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Abstract
Background: Curcumin has anti-in�ammatory effects. However, curcumin is poorly water-soluble, and
when administered orally, formscurcumin conjugates with poor e�cacy.Curcumin monoglucuronide
(TBP1901) is highly water-soluble and can existinthe free-form in a greater proportion than curcumin in
vivo. This study aimed to evaluate the effectiveness of intra-articular TBP1901 injections fora rat model
of osteoarthritis (OA).

Methods: Sixty-four male Wistar rats (12weeks old) that had receivedthe destabilized medial
meniscus(DMM) surgery, were randomly separatedinto the TBP1901 injectionandthe saline solution
injection (control) group. They were sacri�cedat 1, 2, 6, or 10weeks postoperatively(n = 8 for each). The
TBP1901 (30mg/mL) andsaline solutionof 50μLwere administered to the knee joint through the patella
tendon twice a week for the rats sacri�cedat1 and 2weeks or once a week for at6 and 10weeks. The OA
changes were evaluated by micro-computed tomography (micro-CT), histology, and
immunohistochemical analysis.

Results:Curcumin �uorescence was con�rmed in the articular cartilageand synovium of rats with
TBP1901 injections at all observation periods.The TBP1901injections signi�cantly reducedthe synovial
in�ammation at 1 and 2 weeks and the expression of TNFα in thetibialarticular cartilage at 6 weeks
postoperatively.Moreover, TBP1901 injections ameliorated the articular cartilage structure, the
subchondral bone (SB) plate thickness, and perforations from 6 to 10 weeks.As a result, there were
signi�cant differencesbetween groups in OA scores, SB plate thickness, and perforations at 10 weeks
postoperatively.In addition, osteophyte formation in the TBP1901group was signi�cantly suppressed
after 10 weeks.

Conclusion: This study reports the �rst evidence that TBP1901 injections suppress in�ammation and
osteophyte formation, and ameliorate the articular cartilage and SB pathologies by absorption in the
articular cartilage and synovium in a rat DMM model.Therefore, intra-articular injections of TBP1901may
be effective in improving OA pathology.

Introduction
Osteoarthritis (OA) is a progressive disease that affects the activity of daily living in many people
worldwide. Conservative treatments for OA include physiotherapy [1, 2], dieting [3, 4], hyaluronic acid
intra-articular injection [5], and non-steroidal anti-in�ammatory drugs (NSAIDs) [6], and they have certain
bene�cial effects. However, it is di�cult to prevent OA progression, while analgesic drugs such as NSAIDs
have adverse effects [7, 8]. Therefore, the development of a new treatment method is needed. Curcumin, a
polyphenol compound present in turmeric (Curcuma longa, long used as a spice and herbal medicine),
has been con�rmed to have many positive health bene�ts: anti-in�ammatory [9, 10], anti-oxidative [11,
12], anti-cancer [13, 14], anti-allergy [15, 16], anti-diabetes [17], hepatoprotective [18], neuroprotective [19],
anti-depressant [20], and muscle damage protective [21] effects. In a randomized control study (RCT) of
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patients with knee OA, treatments with curcumin were associated with signi�cant score reductions in the
following indexes: Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), Visual
Analog Scale (VAS; subjective pain scale), and Lequesne’s pain functional index (LPFI) [22, 23]. Another
study using a mouse OA model showed that curcumin suppressed articular cartilage destruction [24, 25].
Although bene�cial effects have been con�rmed, curcumin has low hydrophilicity and high lipophilicity
[26]. Therefore, it is not e�ciently absorbed when it is ingested [27, 28]. One of the formulations that
partially solves this problem, a high absorption curcumin, increased the in vivo absorption rate 27-fold
than a traditional curcumin when taken orally [29–31]. In an RCT study using a high absorption curcumin
with knee OA patients, VAS scores were signi�cantly lower in the high absorption curcumin group than in
the placebo group [32].

