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Abstract

Lagotis brachystachya Maxim is an herb widely used in traditional Tibet medicine. Our previous study
indicated that total extracts from Lagotis brachystachya could lower uric acid levels. This study aimed to
further elucidate the active components (luteolin, luteoloside and apigenin) isolated from Lagotis
brachystachya and the underlying mechanism in vitro and vivo. The results showed that treatment with
luteolin and luteoloside reversed the reduction of organic anion transporter 1 (OAT1) levels, while
apigenin attenuated the elevation of urate transporter 1 (URAT 1) and glucose transporter 9 (GLUT9)
levels in uric acid-treated HK-2 cells, which were consistent with the finding in the kidney of potassium
oxonate (PO)-induced mice. On the other hand, hepatic xanthine oxidase activity was inhibited by the
components. In addition, all of these active components improved the morphology of the kidney in
hyperuricemic mice. Moreover, molecular docking showed that luteolin, luteoloside and apigenin could
bind TLR4 and NLRP3. Consistently, western blot showed that the components inhibited
TLR4/MyD88/NLRP3 signaling. In conclusion, these results indicated that luteolin, luteoloside and
apigenin could attenuate hyperuricemia by decreasing the production and increasing the excretion of uric
acid, which were mediated by the inhibition of inflammatory signaling pathways.

Introduction

Hyperuricemia is a metabolic disease that causes increased production or decreased metabolism of uric
acid (Shekelle et al., 2017). The abnormality of either production or excretion leads to a high
concentration of uric acid. If uric acid maintains high concentration for a period of time, hyperuricemia
enters gout's acute course. The transportation of uric acid in the kidney depends on the transport proteins
in renal tubular epithelial cells. It is now clear that there are three transporters involved in the transport of
urate in proximal convoluted tubule, organic anion transporter (OAT1), urate anion transporter 1 (URAT1)
and glucose transporter 9 (GLUT9) (Xu et al., 2017). OAT1 is a crucial transporter of OATs family that is
mainly responsible for the process of renal uric acid excretion (Azevedo et al., 2019). It uptakes urate
from blood and secretes it into tubular cells. In addition, uric acid is reabsorbed by URAT1 in the renal
tubule apical membrane and then transported from the renal tubular lumen to the renal tubular epithelial
cells. During this process, the blood uric acid levels are maintained. Clinically available drugs such as
benzbromarone and probenecid are effective inhibitors of URAT1, which inhibited the process of
reabsorption to promote uric acid excretion (Dong et al., 2019). Similar to the function of URAT1, GLUT9
is also an important transporter in the reabsorption of urate in the proximal membrane (Zhang et al.,
2016). Therefore, these three transport proteins are responsible for uric acid reabsorption and secretion in
the kidney.

Besides the function of transport proteins, inflammation is considered to be involved in the
pathophysiology of hyperuricemia. High uric acid has been shown to activate the TLR4/NLRP3 pathway
and its related caspase-1 expression and the release of interleukin 18 (IL-18) (Ma et al., 2020; Romero et
al,, 2017). Typically, TLR4 stimulates the NF-kB pathway to modulate the inflammation-related genes and
the secretion of pro-inflammatory cytokines, IL-1B, IL-6, and tumor necrosis factor-a (TNF-a). There was
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evidence that activated NF-kB phosphorylation was activated in both primary renal proximal tubule cells
and mice induced by uric acid (De Nardo and Latz, 2011; Wang et al., 2018). Meanwhile, NLRP3 is
responsible for the process of pro-IL-18 to mature IL-1p.

Lagotis brachystachys Maxim is a traditional Tibetan medicine. It is primarily used to alleviate
inflammation in local Tibet. Our previous study showed that the total ethanolic extract of Lagotis
brachystachys could reduce serum uric acid levels in hyperuricemia mice, which might be induced by the
active components from the flavonoid fraction (Xiong et al., 2018). Subsequently, three active
components including luteolin, luteoloside and apigenin were separated from the flavonoid fraction of
Lagotis brachystachy (Zhu et al., 2019). In the present study, the effects of luteolin, luteoloside and
apigenin against hyperuricemia were firstly evaluated in vitro and in vivo. Furthermore, considering that
flavonoids are expected to ameliorate the inflammatory symptoms in autoinflammatory diseases
associated with NLRP3 inflammasome activation (Lim et al., 2018), TLR4/NLRP3 underlying mechanism
was also investigated in mice with potassium oxonate (PO)-induced hyperuricemia.

