Check for
updates

|BC RESEARCH ARTICLE

The naturally occurring flavonoid nobiletin reverses
methotrexate resistance via inhibition of P-glycoprotein
synthesis

Received for publication, September 1, 2021, and in revised form, February 12, 2022 Published, Papers in Press, February 22, 2022,
https://doi.org/10.1016/jjbc.2022.101756

Rui Liu', Yurong Song', Chenxi Li', Zhengjia Zhang', Zeyu Xue', Qingcai Huang', Liuchunyang Yu', Dongjie Zhu',
Zhiwen Cao', Aiping Lu”*, Cheng Lu’*, and Yuanyan Liu'*

From the 'School of Chinese Materia Medica, Beijing University of Chinese Medicine, Beijing, China; *School of Chinese Medicine,
Hong Kong Baptist University, Kowloon, Hongkong, China; *Institute of Basic Research in Clinical Medicine, China Academy of

Chinese Medical Sciences, Beijing, China
Edited by Mike Shipston

Methotrexate (MTX) is the first-line treatment for rheuma-
toid arthritis (RA). However, after long-term treatment, some
patients develop resistance. P-glycoprotein (P-gp), as an
indispensable drug transporter, is essential for mediating this
MTX resistance. In addition, nobiletin (NOB), a naturally
occurring polymethoxylated flavonoid, has also been shown to
reverse P-gp—mediated MTX resistance in RA groups; however,
the precise role of NOB in this process is still unclear. Here, we
administered MTX and NOB alone or in combination to
collagen II-induced arthritic (CIA) mice and evaluated disease
severity using the arthritis index, synovial histopathological
changes, immunohistochemistry, and P-gp expression. In
addition, we used conventional RNA-seq to identify targets and
possible pathways through which NOB reverses MTX-induced
drug resistance. We found that NOB in combination with MTX
could enhance its performance in synovial tissue and decrease
P-gp expression in CIA mice compared to MTX treatment
alone. In vitro, in MTX-resistant fibroblast-like synoviocytes
from CIA cells (CIA-FLS/MTX), we show that NOB treatment
downregulated the PI3K/AKT/HIF-la pathway, thereby
reducing the synthesis of the P-gp protein. In addition, NOB
significantly inhibited glycolysis and metabolic activity of CIA-
FLS/MTX cells, which could reduce the production of ATP and
block P-gp, ultimately decreasing the efflux of MTX and
maintaining its anti-RA effects. In conclusion, this study shows
that NOB overcomes MTX resistance in CIA-FLS/MTX cells
through the PI3K/AKT/HIF-la pathway, simultaneously
influencing metabolic processes and inhibiting P-gp—induced
drug efflux.

Rheumatoid arthritis (RA) is an autoimmune disease that is
mainly characterized by erosive and symmetrical polyarthritis.
The malignant proliferation of fibroblast-like synovial cells
(FLS) of active RA plays a crucial role in the pathogenesis and
progression of RA, including the formation of pannus, the
secretion of proinflammatory cytokines, and cartilage
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degeneration (1). Methotrexate (MTX), the most common RA
drug, has been widely used to treat RA since the 1980s (2). In
addition, the use of MTX alone has been recommended for RA
patients with low, medium, or high-risk disease activity (3).
However, after taking MTX for a long time, it enters a plateau
characterized by reduced multidrug sensitivity, thereby leading
to poor curative effect, which ultimately results in multidrug
resistance (MDR). Methotrexate-induced MDR is associated
with several factors, among which the resistance of drug
transporter-mediated MTX efflux in tumors is widely
researched (4, 5). However, it has rarely been shown in RA.
The potential mechanism of MDR is intricate, with the ABC
transmembrane protein, especially the MDR1 that encodes the
transmembrane protein P-glycoprotein (P-gp), playing a
crucial role (6). It is worth noting that MTX is one of a large
number of substrates with binding sites on P-gp. Studies have
revealed that P-gp mediates MTX-induced resistance which
accounts for the therapeutic failure in RA (7, 8). Notably, the
presence of P-gp can make cells more aggressive and/or easier
to survive under adverse conditions. Similarly, ABC trans-
porters have been studied for nearly 2 decades and found to be
widely expressed in cell types associated with the pathogenesis
of RA (9). Numerous studies have focused on P-gp as a pro-
totype ABC transporter and have attempted to correlate P-gp
expression with disease conditions and, more importantly,
drug resistance (10). It has been reported that the level of P-gp
is significantly higher in refractory RA patients than in non-
refractory RA patients (11). All these findings suggest that
P-gp—induced MTX efflux may be one of the indispensable
causes of MTX resistance and desensitization in RA.
Nobiletin (NOB) is a naturally occurring flavone that is
widely derived from the peel of citrus fruits and can be used as
a chemical sensitizer (12). Studies have shown that the resis-
tance of cancer cells to chemotherapy drugs, such as cisplatin,
paclitaxel, and oxaliplatin, can be reduced by NOB (13). One
study found that NOB inhibits P-gp activity, which paves the
way for chemo-preventive agents to penetrate into cancer cells
(14). In addition, NOB may target the PI3K-protein kinase B
(AKT)/mTOR pathway to inhibit proliferation and growth of
cancer cell, thereby exerting its antitumor activity (15).
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Interestingly, our previous study found that combining the
total flavonoid extract containing NOB and its derivatives with
MTX may exert a synergistic effect for RA treatment (16),
probably through inhibiting the proinflammatory cytokines
and attenuating the development of RA (17). Therefore, this
calls for studies to elucidate the potential mechanism of NOB
in improving the sensitivity of CIA-FLS/MTX cells, with the
overarching goal of providing insights into promoting the ef-
ficacy of RA treatment.