Ingested curcumin is mostly present as molecular conjugates in the body, with almost no free-form
curcumin, which is most important for pharmacological activity [33–35]. The in vitro pharmacological
activity of curcumin (e.g., anticancer effects) is associated with the free-form curcumin, not curcumin
monoglucuronide (TBP1901), which is the major metabolite in serum [36, 37]. The β-glucuronidase
hydrolyzes TBP1901 to free curcumin [38]. It is present at high levels in tumors, and it is released from
granulocytes, including neutrophils, and injured cells at sites of in�ammation [39–41]. Due to this
enzyme, the intravenous administration of synthesized TBP1901 in mice showed the presence of free-
form curcumin in the blood at a constant level (approximately 4–16% of total curcumin levels), and the
tumor growth was signi�cantly suppressed [42]. Furthermore, the bone has been shown to contain more
aglycone curcumin and curcumin than other tissues when curcumin is ingested, probably because the β-
glucuronidase expressed in bone marrow cells deconjugates TBP1901 [35, 43]. Previous studies on bone
diseases using curcumin have reported that the deglucuronidation activity of bone marrow cells has
given bone protective effects, despite curcumin having low bioavailability [44, 45]. Therefore, TBP1901
may act as a pro-drug that targets the bone. In addition, because TBP1901 has a higher polarity than
curcumin, it is more water-soluble than curcumin [42]. Its water-solubility makes it more suitable for use in
injections than curcumin, and it may be also more effective for absorption into the joint tissue, which is
composed mostly of water.

Taken together, these reports suggest that treatments with TBP1901 may work more effectively for the
pathophysiology of the in�ammatory disease OA. To verify the hypothesis, we chose the relatively slow
progressing OA model of rats with destabilized medial meniscus (DMM) [46]. Thus, the purpose of this
study was to investigate the effectiveness of TBP1901 in OA progression in the rat DMM model.

Methods
Animal preparation and surgical procedures

This study was approved by the animal research committee of Kyoto University (approval number: Med
Kyo 19016) and conducted in accordance with the ARRIVE guidelines [47].
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Sixty-four male Wistar rats (12 weeks old), purchased from SHIMIZU Laboratory Supplies Co. Ltd. (Kyoto,
Japan), were placed in a plastic cage with paper bedding on a 12-h light/dark cycle at a constant
temperature. The rats could move freely in the cages and had free access to food and water. All rats
underwent DMM surgery for the OA model [46]. Brie�y, DMM surgery was performed with anteromedial
capsule incision and transection of the medial meniscotibial ligament in the right knee under anesthesia
with 1.0 mL/kg pentobarbital sodium (Somnopentyl; Kyoritsu Seiyaku Corp., Tokyo, Japan). The rats were
randomly separated into TBP1901 and saline solution (control) injection groups (n = 32 for each group).
They were sacri�ced at four periods of 1, 2, 6, or 10 weeks postoperatively (n = 8 for each). The synthesis
of TBP1901 was performed as described previously [42]. TBP1901 and saline injections of 50 µL were
administered to the right knee joints through the patellar tendon. The concentration of TBP1901 was
chosen to be 30 mg/mL based on a preliminary study. The rats sacri�ced at 1 week postoperatively were
injected at day-3 and day-7 postoperatively, and at 2 weeks were injected at day-3, day-7, day-10, and day-
14, and at 6 and 10 weeks were injected once a week from 1 week postoperatively. An hour after the �nal
injection in each observation period, the rats were sacri�ced by a lethal dose of pentobarbital sodium, and
their right knee joints were harvested for micro-computed tomography (micro-CT), histochemical, and
immunohistochemical analysis. Bodyweight was measured every week for all rats.

Micro-CT analysis

After �xation of the knees with 4% paraformaldehyde overnight, the tibiofemoral (TF) joints were scanned
using a micro-CT system (SMX-100CT, Shimadzu, Kyoto, Japan) at 43 kV and 43 µA with a scan time of
approximately 10 minutes. After scanning, the three-dimensional (3D) reconstruction and assessment of
the TF joint were performed with ImageJ (National Institutes of Health, Bethesda, MD, USA) and Amira®
(version 5.5, EFI Visualization Science Group, Burlington, MA, USA) software. The subchondral bone (SB)
plate thickness, number of SB plate perforations, diameter of SB plate perforations, bone volume (BV),
total volume (TV), and osteophyte volume in the medial tibia SB (above epiphyseal plate) were calculated
according to protocols described in previous studies [48, 49]. SB plate thickness was measured at the
thickest region around the center of the medial articular surface. The diameter of the SB plate perforation
was de�ned as the largest diameter of the largest perforation in each sample. To assess the bone density
of the SB, bone volume was divided by total volume (BV/TV).