Materials And Methods
Animals

Six-weeks old male Kunming mice (22 + 2 g) were purchased from Animal center of Jiangxi University of
Traditional Chinese Medicine, PR China. Animals were housed five per cage (320 x 180 x 160 cm) under a
normal 12-h/12-h light/dark schedule (lights on at 07:00 a.m) during the experiments. The animals were
allowed one week to adapt before the beginning of the experiments. Ambient temperature and relative
humidity were maintained at 22 + 2°C and 55 5 %. Animals have free access to food and water.

The animal experiments complied with the ARRIVE guidelines and were approved by the Jiangxi
University of Traditional Chinese Medicine.
All procedures were performed following the published guidelines of the China Council on Animal Care.

Reagents

Uric acid, benzbromarone, allopurinol and PO were purchased from Sigma (St. Louis, USA). Elisa kits for
IL-1B and TNF-a were purchased from Xinbosheng (Shenzhen, China). Anti-GLUT9, anti-TLR4 and anti-
NLPR3 antibodies were purchased from Bioss (Beijing, China). Anti-OAT 1, anti-B-actin, anti-URAT1, anti-
Anti-MyD88 and anti-IL-1B antibodies were purchased from Proteintech (Chicago, USA). Xanthine oxidase,
urea nitrogen and adenosine deaminase kits were purchased from Jiancheng (Nanjing, China).

Isolation of luteolin, luteoloside and apigenin from Lagotis
brachystachys

Lagotis brachystachya Maxim which was collected from the Sichuan Province of China in 2015 was
identified by Professor Guo-Yue Zhong (Jiangxi University of Traditional Chinese Medicine). A voucher
specimen (No.01-03-23-15) is deposited at the research center. The dried Lagotis brachystachya was
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extract with 5 times 70% ethanol at 60°C for 2 h. The process was repeated for twice and the total
extracts were concentrated under reduced pressure. Then the ethanol extract was passed over a porous
poly mergel D101 column (20x150 cm). After washed with H,0, the extracts were eluted with a stepwise
gradient of MeOH-H,0 (3:7, 6:4, 1:0). The MeOH-H,0 (3:7) eluate was subsequently chromatographed on
a silica gel column (9x60 cm, 200-300 mesh) and eluted with CH,Cl,-CH30H (100: 2, 100: 4, 100: 6,
100:8), and then eluted by ODS column chromatography gradient and repeated recrystallization to obtain
the active compounds. 'H and '3C NMR spectroscopic analysis were performed to confirm the structures
of active compounds as luteolin, luteoloside and apigenin, respectively (Fig. 1).

Molecular docking

The crystal structure of the TLR4-MD2 complex and NLRP3 were derived from the RCSB Protein Data
Bank (http://www.rcsb.org/). TLR4 complex (PDB code, 3FXI), NLRP3 (PDB code, 6NPY), luteolin,
luteoloside and apigenin were processed by Pymol and then calculated by AutoDock Vina. LigPlus was
used for interaction analysis.

Measurement of HK-2 cell viability

The 3rd generation of HK-2 cells was incubated in 96-well plate (5.5x103/mL for each well). After
culturing for 24 hours, medium containing different concentrations of reagents was added as following:
uric acid (50, 100, 200, 400, 800 uM/L), benzbromarone (25, 50, 100 uM/L), luteolin (3.125, 6.25, 12.5, 25,
50, 100 uM/L), luteoloside (3.125, 6.25, 12.5, 25, 50, 100 pM/L) and apigenin (3.125, 6.25, 12.5, 25, 50,
100 pM/L). Forty-eight hours later, the medium is removed, and 50uL of 10% TCA was added to each
well. Then the plate was transferred to a 4°C refrigerator for fixing with 1 hour. After removing the solution
and drying, 50uL 0.4% SRB dye was added and incubated for 30 min. 1% of acetic acid was subsequently
used to rinse the cells. Finally, 100uL Tris-base lye was added and measured with a microplate reader at
515 nm.

