection of hyaluronic
acid or steroids, and pharmacological therapies. However, neither
preventive measures nor primary cures for OA have been established.
Hence, alternative methods to address OA, such as the consumption
of functional foods, are becoming more popular.
Aggrecanase-mediated degradation of aggrecan is a significant
event in the early stage of OA. A disintegrin and metalloproteinase
with thrombospondin type 5 (ADAMTS-5) plays an important role in
this process (Glasson et al., 2005; Stanton et al., 2005; Verma & Dalal,
2011). Thus, inhibition of ADAMTS-5 is one way of preventing OA.
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Since the discovery of an ADAMTS-5 inhibitor was initially reported
(Yao et al., 2001), several new inhibitors have been proposed (Shiozaki
et al.,, 2011). However, no significant progress has been achieved in
the development of daily functional foods or therapeutic medicines
to address OA.

In our preliminary experiments, we discovered that guava leaf ex-
tract among natural plant extracts strongly suppresses ADAMTS-5
activity (data not shown). Guava has been reported to contain various
polyphenols including ellagic acid (Anand, Kumar, Kumar, & Hedina,
2016; Arshiya, 2013; Lin & Yin, 2012), which has strong ADAMTS-5
inhibitory activity. Guava, belonging to the family Myrtaceae, is an
evergreen tree that grows in torrid and subtropical zones. Its leaves,
roots, and fruits have been used in folk medicine owing to their an-
tibacterial, antihyperglycemia, and anti-inflammatory properties (Yan,
Lee, Kong, & Zhang, 2013). Additionally, guava leaves have been used
to prepare tea in those regions, and it has been used as a functional
food in Japan. Although guava is commonly consumed in these areas,
very little is known about the effects of dietary guava on OA.

In this study, we demonstrate the suppressive effects of guava leaf
extract on OA using a rat model of anterior cruciate ligament transec-
tion (ACLT).

2 | MATERIALS AND METHODS

2.1 | Guava leaf extract

Guava leaf extract was purchased from Matsuura Yakugyo Co. (Aichi,
Japan). It contained 2.0% ellagic acid and other polyphenols (1.0%
quercetins, 0.2% catechins), and its composition was as follows: 70.6%
carbohydrate, 1.1% fat, 2.9% protein, 7.6% fiber, 14.0% ash, and 3.8%
water. In preliminary experiments, we evaluated the ADAMTS-5 in-
hibitory activity of guava leaf extract by measuring aggrecan frag-
ments produced by ADAMTS-5 in a reaction mixture containing the
substrate, enzyme, and test sample (Karai et al., 2012). The inhibitory
activity of guava leaf extract was more than ten times higher, and el-
lagic acid was more than three times higher than that of actinonin, the

positive control.

2.2 | Animals and treatment protocol

Animal experimental protocols were approved by the Ethics
Committee of Kao Corporation. Male Sprague Dawley rats (8 weeks
old) were obtained from Japan SLC (Shizuoka, Japan). Rats were as-
signed to four experimental groups as follows: ACLT rats fed a control
diet (ACLT/Cont), ACLT rats fed a diet containing low-dose (0.2%)
guava leaf extract (ACLT/LG), ACLT rats fed a diet containing high-
dose (0.5%) guava leaf extract (ACLT/HG), and sham-operated rats
fed a control diet (sham). Rats were acclimated for 1 week, and then,
the anterior cruciate ligaments from both legs (excluding rats in the
sham group) were transected as previously described (Kamekura et al.,
2005) under isoflurane-oxygen anesthesia. Rats in the sham group
underwent arthrotomy without ACLT in both legs. Guava tea is typi-
cally extracted from several grams of guava leaf, and Japanese adult
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ingests approximately 2,000 g of food per day on average. Therefore,
the dosage in this study was set to 0.2% and 0.5% within the ingestion
level of daily life.

The control, LG, and HG groups were fed an AIN-93 powder diet
containing 0, 0.2%, and 0.5% guava leaf extract in place of starch,
respectively. Rats were given 20-g experimental diet/day after surgi-
cal treatment for 10 weeks. They had free access to water and were
housed in a temperature- and humidity-controlled chamber with a
12-hr light-dark cycle (lights-on time: 7:00 a.m. - 7:00 p.m.). Body
weight was recorded weekly, and serum samples were taken at O, 1,
and 10 weeks postsurgery. Both knee joints containing the femurs,
tibias, and synovial membranes were removed following euthanasia at

10 weeks postsurgery.