Histological analysis

After micro-CT, the knee joint samples were decalci�ed in 10% ethylene-diamine-tetra-acetic acid (EDTA)
for three to four weeks and cut along the mid-sagittal plane at the halfway point. After decalci�cation, the
samples were para�n-embedded and cut into 6 µm sections at 50 µm intervals. First, the para�n
sections were observed with an epi�uorescence microscope (MVX10, Olympus Corporation, Tokyo,
Japan) to con�rm the presence of curcumin in the articular cartilage and the synovium. Curcumin is a
�uorescent substance with an excitation wavelength of 300–550 nm (maximum excitation wavelength:
467 nm) and an emission wavelength of 548–600 nm (maximum emission wavelength: 571 nm) [50].
Fluorescence detection was used for curcumin quanti�cation [51]. Based on this report, curcumin
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�uorescence was observed with the mirror unit of U-MYFPHQ/XL (Olympus Corporation, Tokyo, Japan).
Second, the para�n sections were stained with hematoxylin and eosin (H/E) to evaluate the
in�ammation of the synovium in knee joints and Safranin O/Fast green to evaluate the severity of the
cartilage degeneration and the SB changes. In�ammation was assessed using an in�ammation scoring
system described in a previous study [52]. Three membrane features (synovial lining cell layer, stroma cell
density, and in�ammatory in�ltrate) were assessed in the whole knee joint as 0 (none), 1 (slight), 2
(moderate), or 3 (strong). The in�ammation score was determined as the summed score for all
parameters. The highest in�ammation score was recorded for each sample. Cartilage degeneration was
assessed using the OARSI score [53] and the modi�ed Mankin (MM) score [54], according to a previous
study. The OARSI score consists of six grades and four stages on a scale from 0 (intact) to 24 (severe
damage). The MM score consists of three features (pericellular matrix staining, spatial arrangement of
chondrocytes, and inter-territorial matrix staining) on a scale from 0 (intact) to 8 (severe). Cartilage
degeneration was evaluated on the medial TF joint and patellofemoral (PF) joint. The maximum score
was used for all scoring systems and samples.

Immunohistochemical analysis

Immunohistochemistry of type I collagen, type II collagen, Interleukin-1β (IL1β), Interleukin-6 (IL6), and
tumor necrosis factor-α (TNFα) was performed to determine the principal collagen expression and
in�ammation in the cartilage. Antigen retrieval was performed for 20 minutes by heating with HistoVT
One (Nacalai Tesque, Inc., Kyoto, Japan). Blocking was performed using 0.3% H2O2 for 15 minutes and
5% goat serum for 20 minutes at room temperature. The sections were then incubated at 4 ºC overnight
with primary antibodies against type I collagen (AB755P, diluted 1:1000; Merck KGaA, Darmstadt,
Germany), type II collagen (diluted 1:100; KYOWA PHARMA CHEMICAL CO., LTD., Toyama, Japan), IL1β
(ab9722, diluted 1:100; Abcam Co., Cambridge, UK)), IL6 (ab9324, diluted 1:250; Abcam Co., Cambridge,
UK)), and TNFα (ab6671, diluted 1:100; Abcam Co., Cambridge, UK). Detection was performed using the
streptavidin-biotin-peroxidase complex technique with an Elite ABC kit (Vector Laboratories, CA, USA), and
immunoreactivity was visualized by incubation with a diaminobenzidine solution (Vector Laboratories,
CA, USA) followed by counterstaining with hematoxylin. The primary antibody was omitted from the
negative control slides. The expression of type I and type II collagen in the medial tibia and patella
cartilage was analyzed by measuring the minimum and mean pixel intensity values using TIFF images
(magni�cation × 40) taken by microscopy and ImageJ, respectively, on a scale of 0 (maximum staining)
to 255 (no staining), according to a previous study [55]. The expression of IL1β, IL6, and TNFα in the
medial tibia and patella cartilage was analyzed by measuring the percentage of positive chondrocytes to
detect the severity of cartilage in�ammation within the middle region of the medial tibia with an
anteroposterior width of 0.5 mm or the central region of the patella with a superoinferior width of 0.5 mm.