Treatment in vitro

Blank experiment. The third-generation HK-2 cells were randomly divided into a control group, a positive
drug group (25 pmol/L benzbromarone), two luteolin groups (3.125, 6.25 umol/L), two luteoloside groups
(8.125, 6.25 ymol/L) and two apigenin groups (3.125, 6.25 pmol/L).

Intervention experiment. The third-generation HK-2 cells were randomly divided into a control group, a uric
acid group, a positive drug group (25 pmol/L benzbromarone), two luteolin groups (3.125, 6.25 umol/L),
two luteoloside groups (3.125, 6.25 pmol/L) and two apigenin groups (3.125, 6.25 pmol/L). All groups
except control group were treated with 400 pmol/L uric acid.

All the groups were treated and incubated for 48 hours, followed by collection.

Drug treatment in vivo
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90 mice were randomly divided into 9 groups as following: Control-vehicle group, PO-vehicle group, PO-
allopurinol group (10mg/kg), PO-luteolin groups (20, 50mg/kg), PO-luteoloside (20, 50mg/kg), PO-
apigenin (20, 50mg/kg). Drugs or vehicle were orally continuous administration once a day for 7 days. On
the seventh day, PO (350 mg/kg) was intraperitoneal injected 1 hour prior to drug administration. One
hour after the last drug administration, blood was collected to obtain the serum. The liver and kidney in
one side of the mouse were dissected extracted in liquid nitrogen, and stored at later. The kidney from the
other side of the mouse was fixed in 4% paraformaldehyde solution.

ELISA analysis

Serum uric acid, urea nitrogen, adenosine deaminase, IL-13, TNF-a levels, and hepatic xanthine oxidase
levels were measured based on the manufacturer's instruction of the kits.

Histopathological examination

The kidney tissue was cut into pieces after fixing in 4% paraformaldehyde. The tissue then was placed in
an embedding box and rinsed, followed by dehydration with 50% ethanol for 30min, 70% ethanol for
30min, 80% ethanol for 30min, 90% ethanol for 20min, 90% ethanol for 20min, ethanol for 10min, ethanol
for 10min, xylene for 5min, xylene for 5min, paraffin for 30min, paraffin for 30min. After embedding, the
tissue was cut into a slice (4 pm). After incubated in the oven for 2h, the slices were dewaxed as
following: xylene for 10 min, xylene for 10 min, ethanol for 5 min, 95% ethanol for 2 min, 80% ethanol for
2 min, 70% ethanol for 2 min and distilled water for 2 min. Subsequently, the slices were placed in
hematoxylin staining solution for 8 min and eosin staining solution for 30 sec. Finally, the slices were
sealed and observed under a microscope.

Western blot

Cells, kidney and liver tissues were homogenized with lysis buffer. The homogenates were centrifuged at
12000 x g for 15 min at 4°C. The supernatant was collected and used for protein determination by the
BCA method. The proteins were separated in SDS-PAGE electrophoresis (80V in concentration gel; 120V in
separation gel). Then the gel was transferred to the PVDF membrane. After the transfer process, PVDF
membrane was incubated in blocking solution for 2 h followed by primary antibodies at 4°C for 12 h
(GLUTO9, 1:5000; URAT1, 1 :2000; OAT1, 1: 2000; TLR4, 1: 2000; NLRP3, 1: 2000; MyD88, 1: 2000; IL-1B, 1:
2000; B-actin1:4000). After washing with TBST, the membrane was incubated with a secondary antibody.
Finally, the membrane was exposed with ECL luminescent solution. The image was collected with a gel
image analyzer. Image J was used to analyze the gray value of the bands.

Statistical analyses

The data are expressed as means = SD. The data were and analyzed by One-way ANOVA followed by
Tukey post-hoc test in Graphpad Prism. P<0.05 is considered as a significant difference.