2.3 | Histological analysis

Histological analysis was performed as previously described (Galois
et al., 2004; Mankin, Dorfman, Lippiello, & Zarins, 1971). Briefly,
the right knee joint was dissected, fixed in 10% neutral-buffered
formalin, and decalcified with 10% ethylenediaminetetraacetic acid
(EDTA). After dehydration with increasing concentrations of etha-
nol and embedding in paraffin, serial frontal sections of the ACL
(4-5 pum thick) were prepared for histological observation. The sec-
tions were stained with hematoxylin-eosin and safranin O to ob-
serve OA development. The severity of OA was evaluated using
a scale adapted from the Mankin’s scoring method by two inde-
pendent observers who were blinded to the experimental groups.
The scores from the two observers were averaged. The scoring
categories consisted of cartilage destruction (score: 0-6), chondro-
cyte cellularity (score: 0-3), loss of proteoglycans (score: 0-4), and
tidemark change (score: 0-2). Scoring was assessed for four parts,
including the inner and outer tibias and the inner and outer femurs.
The final score was the combined score of all four parts (final score
range: 0-60).

2.4 | Analysis of serum and synovial membrane

2.4.1 | Ellagic acid

Ellagic acid concentrations were determined as previously reported
(Espin et al., 2007) with minor modifications. Briefly, serum samples
(300 ul) were mixed with an antioxidant solution (111 pl) containing
0.2 g/ml ascorbic acid and 1 mg/ml EDTA and o-phosphoric acid (6 pl)
to break the protein-phenol bond. After vortexing for 2 min, 1.5 ml
acetonitrile was added; the mixture was further vortexed for 2 min
and sonicated for 1 min. The mixture was then centrifuged at 14,000
g for 10 min at 4°C. The supernatant was collected and dried under a
nitrogen purge. The residue was reconstituted with a methanol/hy-
drochloric acid (99.9:0.1) solution (100 pl); a 20-pl volume sample was
applied to an HPLC system.

Synovial membranes (approximately 10 mg) were homogenized
in a methanol/hydrochloric acid/water (79.9:0.1:20) solution (200 pl)
before mixing with an antioxidant solution (111 pl) containing 0.2 g/



[o]
o
N

2
-
]
T

TABLE 1 Change in body weight over time of sham-operated and anterior cruciate ligament-transected (ACLT) rats fed with diets containing 0% guava leaf extract (Sham and ACLT/Cont),

0.2% guava leaf extract (ACLT/LG), or 0.5% guava leaf extract (ACLT/HG)

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10

Week 0

Acclimation period

Group

347 + 11 400 + 13 436 + 17 466 + 21 487 + 27 518 27 539 + 28 555+31 573 +35 596 + 36
510+ 22

292 +13

285+ 12

Sham

547 + 26 564 + 28 586 + 22

533+ 25

343 +13 402 + 18 444 + 20 469 + 23 487 + 21

319 + 33

286+ 8

ACLT/Cont
ACLT/LG
ACLT/HG

342+ 14 394 +17 434 + 20 455 + 22 470 + 23 491+ 25 509 + 27 527 +28 545 + 31 572 + 34

310+ 15

287 +11

347 £10 403 +£13 442 + 11 472 + 15 489 + 17 512+ 16 536 £ 16 557 +19 577 £ 22 604 + 23

311+10

286+ 5

Values represent the mean + SD of seven rats per group.
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ml ascorbic acid and 1 mg/ml EDTA and o-phosphoric acid (4 ul).
Subsequent procedures were the same as described above.

A Waters LC system (Milford, MA, USA) equipped with Empower
software, a diode array detector, and an XBridge C18 3.5-um octade-
cylsilyl (ODS) column (4.6 mm x 150 mm; Waters) were used for ellagic
acid analysis. A binary pump was connected to eluents A (0.1% trifluo-
roacetic acid; TFA) and B (0.1% TFA and 99.9% acetonitrile). The mobile
phase was programmed as follows: an isocratic elution of 88% A for
15 min, a stepwise gradient down to 5% A for 10 min to wash column,
followed by a stepwise gradient to 88% A for 15 min to equilibrate col-
umn. The column temperature was maintained at 40°C, and the flow
rate was set to 1 ml/min. Serum ellagic acid was analyzed by HPLC-MS/
MS, and synovial membrane ellagic acid was detected at 254 nm.

Ellagic acid concentrations in the serum and synovial membranes
were only measured in rats that underwent ACLT, as ellagic acid was

not detected in normal rats during preliminary experiments.

2.4.2 | Cartilage oligomeric matrix protein (COMP)

Levels of serum COMP, a cartilage degradation marker, were measured
using a commercially available enzyme-linked immunosorbent assay
(ELISA) kit (Animal COMP ELISA; AnaMar Medical AB, Lund, Sweden).
Data were analyzed by defining the value at week 0 as baseline (100).