Fibroblast-like synovial cells interacts with B-cells and T-
cells through hypoxia-inducible factor-1 a (HIF1-a) activation,
thereby activating major signaling pathways (nuclear factor
kappa beta, HIF1-a, and PI3K/AKT), which participate in
various stages of RA development and increase glycolytic ac-
tivity (18—20). For example, HIF1-a can affect energy supply
and the level of lactic acid production, thereby participating in
the invasion, migration, and survival of FLS cells (21, 22).
Moreover, P-gp depends on the hydrolysis energy of ATP to
excrete the drug out of the cells, and the concentration of
MTX is always maintained at a low level in the cells (23). On
the other hand, HIF-1«a is a direct inducer of the expression of
MDRI gene, which may physiologically upregulate P-gp. In
this way, resistant cells possessed various armies, increased
ATP supply, drug efflux pumps, and prosurvival pathways,
which may be the integrally correlated causes of MTX resis-
tance in RA. This study aimed at evaluating whether NOB can
overcome MTX resistance in CIA-FLS/MTX cells by regu-
lating P-gp and elucidating the mechanisms through which it
targets different pathways to sensitize RA drug-resistant cells
to chemotherapy.
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The arthritis index (AI) results showed that the paw swelling
and clinical manifestations of collagen II-induced arthritis
(CIA) mice were higher than those of the normal group. At the
same time, paw swelling was enhanced in the treatment group.
Results indicated that the AI of mice in the NOB group was
decreased compared to mice in the CIA group. Importantly,
the combination of NOB and MTX significantly decreased the
Al from day 46 compared to the AI of the MTX and NOB
groups (Fig. 14).

Effects of NOB on bone destruction in CIA mice

The protective effect of NOB and MTX alone or in com-
bination on hind paws was measured using micro-CT. The
bone surface/volume ratio of the NOB + MTX group
decreased significantly compared to the CIA group. Interest-
ingly, compared to the CIA group, the NOB group did not
show effective bone protection (Fig. 1, B and C). These results
suggest that the combination of NOB and MTX can effectively
prevent bone destruction.

Nobiletin alleviates joint damage in CIA mice

To further explore the efficacy of NOB on CIA mice, the
ankle joints of mice were subjected to histological analysis by
H&E staining. Results showed that the joint structure of the
sham operation group was complete, the cartilage surface was
smooth, and there was no infiltration (Fig. 1, D and E). It was
evident that NOB + MTX treatment significantly improved
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Figure 1. Effect of NOB on the arthritis severity in CIA mice and P-gp in synovial tissue. A, effect of NOB on the arthritis index. B, a microcomputer
tomography image of the hind paw of a CIA mouse. C, bone surface/volume ratio (BS/BV; mm™"). D, H&E staining of ankle joint tissue in each group. (The
scale bar represents 100 um) Red arrow indicates inflammatory cell infiltration; green arrow indicates disordered collagen fiber arrangement; and black arrow
indicates artery. E, histological score of each group. F-H, levels of IL-1B, IL-6, and TNF-a in mice ankle tissue. /, immunohistochemistry results about P-gp (the
scale bar represents 100 um). J, the area distribution of P-gp. K, Western blot results. CIA, collagen Il-induced arthritis; IL, interleukin; NOB, nobiletin; P-gp,

P-glycoprotein. *p < 0.05, **p < 0.01, ***p < 0.001.
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synovial hyperplasia and decreased the severity of cartilage
damage and inflammatory cell infiltration.

Inflammatory cytokines of CIA mice

Enzyme-linked immunosorbent assay results showed that
the CIA group had higher levels of tumor necrosis factor-alpha
(TNF-a), interleukin-6 (IL-6), and interleukin-1f (IL-1P)
compared to the normal group (Fig. 1, F—H). Both the MTX
and NOB groups could reduce the content of TNF-a, IL-6, and
IL-1B in the ankle joint. Moreover, the levels of TNF-a, IL-6,
and IL-1P in the NOB + MTX group were closer to normal
levels compared to the single treatment groups. These results
suggest that the combined treatment of NOB and MTX ex-
hibits a stronger inhibitory effect on inflammatory cytokines.

Effect of NOB on the expression of P-gp in the synovial tissue
of CIA mice

Figure 1K shows that the P-gp expression of the CIA group
was significantly higher than in the normal group. P-glyco-
protein expression was significantly downregulated in the
NOB group compared to the CIA group. Immunohistochem-
istry results (Fig. 1, I and J) also showed that the P-gp
expression was higher in the MTX group than in the normal
group after treatment. However, the P-gp expression was

24h

downregulated after treating with MTX and NOB combined
(Fig. 1K). These results indicated that NOB treatment could
reverse the MTX resistance of CIA mice in the synovial tissue
through reducing the expression of P-gp. Given that P-gp is
closely associated with drug resistance, it is indispensable to
explore the potential mechanism of NOB in drug resistance.