Statistical analyses

The median and interquartile range (IQR) of the in�ammation score, OARSI score, and MM score (non-
parametric data) were calculated for each group, and the Wilcoxon test was used to compare differences
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between the two groups. In addition, the mean and 95% con�dence intervals (CIs) of body weight,
immunohistochemical, and micro-CT analysis data (parametric data) were calculated, and Welch’s T-test
was used to compare differences between the groups. The normality of the data was assessed using
normal quantile–quantile plots and the Shapiro-Wilk test. P-values < 0.05 were considered statistically
signi�cant in all tests. Statistical analyses were performed with JMP® Pro 14 software (SAS Institute Inc.,
Cary, NC, USA).

Results
Bodyweight is shown in Supplemental Fig. 1. Bodyweight in the TBP1901 group was signi�cantly lower
than that in the control group at 1 week (mean (95% CIs): 276.59 g (272.65–280.54); TBP1901, 282.31 g
(278.40–286.23); control, p = 0.04), but after 1 week, there were no signi�cant differences between
groups. There were no other adverse events.

Histology

Curcumin �uorescence was con�rmed in the tibial articular cartilage at all observation periods in rats with
TBP1901 injections (Fig. 1), although it was very weak at 10 weeks. The �uorescence was most strongly
expressed at 2 weeks. In the synovium, curcumin �uorescence was con�rmed at all observation periods
in rats with TBP1901 injections. The �uorescence was strongly expressed 2 weeks after synovial growth.
In addition, �uorescence expression was con�rmed in control sections at 2 weeks. There was a difference
in the strongly positive periods of �uorescence expression between the articular cartilage and the
synovium.

Severe synovial in�ammation was especially observed at 1 and 2 weeks postoperatively as an
enlargement of the synovial lining cell layer and increased cellularity and situated lymphocytes or plasma
cells (Fig. 2). The TBP1901 injections signi�cantly reduced the synovial in�ammation at 1 (p = 0.007) and
2 weeks (p < 0.001) postoperatively. However, no signi�cant effects were seen after 6 weeks when the
in�ammation had subsided.

Articular cartilage damage of the medial tibia tended to worsen over time in the controls. However, in the
TBP1901 group, the articular cartilage structure ameliorated from 6 to 10 weeks (Fig. 3A). The cartilage
structure was preserved in most subjects of the TBP1901 group at 10 weeks. The OARSI and MM scores
in the TBP1901 group were signi�cantly lower than the scores in the control group at 10 weeks (p < 0.001,
each).

On the contrary, the articular cartilage of the patella displayed some damage from 1 to 10 weeks
(Fig. 3B). However, the cartilage structure of the patella also ameliorated from 6 to 10 weeks in the
TBP1901 group. At 10 weeks, TBP1901 injections reduced the �brillation of the cartilage surface. The
OARSI score in the TBP1901 group was signi�cantly lower than that in the control group at 10 weeks (p = 
0.003). The TBP1901 prevented the reduction of SafraninO staining at 1 week. The MM score in the
TBP1901 group was signi�cantly lower than that in the control group at 1 week (p = 0.025).
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Immunohistochemistry

Tibiofemoral joint

The expression of type I collagen was con�rmed on the surface of the articular cartilage in the medial
tibia in all observation periods. There were no differences between the groups (Fig. 4A). The abnormal
expression of type II collagen in the articular cartilage was con�rmed at 1 and 2 weeks postoperatively. At
1, 2, and 6 weeks, there were no signi�cant differences in mean intensity between the groups. However,
TBP1901 injections signi�cantly increased the expression at 10 weeks.