2.5 | Statistical analysis

All experimental data were analyzed using SPSS (version 23.0; SPSS,
Inc., Chicago, IL, USA) or SAS for nonparametric test (version 9.1;
SAS Institute Inc., Cary, NC, USA). For intergroup comparisons, a
Dunnett’s multiple comparison parametric test or a Steel's multiple
comparison nonparametric test was performed by setting the value
for the ACLT/Cont group as the reference. When the normal dis-
tribution or the equal variance was not statistically assured, a non-
parametric test was adopted. Differences in p < .05 were considered
statistically significant. Data are presented as the means + standard
deviation (SD). Because the distribution of synovial membrane ellagic
acid content was not normal, the relationship with the cartilage de-

struction score was analyzed by Spearman’s correlation.

3 | RESULTS

3.1 | Body weight

During the test period, there were no significant differences in rat
body weight among all groups (Table 1). In addition, no side effects

were observed upon treatment.

3.2 | Histological analysis

Mankin’s scores of the ACLT/Cont group were significantly higher
than those of the Sham and ACLT/HG groups (Figure 1). Although
the score of the ACLT/LG group was also lower than that of the
ACLT/Cont group, the difference was not significant. Typical
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FIGURE 1 Mankin’s score of the right knee joints of sham-
operated and anterior cruciate ligament-transected (ACLT) rats fed
diets containing 0% guava leaf extract (Sham and ACLT/Cont), 0.2%
guava leaf extract (ACLT/LG), or 0.5% guava leaf extract (ACLT/HG).
The knee joints were dissected on week 10. Values represent the
means and SD (as shown as vertical bars). “Mean value is significantly
different from that of the ACLT/Cont group (p < .05, a Dunnett'’s
multiple comparison test)

histological pictures of each group are shown in Figure 2. Cartilage
stained purple with safranin O, whereas the white part indicates
the joint gap. Knee joint states in ACLT/LG and ACLT/HG groups
were cleaner than those in ACLT/Cont group. These observations
suggest that treatment with guava leaf extract reduces knee joint

destruction in a dose-dependent manner.

3.3 | Ellagic acid in the serum and
synovial membrane

The ACLT/LG and ACLT/HG groups exhibited higher ellagic acid

concentrations in the serum and synovial membrane than those of

(a) Sham

the ACLT/Cont group (Table 2). The increase in ellagic acid concen-
trations directly correlated with higher doses of guava leaf extract.
Although ellagic acid concentrations in the synovial membrane did not
significantly correlate with the overall Mankin'’s score, they did paral-
lel the score for cartilage destruction, which is one component of the
Mankin’s score (Figure 3).

3.4 | Serum COMP levels

Rats that underwent ACLT had higher serum COMP levels after
1 week than those of the sham group (Table 3). The ACLT/Cont group
displayed significantly higher serum COMP levels than those of the
sham group at weeks 1 and 10. However, there were no significant

differences among the three ACLT groups at these time points.

4 | DISCUSSION

In this study, guava leaf extract suppressed the advancement of OA in
an animal model of ACLT.

Adding guava leave extract to the diet of rats led to higher con-
centrations of ellagic acid in the serum and synovial membranes in a
dose-dependent manner. Ellagic acid levels in the synovial membranes
inversely correlated with the cartilage destruction score. Furthermore,
nuclear factor x B activity, a transcriptional factor for ADAMTS-5 ex-
pression (Séguin, Bojarski, Pilliar, Roughley, & Kandel, 2006), is report-
edly blocked by ellagic acid (Ahad, Ganai, Mujeeb, & Siddiqui, 2014).
Therefore, one mechanism by which guava leaf extract suppresses
OA development may be through ellagic acid-mediated inhibition of
ADAMTS-5 in the knee joint. Ellagic acid has been shown to have an-
ticholestatic, antifibrotic, antihepatotoxic, and antioxidant properties

(Garcia-Nifo & Zazueta, 2015). Furthermore, ellagic acid has been

(b) ACLT/Cont

FIGURE 2 Histological pictures of the
right inner knee joints of sham-operated
and anterior cruciate ligament-transected
(ACLT) rats fed diets containing 0% guava
leaf extract (Sham: a and ACLT/Cont: b),
0.2% guava leaf extract (ACLT/LG: c), or
0.5% guava leaf extract (ACLT/HG: d). The
knee joints were dissected on week 10.
Cartilage stained purple with safranin O,
whereas the white part was joint gap

(d) ACLT/HG
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ACLT/Cont ACLT/LG
220+£4.92(n=15)

0.0+£0.0(n=5)

6.00 +5.48 (n = 5)
56.7 +14.3 (n = 6)°

Serum (ng/ml)

Synovial membrane
(pg/mg tissue)

Values represent the mean + SD of five or six rats per group.
?In this group, ellagic acid was not detected.