Nobiletin overcomes MTX resistance in CIA-FLS/MTX cells

Cell counting kit-8 assay was performed to confirm whether
CIA-FLS/MTX cells are indeed resistant to MTX. Results
indicated that MTX (0-50 pg/ml) significantly decreased cell
viability in fibroblast-like synoviocytes from collagen-induced
arthritis (CIA-FLS) parental cells in a time- and dose-
dependent manner but showed little cytotoxicity against
CIA-FLS/MTX cells (Fig. 2, D—F). Cell counting kit-8 assay
results showed that the viability of CIA-FLS cells was influ-
enced by high doses of NOB (>100 uM) (Fig. 2, A-C).
Therefore, NOB at a concentration of 80 uM was used as the
optimum dose in the subsequent experiments.

To evaluate whether the combination of NOB and MTX can
synergistically kill CIA-FLS/MTX cells, CIA-FLS/MTX cells
were treated with increasing concentrations of NOB and
MTX, either alone or in combination, for 48 h. Figure 2E
shows that the addition of NOB significantly sensitized
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Figure 2. The chemical effect of NOB on CIA-FLS viability and cytotoxic effects, expression and activity of P-gp, and apoptosis of NOB and MTX in
two cell lines. A, the chemical structure of NOB. The cells are cultivated with increasing concentrations of NOB (0, 10, 20, 40, 80, and 100 uM) for
24 h (B) and 48 h (C). Methotrexate (25, 50, 100, 250, and 500 pg/ml) efficiently decreased the viability of CIA-FLS cells (D) and CIA-FLS/MTX cells (E) at 24, 48,
and 72 h. F, the combination of NOB and MTX synergistically decreased the viability of CIA-FLS/MTX cells at 72 h. The cell viability was measured by CCK-8
assay. G, MTX (100 pg/ml), NOB (80 uM), and the combination of NOB with MTX treatment (24 h) induced apoptosis in CIA-FLS/MTX cells. Apoptosis was
measured by Annexin V/PI staining and flow cytometry (p < 0.05). H, the quantitative results of apoptosis rate. /, the expression of P-gp in CIA-FLS and CIA-
FLS/MTX cells. J, Western blot results. Nobiletin (80 uM), MTX (100 pg/ml), or their combination affected P-gp expression in CIA-FLS/MTX cells. K, RT-qPCR
results. L, the effect of NOB on P-gp substrate efflux activity was assessed. CIA, collagen Il-induced arthritis; CCK-8, cell counting kit-8; FLS, fibroblast-like
synovial cells; MTX, methotrexate; NOB, nobiletin; P-gp, P-glycoprotein; RT-qPCR, quantitative reverse-transcription PCR. **p < 0.01, ***p < 0.001.
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CIA-FLS/MTX cells to MTX. Notably, the combined treat-
ment exhibited a synergistic inhibitory effect in CIA-FLS/MTX
cells (Table 1). Altogether, these results suggest that the
combination of NOB and MTX has an inhibitory effect on
drug-resistant cells.

Nobiletin induces apoptosis in CIA-FLS/MTX

Flow cytometry was used to explore the effect of NOB on
drug-induced apoptosis in CIA-FLS/MTX-resistant cells.
Briefly, CIA-FLS/MTX cells were treated with NOB and MTX,
either alone or in combination, for 24 h, followed by
measuring the apoptosis rate using Annexin V/PI analysis. The
results indicated that the apoptosis rate of the NOB + MTX
group was significantly higher than that of the CIA-FLS/MTX
group and MTX group (Fig. 2, G and H). These findings
suggest that NOB could increase the apoptosis rate of MTX-
resistant CIA-FLS/MTX cells.

Effects of NOB on P-gp function and expression

Studies have shown that NOB and its derivatives sensitize
drug-resistant cells to different pathways. Considering that
NOB can increase the apoptosis of CIA-FLS/MTX cells, we
explored whether NOB could inhibit resistance of RA by
downregulating P-gp expression. To verify this hypothesis,
Western blot and quantitative reverse-transcription PCR were
performed to measure the level of P-gp. Results showed that
P-gp was more expressed in CIA-FLS/MTX cells than in CIA-
FLS cells (Fig. 21). We further explored whether NOB affects
the expression and function of P-gp (Fig. 2J). The results
revealed that using NOB or MTX alone or in combination
would significantly reduce the mRNA level of P-gp in CIA-
FLS/MTX cells (Fig. 2K). Rh123, which is a known substrate
of P-gp, is commonly used to monitor the function of P-gp.
Results obtained in this study showed that Rh123 accumu-
lated in CIA-FLS cells, but not in CIA-FLS/MTX cells
(Fig. 2L). Notably, NOB particularly promoted the entry of
Rh123 into CIA-FLS/MTX cells. These results suggest that
NOB paved the way for the penetration of MTX into
CIA-FLS/MTX cells by partially inhibiting the activity and
function of P-gp.