The pro-in�ammatory cytokine expression levels of IL1β, IL6, and TNFα were con�rmed in the articular
cartilage of the tibia (Fig. 5). The percentages of positive chondrocytes increased from 1 week to 10
weeks. There were no signi�cant differences between groups at weeks 1, 2, and 10, but TBP1901
injections signi�cantly reduced TNFα expression at 6 weeks (p = 0.02). In addition, TBP1901 injections
showed a tendency to reduce IL6 expression at 6 weeks.

Patellofemoral joint

The expression of type I collagen was almost undetectable in the patellar articular cartilage at 1, 2, and 6
weeks and was con�rmed at 10 weeks on the surface of the cartilage (Fig. 4B). There were no signi�cant
differences between the groups. The expression of type II collagen in the patella was stable, unlike that in
the tibia. There were few differences among the observation periods, but TBP1901 injections signi�cantly
increased the type II collagen expression at 10 weeks (p = 0.016).

The pro-in�ammatory cytokines IL1β, IL6, and TNFα were more highly expressed in the articular cartilage
of the patella than in the tibia (Fig. 6). The percentage of positive chondrocytes slightly decreased from 1
week to 10 weeks. There were no signi�cant differences between groups at 1, 2, and 10 weeks, but
TBP1901 injections signi�cantly increased IL6 and IL1β expression at 6 weeks (p = 0.001 each). However,
the TNFα expression in the TBP1901 group showed a tendency to decrease at 6 weeks.

Micro-CT analysis

The DMM surgery induced SB changes and osteophyte formation (Fig. 7A & 7B). In the control group, the
SB plate thickness decreased from 1 week to 2 weeks and increased after 2 weeks (Fig. 7B). However, in
the TBP1901 group, the SB plate thickness did not decrease from 1 week to 2 weeks. After that, it became
thicker by week 6 and decreased by week 10. There were signi�cant differences in SB plate thickness at 2
(p = 0.002), 6 (p = 0.029), and 10 weeks (p = 0.002) between groups. In particular, TBP1901 injections
reduced the thickness in 10 weeks compared with the control group.

SB plate perforations were found by micro-CT images especially after 6 weeks (Fig. 7A). There were no
differences in the number and diameter of SB plate perforations at 6 weeks between the groups, but
TBP1901 injections signi�cantly reduced them in 10 weeks compared with the control group (p < 0.001
and p = 0.001, respectively; Fig. 7B).
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The BV/TV in the SB of the medial tibia tended to increase from 1 week to 10 weeks (Fig. 7B). The
TBP1901 injections signi�cantly decreased BV/TV in 2 weeks (p = 0.013). However, the BV/TV in the
TBP1901 group was signi�cantly larger at 6 weeks (p = 0.004). There was no signi�cant difference at 10
weeks between the groups.

The osteophytes on the medial tibia had formed 2 weeks postoperatively. The osteophyte volume in the
TBP1901 group tended to be lower than that in the control group at 6 weeks, and TBP1901 injections
signi�cantly suppressed osteophyte growth at 10 weeks compared with the control group (p < 0.001).

Discussion
In this study, we performed intra-articular injections of TBP1901, a curcumin prodrug, at 1, 2, 6, or 10
weeks after the DMM operation to examine whether it prevented OA progression in rat knees. Curcumin
�uorescence was con�rmed in the articular cartilage and synovium in the TBP1901 group. The TBP1901
injections suppressed TNFα expression in 6 weeks and ameliorated the articular cartilage structure in 10
weeks. The TBP1901 reduced SB plate thickness and perforations in 10 weeks. This study revealed that
TBP1901 injections have a preventive or ameliorative effect on OA progression in this study.