ACLT/HG

164.6 + 114.0 (n = 5)°

TABLE 2 Serum and synovial
membrane ellagic acid concentration in
anterior cruciate ligament-transected
(ACLT) rats fed with diets containing 0%
guava leaf extract (ACLT/Cont), 0.2%
guava leaf extract (ACLT/LG), or 0.5%
guava leaf extract (ACLT/HG)

8.60 £4.83 (n=5)

PMean value is significantly different from that of the ACLT/Cont group (p < .05, a Steel’'s multiple

comparison test).

*

=)
¢n

# ACLT/LG (n=6)
= ACLT/HG (n=5)

Cartilage destruction score
.

0 100 200 300 400
Synovial membrane ellagic acid (pg/mg tissue)

FIGURE 3 Plot of cartilage destruction score against synovial
membrane ellagic acid concentration in anterior cruciate ligament-
transected (ACLT)/low guava (LG) and ACLT/high guava (HG) group
rats fed with diets containing 0.2% and 0.5% guava leaf extract,
respectively. The negative correlation between ellagic acid content
and the cartilage destruction score was significant (Spearman’s

p =-0.804, p <.005)

TABLE 3 Change in serum cartilage oligometric matrix protein
(COMP) level over time of sham-operated and anterior cruciate
ligament-transected (ACLT) rats fed with diets containing 0% guava
leaf extract (Sham and ACLT/Cont), 0.2% guava leaf extract (ACLT/
LG), or 0.5% guava leaf extract (ACLT/HG). Serum COMP levels are
calculated by defining the value at week O as baseline (100)

Group Week 0 Week 1 Week 10

Sham 96.0 + 13.0° 46.4 +3.4°
ACLT/Cont 100 126.1+23.6 715+ 6.5
ACLT/LG 115.0+12.3 66.1+15.5
ACLT/HG 114.1+ 183 77.6 +16.8

Values represent the mean + SD of seven rats per group.
“Mean value is significantly different from that of the ACLT/Cont group
(p < .05, a Dunnett’s multiple comparison test).

reported to repress inflammation by inhibiting the expression of cy-
clooxygenase-2 (COX-2; Umesalma & Sudhandiran, 2010), an oxida-
tive enzyme that damages cartilage (Amin, Dave, Attur, & Abramson,
2000). Thus, ellagic acid in the synovial membrane may suppress OA
progression through its anti-inflammatory action in addition to its in-
hibitory effects on ADAMTS-5 activity. Further investigations are re-
quired to fully elucidate the mechanisms of ellagic acid action in the

knee joint.

Guava leaf extract used in this study contained not only el-
lagic acid but also catechins and quercetins. Catechins and quer-
cetins have been reported to inhibit the degradation of cartilage
in vitro (Adcocks, Collin, & Buttle, 2002; Lay, Samiric, Handley, &
llic, 2012). However, in addition to their lower inhibitory activities
for ADAMTS-5, their values in synovial membrane were too low to
detect quantitatively. Thus, ellagic acid appeared to be the active
ingredient in guava leaf extract that mediated the effects on knee
joint destruction.

Serum COMP levels in rats from the ACLT groups increased at
week 1, but not at week 10, which agrees with the findings of a pre-
vious study; Hayami et al. (2004) showed that serum COMP levels
peak during the early stage of joint degradation and decline during
later stages of OA. COMP levels in the ACLT/LG and ACLT/HG groups
tended to be lower than those of the ACLT/Cont group at week 1;
however, the effect was not significant. As the activity of ADAMTS-5,
which plays a key role in the progression of early OA (Glasson et al.,
2005; Stanton et al., 2005; Verma & Dalal, 2011), was inhibited by
guava leaf extract containing ellagic acid, our results indicate that
guava leaf extract might be an effective therapeutic agent against
early joint destruction.

5 | CONCLUSIONS

Results from this study suggest that guava leaf extract suppresses OA
development in a rat ACLT model. Inhibition of early joint destruction
attributable to the action of ellagic acid in the knee joint is speculated
to be an underlying mechanism of this effect. Unlike drugs that may
induce adverse side effects, the safety of guava leave extract has been
proven by its application in folk medicine and in the diet of various
regions. However, future studies involving human subjects are needed
to confirm the effectiveness of guava leaf extract in the treatment of
OA.
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