RNA-sequencing analysis

RNA-seq transcriptome analysis was conducted for in-depth
discovery of potential molecular targets and related pathways
of NOB. In addition, gene enrichment analysis further revealed

Table 1
IC 50 value of methotrexate and Nobiletin in cells

IC50 + SD(pg/ml)

Drug CIA-FLS/MTX CIA-FLS RI
MTX 354.30 + 11.30° 46.99+2.47 7.54
MTX(pg/ml)+NOB 121.01 + 5.35% 10.28+0.35 11.77

a

p < 0.001, compared to CIA-FLS cells. IC50: half maximal inhibitory concentration;
RA: rheumatoid arthritis; MTX: methotrexate; NOB: nobiletin; RI: resistance index;
CIA-FLS: fibroblast-like synoviocytes from collagen-induced arthritis; CIA-FLS/
MTX: MTX-resistant fibroblast-like synoviocytes from collagen-induced arthritis.
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the molecular function of differentially expressed genes
(DEGs) and their associated biological pathways. Interestingly,
a comparison between the MTX group and the control group
found 10,929 DEGs, among which 5825 were upregulated and
5104 were downregulated (Fig. 3A). Besides, there were 7509
DEGs between the NOB + MTX group and the MTX group, of
which 3890 were upregulated and 3619 were downregulated
(Fig. 3B). In addition, cluster analysis showed that the DEGs in
each group were uniform (Fig. 3C).

Gene ontology analysis mainly analyzes the biological
processes, molecular functions, and cellular components of
DEGs. Herein, gene ontology enrichment analysis between the
MTX group and the NOB + MTX group indicated that the
DEGs were mainly associated with metabolic processes
(Fig. 3D). The molecular function of the DEGs was mainly
associated with the activity of protein bands. Moreover, Kyoto
Encyclopedia of Genes and Genomes pathway analysis found
20 pathways closely associated with the DEGs, including
metabolism, HIF-1 signaling, and glycolysis/gluconeogenesis
pathways (Fig. 3E). Combining our RNA sequence analysis
results and the findings of previous studies (21, 24), we can
speculate that HIF-1 and metabolic signal transduction
pathways are the main pathways through which NOB per-
forms its functions.

Nobiletin activates the PI3K/AKT/HIF-1 signaling pathway
in vitro

To verify the RNA-seq results, we further analyzed the
HIF-1 signaling pathway where we measured the level of
HIF-1a, a key protein in the HIF-1 signaling pathway. Quan-
titative reverse-transcription PCR was used to determine the
mRNA level of HIF-1a (Fig. 4E), with obtained results indi-
cating that the RNA-seq method was accessible. Next, the
levels of PI3K and AKT, independent proteins that interact
with HIF-1la upstream of the HIF-1 signaling pathway, were
also evaluated. In addition, we evaluated the effect of NOB on
the PI3K/AKT/HIF-1a signaling pathway. Results showed that
the expression of HIF-la and phosphorylated AKT were
significantly decreased in the NOB + MTX group compared to
the MTX group, but PI3K and total AKT protein levels were
not affected (Fig. 4, A-D). This result suggests that NOB might
downregulate the PI3K/AKT/HIF-1 signaling pathway.

Nobiletin reduces glycolysis and energy supply in CIA-FLS/MTX
cells

Fibroblast-like synoviocytes from collagen-induced arthritis
in synovial tissues are more inclined to use the glycolytic
pathway, whereas resting cells commonly use the oxidative
phosphorylation pathway. Likewise, a previous study found
that glucose metabolism is increased in CIA-FLS cells (24).
Interestingly, RNA-seq analysis showed that NOB treatment
significantly downregulated metabolism and glycolysis
signaling pathways in CIA-FLS/MTX cells. Subsequently, we
assessed whether MTX resistance would alter the metabolism
of CIA-FLS/MTX cells and observed the production of ATP
and lactic acid. The results showed a significant increase in
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Figure 3. RNA-seq results. A and B, the DEGs consequence. C, cluster analysis of DEGs. D, gene ontology enrichment analysis. E, Kyoto Encyclopedia of

Genes and Genomes analysis. DEGs, differentially expressed genes.

glucose consumption in CIA-FLS/MTX cells compared to
CIA-FLS cells. We also found a significant decrease in cellular
ATP levels, glucose consumption, and lactate production in
the NOB + MTX group (Fig. 5, A-C). Next, the effect of NOB
on improving glycolysis rate in CIA-FLS/MTX cells against
MTX was evaluated. Previous studies have shown that the
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pyruvate kinase isozyme type M2.

were significantly decreased after NOB treatment (Fig. 5,
D-K). These results suggest that NOB might reduce glucose
metabolism and glycolysis and may reverse the drug resistance
of CIA-FLS/MTX cells.

Knockdown of AKT1 or HIF-1a can enhance the NOB-induced
reduction of P-gp in CIA-FLS/MTX cells

To confirm that NOB reverses RA resistance through the
AKT/HIF-1a pathway, AKT and HIF-la knockdown was
performed in CIA-FLS/MTX cells using specific siRNAs.
Western blotting was performed on cells transfected with
siAKT family to confirm successful silencing (Figure SA-B).
Finally, AKT and HIF-la were inhibited in CIA-FLS/MTX
cells using siAKT1 and siHIF-1a (specific siRNAs). Notably,
the control group was transfected with scrambled siRNA
(siControl). After 48 h, Western blot analysis was performed to
evaluate the knockdown effect of specific siRNA. Results
showed that the specific siRNA could significantly inhibit the
expression of AKT1 and HIF-1la in the experimental group
(Fig. 6, A-C). Moreover, the expression of HIF-la was
downregulated in the siAKT1 treatment group, but there was
no significant change in the expression of AKT1 in the siHIF-
la treatment group (Fig. 6, D and E). This implies that HIF-1a
is a downstream effector protein of the AKT signal trans-
duction pathway and is regulated by AKT. Meanwhile, the
level of P-gp was carefully measured. Results showed that the
downregulation of P-gp expression was enhanced by NOB in
CIA-FLS/MTX cells transfected with siAKT1 and siHIF-1la
(Fig. 6, F=H). Collectively, these findings further confirm that
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NOB downregulates P-gp expression through the PI3K/AKT/
HIF-a signaling pathway.