Curcumin �uorescence after TBP1901 injection

Curcumin �uorescence was con�rmed in the articular cartilage and synovium after TBP1901 injections. It
is known that auto�uorescence appears more pronounced in in�amed tissues or synovium [56, 57]. We
also measured some auto�uorescence from the in�amed synovial cells and tissue in our study, as
positive �uorescence was found in the synovium of controls at 2 and 6 weeks. However, the differences
between groups were obvious to us, and we feel this must re�ect curcumin �uorescence. This is the �rst
report to con�rm curcumin �uorescence after TBP1901 injections, to our knowledge. It is hypothesized
that while TBP1901 entered each tissue, it was hydrolyzed to free aglycons by glucuronidase in the
tissues or that it entered each tissue after hydrolyzation. There are no reports in the literature that suggest
that administered curcumin is absorbed by articular cartilage; therefore, a highly water-soluble TBP1901
may be more suitable for absorption into articular cartilage.

In addition, curcumin �uorescence was observed at 6 weeks postoperatively, suggesting that hydrolysis
of TBP1901 can occur even during the non-hyperacute phase. Furthermore, the timing of curcumin
�uorescence expression in the articular cartilage and synovium was different; thus, the timing of
administration may need to be considered depending on the expected effect.

Anti-in�ammatory effect and articular cartilage ameliorated by TBP1901

This is the �rst report to show the effect of anti-in�ammation and anti-OA progression by TBP1901
injections in rat knee joints. In�ammation plays a central role in OA pathogenesis. In�ammation
contributes to chondrocyte apoptosis, extracellular matrix disruption, and cartilage degeneration through
the pro-in�ammatory cytokines IL1β, IL6, and TNF-α [58–64]. Curcumin has been suggested to suppress
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in�ammation and prevent cartilage destruction by reducing the activation of the NF-κB pathway and pro-
in�ammatory cytokine expression [25, 65–67].

In our study, TBP1901 injections reduced the pro-in�ammatory cytokine expression in articular cartilage
in 6 weeks and ameliorated the articular cartilage structure in 10 weeks. No previous studies using
curcumin have shown the restoration of cartilage structure to our knowledge, but in our hands, TBP1901
injections ameliorated the cartilage damage from 6 weeks to 10 weeks. Besides, curcumin promotes
chondrogenic differentiation of mesenchymal stem cells (MSCs) [68], and has the potential to promote
self-healing of articular cartilage. Our results suggest that the curcumin in the joint, may maximize the
self-healing effect of curcumin with anti-in�ammation. On the other hand, in the early period after DMM
surgery, 1, 2, and 6 weeks postoperatively, there were no signi�cant differences in the TF articular
cartilage between the two groups. The reason for this might have been a more rapid OA progression, even
though DMM surgery normally induces OA changes relatively slowly in the OA model.

Effect of TBP1901 on subchondral bone

Moreover, this study showed the bene�cial effects on SB and osteophyte formation. Few reports have
shown that curcumin is effective for SB. Zhang et al. reported that oral administration of curcumin for 8
weeks reduced SB plate thickness [25]. In our study, TBP1901 injections in 10 weeks suppressed SB plate
thickening. A similar tendency was observed with the degree of articular cartilage status, so that the
articular cartilage and SB may have been interrelated.

Generally, the SB plate becomes thinner due to increased bone remodeling in early OA and thicker due to
changes in remodeling balance as OA progresses [69, 70]. However, TBP1901 suppressed SB plate
thinning in 2 weeks. Some reports have shown that curcumin attenuates bone resorption by suppressing
osteoclast proliferation [71] and osteoblast apoptosis [72]. This may be one of the reasons why the SB
plate thinning was suppressed by TBP1901. Moreover, mechanical loading changes related to pain relief
may have affected SB plate thickness because curcumin has a pain relief effect [25, 32]. In addition,
TBP1901 reduced SB plate perforations in 10 weeks, indicating that TBP1901 could affect bone
reformation in the SB.