Discussion

Although the pleiotropic effects of NOB have been well
described in previous studies (13), the exact mechanism
through which NOB reverses RA resistance in drug-resistant
cells has not yet been fully elucidated. Notably, understand-
ing these events may help reverse and treat RA. Herein, we
established a CIA mice model and used it to study the effect of
NOB and MTX treatment on P-gp expression in RA. It was
found that the combined treatment of NOB and MTX
significantly downregulated the expression of P-gp compared
to the MTX group. Results also indicated that NOB combined
with MTX could reduce cartilage and bone damage in vivo and
improve paw swelling and arthritis damage in CIA mice.
Interestingly, Al and micro-computed tomography (CT) re-
sults revealed that NOB could slightly reduce Al probably
through reducing the inflammation, but it had no effect on
bone destruction. However, NOB combined with MTX could
exert a significant decrease in Al and bone destruction
compared to CIA and MTX group, which suggests that NOB
might synergize with MTX through reversing MTX-induced
drug resistance. Moreover, the results indicated that P-gp
could be downregulated by NOB in RA, thereby reducing the
outflow of MTX and maintaining the effect of MTX. To
further prove this phenomenon, MTX-resistant CIA-FLS/
MTX cells were used to explore whether NOB could make
MTX sensitive to MDR in CIA-FLS cells.
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Figure 6. Effects of siRNA transfection on the AKT/HIF-1a signaling pathway and the expression of P-gp. A-C, knockdown efficacy of AKT and HIF-1a.
D-H, relative expression of AKT, p-AKT, HIF-1a, and P-gp in different groups. AKT, protein kinase B; HIF1-a, hypoxia-inducible factor-1 a; P-gp, P-glycoprotein.

Significant synergy was observed between NOB and MTX in
CIA-FLS/MTX cells. Notably, NOB (at noncytotoxic concen-
trations) + MTX cotreatment resulted in the restoration of
growth inhibition and apoptosis of CIA-FLS/MTX cells. Flow
cytometry analysis demonstrated that NOB could accelerate
MTX-mediated apoptosis of CIA-FLS/MTX cells, suggesting
that NOB might serve as a chemosensitizer to overcome drug
resistance in RA.

It has been reported that one of the crucial causes of MDR
in cancer is P-gp—mediated efflux transportation of chemo-
therapeutic drugs (25). In this study, P-gp was highly expressed
in drug-resistant CIA-FLS/MTX cells. Therefore, we further
explored the role of NOB in regulating the function and
expression of P-gp and increasing the efficiency of MTX. Re-
sults showed that, in the presence of NOB, P-gp was inhibited
in CIA-FLS/MTX cells, whereas uptake of Rh123 (a P-gp
substrate) was increased, further demonstrating NOB-
mediated P-gp inhibition. These results suggest that NOB
might regulate the function and the level of P-gp in RA,
thereby reducing the outflow of MTX and maintaining the
effect of MTX.

RNA-sequencing as a common genome analysis technology
that can be used to identify molecular targets and related
pathways for drug discovery (26). Herein, RNA-seq was used
to reveal the potential mechanism through which NOB acts as
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a chemosensitizer to overcome MDR in RA. Results indicated
that the HIF-1 signaling pathway was significantly down-
regulated by NOB treatment. Correspondingly, the Kyoto
Encyclopedia of Genes and Genomes map further revealed
that HIF-1q, a key protein in the HIF-1 signaling pathway, was
also downregulated. Activation of the HIF-1 signaling pathway
may stimulate the synovium and maintain the chronic, self-
sustaining, and continuous infiltration of immune cells,
which leads to the phenotypic change of CIA-FLS and the
invasion of adjacent cartilage (27). Similarly, the PI3K/AKT
pathway is widely distributed in synovial tissues, involved in
the proliferation, apoptosis, and migration of FLS, and the
formation of vasospasm (28). Given that HIF-1la, a direct
inducer of MDRI gene expression, is regulated by the up-
stream pathway of PI3K/AKT, it can physiologically upregulate
P-gp (29, 30). Therefore, this study explored the expression of
PI3K, AKT, and HIF-la under varied conditions. Results
showed that, under normal oxygen levels, there was a differ-
ence in the expression level of HIF-1a between CIA-FLS and
CIA-FLS/MTX cells. Meanwhile, it was found that NOB
treatment significantly reduced the levels of p-AKT and HIF-
la in CIA-FLS/MTX cells compared to the control group.
However, there was no significant change in the total AKT and
PI3K. Therefore, we speculated that the change in AKT in this
study might be due to the direct effect of NOB on
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phosphorylated AKT instead of PI3K, which needs to be
verified in future studies. These findings partially emphasized
the usefulness of RNA-seq in revealing PI3K/AKT/HIF-1a as
the intrinsic molecular pathways of NOB intervention.

In the early stage of RA, glucose metabolism is significantly
increased in the joints of RA patients. The activation of FLS
and subsequent joint damage is associated with metabolic
changes, especially glucose metabolism. It has been reported
that increased glucose metabolism is induced by the main
pathways associated with cell survival, angiogenesis, and in-
vasion of FLS cells (31). The increased glucose consumption
and lactate output indicated that MTX-resistant CIA-FLS/
MTX cell lines exhibited an enhanced metabolic phenotype
compared to MTX-sensitive CIA-FLS cells. This is because the
metabolic changes can endow CIA-FLS/MTX cells with the
advantages of adaptability, proliferation, survival, and drug
resistance. In addition, RNA-seq analysis showed that NOB
treatment significantly downregulated metabolism and
glycolysis signaling pathways. Furthermore, we assessed the
expression of glucose metabolism under varied conditions,
with obtained results indicating that cellular ATP levels,
glucose consumption, and lactate production were signifi-
cantly reduced after NOB treatment. The detection of key
glycolytic proteins showed that the NOB + MTX group
significantly reduced the expression levels of HK-II and
glucose transporter 1 (GLUT1) and the activities of lactic de-
hydrogenase (LDH) and pyruvate kinase isozyme type M2
(PKM2) compared to CIA-FLS/MTX cells. These results
suggest that drug resistance might require more glycolytic
metabolism adaptability, which could modulate the MDR
phenotype of CIA-FLS/MTX cells. Nobiletin treatment could
downregulate this metabolic process of pump function for
energy and nutrition supply. It is worth mentioning that
enhanced glycolysis has been shown to produce a sea of in-
termediate metabolites, including proteins, lipids, and nucle-
otides, which could support the synthesis of macromolecules
needed for cell proliferation (32). Furthermore, the increase in
aerobic glycolysis leads to a concomitant increase in lactic acid
production, which can lessen the absorption and efficiency of
the drug by upregulating the H'-linked ATPase and trans-
porter (33). The results of this study suggest that the rapid
ATP supply in CIA-FLS/MTX cells might activate P-gp
through glycolysis and maintaining drug efflux, whereas NOB
could inhibit glycolysis, consume ATP, and block P-gp.

A previous study reported that intracellular sensors are
activated under some stressful conditions, including chemo-
therapy or hypoxia, and PI3K/Akt and sirtuins-dependent axis,
as well as downstream transcription factors (nuclear factor-kB,
Nrf2, and HIF-1a) can enhance stress resistance (30). Majority
of these converters and transcription factors may activate the
survival and proliferation pathways, especially for the induc-
tion of ABC transporters. Parallel to these consequences, these
pathways also induce massive reprogramming of cellular en-
ergy/metabolic functions through glycolytic HIF-1a and PI3K/
AKT axes and has a significant outcome on HK-II, PKM2, and
LDH expression. To further verify the role of the PI3K/AKT/
HIF-1 signaling pathway in regulating CIA-FLS/MTX
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resistance, two highly specific siRNAs were used to specifically
knockdown the expression of AKTI and HIF-1a. The results
showed that P-gp expression was downregulated after AKT1
and HIF-1a knockdown. Collectively, the findings of this study
have shown that NOB can regulate the PI3K/AKT/HIF-1la
signaling pathway, reduce the expression of P-gp, and down-
regulate the expression of glycolysis to a certain extent.

Conclusion

This study found that NOB could reverse the MTX-induced
MDR in CIA-FLS/MTX cells at noncytotoxic concentrations.
The synergistic effect between MTX and NOB may be partially
associated with P-gp—mediated MDR and the glycolysis
pathway. In particular, NOB downregulated the PI3K/AKT/
HIF-1a signaling pathway, thereby reducing the production of
downstream P-gp protein, inhibiting drug transporter—
mediated MTX efflux, and maintaining the therapeutic effi-
cacy. Similarly, NOB significantly inhibits glycolysis and
metabolic activity of CIA-FLS/MTX cells for energy and
nutrition supply, which may result in enhanced fragility of
cells, thereby increasing sensitivity of the response to MTX
(Fig. 7). Our findings provide new insights and corresponding
verification for using NOB as a chemosensitizer on RA in
overcoming MTX-induced MDR. Future studies can use the
MTX-resistant RA model established in this study to explore
the effect of NOB on drug resistance in tumors and elucidate
the exact mechanism through which NOB regulates adaptive
glucose changes in drug-resistant cells.

Experimental procedures
Chemicals and reagents

Nobiletin (CAS: 478013, purity >98%) was obtained from
Shanghai Source Leaf Biological Technology, whereas MTX
(purity >99%) was supplied by Toronto Research Chemicals
Inc. PSC-833 was obtained from MedChemExpress. Rhoda-
mine 123 (Rh123) was purchased from Fluorescence. Glucose,
lactate, and ATP assay kits were bought from Jiancheng
Bioengineering Institute. Short interfering RNA, including
AKT1, HIF-1a, and negative control siRNA, were obtained
from Fenghui Biology. Fetal bovine serum (FBS) and TRIzol
reagent (15596026) were purchased from Thermo Fisher Sci-
entific. Anti-P-gp (ab170904), AKT (4691T), AKT1(75692S),
p-AKT (4060T), PI3K (4257T), p-PI3K (17366S), PKM2
(4053T), HK2 (2867T), LDHA (2012S), GLUT1 (12939S), HIE-
la (14179S), and B-actin (4970T) antibodies were purchased
from Abcam or Cell Signaling Technology.