Moreover, TBP1901 injections suppressed osteophyte formation. Osteophytes are a representative
pathophysiology of OA and cause limitations in range of motion. Osteophytes are formed by cells (e.g.,
MSCs) in the synovium in a process similar to endochondral ossi�cation [73]. In osteophyte formation,
transforming growth factor-β (TGFβ) and macrophages play an important role [74, 75]. In addition, oral
curcumin administration induced the suppression of TGFβ activation on the synovium in a previous
report [76]. In our study, curcumin �uorescence was con�rmed in the synovium at even 10 weeks
postoperatively, so that suppression of TGFβ activation by curcumin might suppress osteophyte
formation. This study indicated that TBP1901 has signi�cant bene�cial effects on the SB and
osteophytes, which were less seen in previous reports of administered curcumin. These remarkable
effects for SB and osteophytes may be due to the presence of free curcumin derived from TBP1901
hydrolyzed by one of the many glucuronidases produced in the bone marrow [35, 42].
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Limitations And Conclusion
The present study has some limitations. First, it has not been determined whether TBP1901 is more
effective than curcumin ora high absorption curcumin, since no comparative studies have been
conducted. A comparative study is needed to reveal this. Second, although the DMM model exhibits
similar histological features to human OA,the model shows more rapid progression than typical human
OA[77,78]. An experiment using a slower OA progression model is needed to reveal its effect on early OA.
Third, it is insu�cientto conclude whether TBP1901 induces reversible cartilage restorationfrom this
study. It would be necessary to follow-up the same individual or conduct an experiment to administer
TBP1901 after articular cartilage damage. Fourth, it is unclear how and where TBP1901 was hydrolyzed
to curcumin in the joint, although curcumin �uorescence was con�rmed in the articular cartilage.
Moreover, the excitation and emissionwavelengths of curcumin conjugates are unclear, so the curcumin
�uorescence in this study may include �uorescence from curcumin conjugates.Fifth, the mechanism of
the effect of TBP1901 on SB and osteophytesis unclear. Additionalcomprehensive studiesfocusingon
TGFβ, macrophages, and mechanical stressarenecessary. Sixth, it is unclear what dosage would be best
to administer TBP1901, although it wasadministeredat 30mg/mL by intra-articular injections from the
hyperacute phase in this study. Additional investigations are necessary to determine the best
postoperative timing and mode of administration of TBP1901.

 In conclusion, this study showed the �rst evidence of curcumin �uorescence in articular cartilage and
synoviumfollowing intra-articular injections of TBP1901.Furthermore, its injections amelioratedthe
articular cartilage structure and SB homeostasisin a rat OA model (DMM), following the reduction of
synovial in�ammation andTNFα expression(Fig. 8).Moreover, no adverse events other than a slight
decreaseinweight gainwere observed at the beginning of injections. Similar effects may be expected for
human trials, but additional experiments are required.

Abbreviations:
TBP1901, curcumin monoglucuronide; OA, osteoarthritis; DMM, destabilized medial meniscus; SB,
subchondral bone; CT, computed tomography; RCT, randomized control study; WOMAC, Western Ontario
and McMaster Universities Osteoarthritis Index; VAS,Visual Analog Scale; LPFI,Lequesne’s pain functional
index; TF joint,tibiofemoral joint; 3D,three-dimensional; BV, bone volume; TV,total volume; EDTA,
ethylenediaminetetraacetic acid; H/E, Hematoxylin/Eosin; MM score,modi�ed mankin score; PF joint,
patellofemoral joint; IL1β,Interleukin-1β;IL6;Interleukin-6;TNFα;Tumor Necrosis Factor-α;IQR,interquartile
range; CIs,con�dence intervals;MSCs,Mesenchymal StemCells;TGFβ,Transforming growth factor-β
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Figures

Figure 1

Fluorescence microscopy images of the articular cartilage and synovium of the knee joints.
Representative histological images. Curcumin �uorescence (red) was con�rmed in the articular cartilage
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andsynovium at all experimental periods in rats injected with TBP1901.The dotted line indicates the
articular cartilage surfaceline. Magni�cation: ×125. Scale bar: 100μm

Figure 2

Histological images stained with H/E and synovial in�ammation scores in the knee joint. A.
Representative histological images of the knee synovium are shown.Magni�cation: ×200. Scale bar:
100μm.B.TBP1901 injections in rats with DMMsigni�cantly reduced the in�ammation scoresat 1 and 2
weeks compared with the control group. Values are the medians in the TBP1901 and control groups at
several time points (n=8, each). P-values were calculated using the Wilcoxon test.
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Figure 3