Establishment of CIA model

Male DBA/1] mice (8 weeks old) were obtained from
Medcona and kept in a specific pathogen-free facility. The CIA
model was established as previously reported (34). On the 21st
day after the initial immunization, the mice were administered
with an incomplete Freund (Sigma-Aldrich) 100 pg bovine
type II collagen through enhanced intradermal injection. Mice
were then randomly divided into five groups (n = 6): sham,
CIA, MTX (1 mg/kg/3days), NOB (20 mg/kg/3days), and
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Figure 7. The mechanism through which NOB reverses MTX-induced RA resistance. Nobiletin downregulated the AKT/HIF-1a signaling pathway,
thereby maintaining the drug efflux caused by the activation of P-gp. In addition, NOB significantly inhibits glycolysis and metabolic activity of CIA-FLS/MTX
cells for energy and nutrition supply, thereby increasing the efficacy in response to MTX in RA. AKT, protein kinase B; CIA, collagen ll-induced arthritis; HIF1-
a, hypoxia-inducible factor-1 a; MTX, methotrexate; NOB, nobiletin; P-gp, P-glycoprotein; RA, rheumatoid arthritis.

MTX (1 mg/kg/3days) + NOB (20 mg/kg/3days). All the
experimental mice were orally fed with the treatments from
day 26 to day 64.

Evaluation of arthritis

The Al was tested every 3 days after the first immunization.
The quantitative classification of arthritis severity was as fol-
lows: level 0 - no swelling; level 1 - erythema and slight
swelling of the ankle joint or one-digit; level 2 - erythema and
slight swelling from ankle to toe joint; level 3 - erythema and
moderate swelling from the ankle joint to the meta-
tarsophalangeal joint or palm joint; and level 4 - erythema and
severe swelling from ankle to toe joint.

Analysis of micro-CT

A sample of the mice forepaw and ankle joint was selected
for micro-CT (SkyScan 1176, SkyScan) scanning. The scan-
ning parameters of micro-CT were voltage 50Kvp, micepower
40W, and six superimposed frames. After scanning and
reconstruction, three-dimensional image screenshot and bone
parameter analysis were performed.

Histological observation

The dissected knee joint was fixed in 10% neutral formalin
buffer for 1 week. Next, the sample was embedded in paraffin,
cut into 5pm-thick sections, stained with H&E, and observed
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under a microscope (Olympus CX23). Histopathological score
evaluation criteria are as follows: according to the edema,
structural changes, inflammatory cell infiltration of lesions,
from light to heavy, it can be divided into 5 degrees of 0 to 4
points and finally, according to the total score calculation
statistics.

Immunohistochemistry analysis

The tissue was fixed in 4% paraformaldehyde fixative solu-
tion at 4 °C and then deparaffinized. The tissues were treated
with xylene and dehydrated using different concentrations of
ethanol. Subsequently, it was blocked with 3% H,O, and
incubated with P-gp primary antibody overnight at 4 °C. The
sample was dyed with DBA and hematoxylin. Finally, it was
dehydrated and sealed and observed under a microscope.

Measurement of cytokine level by ELISA

Ankle joint tissue (40 mg) was washed with cold saline and
homogenized in nine volumes of cold saline. The supernatant
was collected and stored at —-80 °C. The levels of TNF-a, IL-6,
and IL-1p were measured using their corresponding ELISA
kits (Uscn Life) according to the manufacturer’s instructions.

Cell lines and cell culture

The CIA-FLS and CIA-FLS/MTX cell lines were purchased
from the Shanghai Institute of Cell Biology in the Chinese
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Academy of Sciences. They were cultured in 1640 medium
containing 10% fetal bovine serum at 37 °C and 5% CO,. Two
hundred microgram/milliliter MTX was added to the CIA-
FLS/MTX cells after every three generations to make the
cells resistant to MTX.

Drug sensitivity assays

The viability of cells after drug treatment was explored using
cell counting kit-8 assay. Briefly, the cells were seeded in a 96-
well plate (at a density of 1 x 10* per well), and the cell
counting kit-8 reagent was added to each well after 72 h of
treatment with different concentrations of cytotoxic agents.
The absorbance was recorded at 490 nm using a microplate
reader (BioTek). For each group, three independent repeats
were performed.

Transcriptome sequencing-based analysis

Total RNA was extracted from the cells using TRIzol re-
agent. The concentration of extracted RNA was determined
using Nanodrop machine based on A260/280 and A260/230.
RNA fragment length was measured using Agilent 2100.
Sequencing libraries were prepared using NEBNext UltraTM
RNA Library Preparation Kit for Illumina (NEB). The trimmed
library was sequenced on the Illumina high-throughput
sequencing platform (HiSeqTM2500/4000). Raw data con-
taining some adapter contamination and low-quality reads
were filtered. Other details of RNA quantification and quality
analysis are provided in the supplementary material.

Quantitative RT-PCR

Total RNA was isolated from CIA-FLS and CIA-FLS/MTX
cells using TRIzol reagent. The extracted RNA was reverse-
transcribed to ¢cDAN using PrimeScript RT reagent kit con-
taining gDNA Eraser (TaKaRa, RR047). The cDNA was
amplified using PCR and subjected to Realtime PCR reaction
(ABI7500). For each group, three replicate wells were pre-
pared. The primer sequences used for RT-PCR were as follows:
HIF-la: ATCTGAGGACACGAGCTGCC and GCATC
GGGCTCTTTCTTAAGC; P-gp: CTTGATGGCAAAGAAAT
AAAGCGAC and TGCAGTCAAACAGGATGGGCT; HK-IL:
GGAACCCAGCTGTTTGACCA and CAGGGGAACGAG
AAGGTGAAA; PKM2: AAGTCTGGCAGGTCTGCTCAC
and TCAGCACAATGACCACATCTCC; GLUTI1: GATGC
GGGAGAAGAAGGTCA and AGACAGCGTTGATGCCAG
AC; LDH: CCGTTACCTGATGGGAGAAA and ACGTTC
ACACCACTCCACAC; and P-actin: TACAACCTCCTTGC
AGCTCC and GGATCTTCATGAGGTAGTCAGT. The
relative mRNA level of target genes was normalized to the
expression of B-actin gene.

Western blot assay

The cells and synovial tissues were treated with a radio-
immunoprecipitation assay buffer containing protease in-
hibitors to extract proteins. The concentration of extracted
proteins was determined using the bicinchoninic acid assay.
The protein samples were separated on SDS-polyacrylamide
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gel electrophoresis and transferred into polyvinylidene fluo-
ride membrane (Beyotime Institute of Biotechnology). The
membranes were blocked with 5% skimmed milk and incu-
bated with the following primary antibodies overnight at 4 °C:
B-actin (1:1000), AKT (1:1000), p-AKT (1:1000), HIF-l
(1:1000), anti-P-gp (1:1000), HK-II (1:1000), GLUT1 (1:1000),
LDH (1:1000), and PKM2 (1:1000). They were then incubated
with the secondary antibody (1:5000) for 1 h at room tem-
perature. Finally, the blots were developed using the ECL
Western blot Kit (LabLead, E1050) on the Amershan Imager
600 system (GE). Image ] software was used to measure the
intensity of the bands.

Measurement of apoptosis using flow cytometry assay

The CIA-FLS/MTX cells were plated in 6-well plates (at a
density of 2 x 10* cells per well) for 24 h and then with drugs
for 24 h. The cells were digested with trypsin without EDTA
and washed with 4 °C PBS buffer after treatment. They were
subsequently incubated with Annexin V-FITC (559763) for
10 min, and then stained with PI for 5 min. The state of
apoptosis was analyzed using flow cytometry

P-glycoprotein substrate efflux assay

To determine whether NOB can influence the function of p-
gp, flow cytometry assay was adopted to measured efflux ef-
fects. Briefly, the cells were incubated with R123 (0.5 pg/ml)
with or without NOB (80 puM) for 1 h. The cells were then
washed twice with PBS at 4 °C, incubated without Rh123
medium for 30 min at 37 °C, and washed twice with PBS.
Finally, the fluorescent intensity of Rh-123 was determined
using flow cytometry assay. PSC-833 (20 uM) was used as a
positive control.

Measurement of ATP level, glucose consumption, and lactate
production

The CIA-FLS and CIA-FLS/MTX cells were plated in six-
well plates (at a density of 2 x 10* cells per well). After 48 h
of treatment with different drugs, the generation of ATP,
glucose uptake, and lactate production were measured using
ATP Assay Kit (A05911) , Glucose Assay Kit (361510), and
Lactate Assay Kit (A01921) following the protocols provided
by the manufacturer. The absorbance of each group was
recorded immediately after treatment at the corresponding
wavelengths using a multifunctional microplate reader (Mo-
lecular Devices).

RNAi-mediated silencing of HIF-1a and AKT

The CIA-FLS/MTX cells were seeded in 6-well plates (at a
density of 1 x 10° cells per well) for 24 h. They were then
transfected with siRNA (AKT1 siRNA (25 nM), HIF-1 siRNA
(25 nM), or siRNA (25 nM scrambled (negative control))
reagents and Lipofectamine containing Opti-MEM. The
transfection was conducted in line with the manufacturer’s
instructions. The protein expression of HIF-1a and AKT was
measured by Western blotting assay after 48 h of
transfection.

SASBMB



The effect of nobiletin on rheumatoid arthritis resistance

Statistical analysis

Data were analyzed using GraphPad Prism software (version
7.00, USA) and expressed as means + SD of at least three in-
dependent experiments. For each treatment, differences be-
tween groups were compared using one-way ANOVA. * p <
0.05, ** p < 0.01, and *** p < 0.001 were considered as sta-
tistically significant.

Compliance with ethics requirements

The animal use protocol listed below has been reviewed and
approved by the Animal Ethical and Welfare Committee
(AEWC) (Approval No. MDKN-2021-002).

Data availability

Data is contained within the article.

Supporting article  contains

information.
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