Histological images of SafraninO/Fastgreen stainedspecimens and OA scores.OA scores were evaluated
for the articular cartilage on the tibial plateau in the tibiofemoral joint A. and the patella in patellofemoral
joints B. using Osteoarthritis Research Society International (OARSI) scores and Modi�ed Mankin (MM)
scores. In the TBP1901 group, thearticular cartilagestructure amelioratedfrom 6 to 10 weeks. TBP1901
injections in rats with DMM signi�cantly reduced the OARSI score in the tibia and patella at 10 weeks
compared with the control group. TBP1901 injections signi�cantly reduced the MM score in the tibia at
10 weeks and in the patella at 1 week. Values are the medians in the TBP1901 and control groups at
several time points (n=8, each). P-values were calculated using the Wilcoxon test. Magni�cation: ×100.
Scale bar: 100μm
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Figure 4

TBP1901injections increased type II collagenexpressionin 10 weeks.A.Immunohistochemical images with
typeIandII collagen and quantitative analyses in the tibia ofthe tibiofemoral joint.B.Immunohistochemical
images with typeI andII collagen and quantitative analyses in the patella of the patellofemoral joint. The
expression of type I and type II collagen was analyzed by measuring the minimum and mean intensity
values using ImageJ, on a scale from 0 (maximum staining) to 255 (no staining). Values are the means
in the TBP1901 and control groups at several time points (n=8, each). P-values were calculated using
Welch’s T-test. Magni�cation: ×100. Scale bar: 100μm
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Figure 5

TBP1901injections suppressed the expression of pro-in�ammatory cytokines in the articular cartilage of
the tibiofemoral joint. Representative immunohistochemical images of IL1β, IL6, and TNFαin the articular
cartilage of the tibia are shown in the upper row. The percentages of positive cells are shown in the lower
row.The percentage of TNFα-positive cells in the TBP1901 group was signi�cantly reducedat 6 weeks
compared withthe control group. Values are the means in the TBP1901 and control groups at several time
points (n=8, each). P-values were calculated using Welch’s T-test. Magni�cation: ×200. Scale bar: 100μm
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Figure 6

TBP1901injections did not suppress the expression of pro-in�ammatory cytokines in the articular
cartilage of the patellofemoral joint. Representative immunohistochemical images of IL1β, IL6, and
TNFαin the articular cartilage of the patella are shown in the upper row. The percentages of positive cells
are shown in the lower row. The percentages of IL1βand IL6positive cells in the TBP1901 group were
signi�cantly higherat 6 weeks compared withthe control group. Values are the means in the TBP1901 and
control groups at several time points (n=8, each). P-values were calculated using Welch’s T-test.
Magni�cation: ×200. Scale bar: 100μm
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Figure 7

TBP1901injections prevented excessive bone formation and ameliorated subchondral bone (SB)plate
perforations. A. Representative three-dimensional micro-CT images of theSB in the tibial plateau. SB plate
perforations(red arrows) were found in the medial tibial plateau,especially at 6 and 10 weeks.
Osteophytes (yellow arrowheads) were con�rmed on the medial margin at 2, 6, and 10 weeks. B.TBP1901
injections signi�cantly suppressed SB plate thinning in 2 weeks andreduced SB plate thickness, number
of SB plate perforations, diameter of SB plate perforations,and osteophyte volume in 10 weeks. Values
are the means in allmeasurements at several time points (n=8, each). P-values were calculated using
Welch’s T-test for all measurements.
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Figure 8

Graphical abstractfor theeffects of the intra-articular injection ofTBP1901on the amelioration ofOA
development in the rat OA model (DMM). Curcuminwasfound inthe articular cartilage and synovium
afterTBP1901 injection. Curcumin suppressed in�ammation and osteophyte formation, and ameliorated
the articular cartilage and subchondral bone (SB) pathology.
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