Results
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The effects of uric acid and active components on HK-2
cell viability

As shown in Fig. 2A, there is a negative correlation between uric acid concentration and HK-2 cell viability
as with the increase of uric acid concentration, HK-2 cell viability decreased [p < 0.01]. When the uric acid
reached 400pmol/L, HK-2 cell viability was declined to about 50%. Therefore, 400pmol/L uric acid was
used to induce cell damage by hyperuricemia in HK-2 cells in the following experiment. In addition, as
shown in Fig. 2B-E, compared with the control group, benzbromarone at 25umol/L, active components
(luteolin, luteoloside and apigenin) at 3.125 and 6.25 pmol/L did not affect HK-2 cell viability. In this
respect, 25umol/L benzbromarone as well as 3.125 and 6.25 pmol/L active components were used for
the following experiment.

Effects of active components on the levels of GLUTY9,
URAT1 and OAT1 in normal HK-2 cells

The effects of luteolin, luteoloside and apigenin on GLUT9, URAT1 and OAT1 levels in normal HK-2 cells
were shown in Fig. 3. One-way ANOVA indicated the effect of treatment on GLUT9[p < 0.01], URAT1 [p <
0.01] or OAT1 [p < 0.01] levels was significant. Compared with the vehicle group, benzbromarone
decreased URAT1 levels [p <0.01] and increased OAT1 levels [p < 0.01]. In addition, both luteolin
[3.125umol/L: p<0.05; 6.25umol/L: p < 0.05] and luteoloside [3.125umol/L: p<0.01; 6.25umol/L: p <
0.01] but not apigenin treatment increased OAT1 levels in normal HK-2 cells.

Effects of active components on the levels of GLUTY9,
URAT1 and OAT1 in HK-2 cells induced by uric acid

The effects of luteolin, luteoloside and apigenin on GLUT9, URAT1 and OAT1 in uric acid-induced HK-2
cells were shown in Fig. 4. There was a significant treatment effect on GLUT9 [p<0.01], URAT1 [p<0.01]
and OAT1 [p <0.01] levels according to one-way ANOVA. Uric acid significantly increased GLUT9 [p < 0.01]
and UAT1 [p < 0.01] levels but decreased OAT1 [p < 0.01] levels in HK-2 cells. Compared with uric acid-
vehicle group, apigenin decreased the levels of GLUT9 [3.125umol/L: p<0.01; 6.25umol/L: p<0.05] and
URAT1 [3.125umol/L: p < 0.05; 6.25umol/L: p < 0.01], while luteolin [3.125umol/L: p<0.01; 6.25umol/L: p
<0.01] and luteoloside [3.125pumol/L: p<0.01; 6.25umol/L: p<0.01] increased OAT1 levels. In addition,
benzbromarone not only reduced GLUT9 and UAT1 levels but also elevated OAT1 levels.

Effects of active components on serum uric acid, urea
nitrogen, adenosine deaminase and hepatic xanthine
oxidase levels in gouty mice
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As shown in Table 1, one-way ANOVA indicated a significant treatment effect on serum uric acid [p <0.01]
and urea nitrogen [p < 0.01] levels. Post hoc test showed that PO significantly increased serum uric acid
[p<0.01], urea nitrogen [p < 0.01] and adenosine deaminase [p < 0.05] levels in gouty mice as compared
with the Control-vehicle group. Compared with PO-vehicle group, allopurinol, luteolin, luteoloside and
apigenin significantly reversed the elevation of serum uric acid and urea nitrogen concentrations. In
addition, luteolin and apigenin attenuated the increase of serum adenosine deaminase levels.

Table 1

Effects of drugs in different groups on serum uric acid, BUN and ADA levels in hyperuricemia
mice (Mean # SD, n =10)

Group Dose Uric acid Urea nitrogen Adenosine deaminase
mg/kg  (umol/L) (mmol/L) (/L)

Control-vehicle - 16.73+2.76 4.66+0.82 2.18+0.56

PO-vehicle - 79.77+10.70%  712+096"  3.48+0.80%

PO-allopurinol 10 14.89 + 3.39™ 7.00£0.73 2.87+1.32

PO-luteolin 20 30.09+9.97" 550+0.75"  2.21+0.43"

PO-luteolin 50 20.36+6.31™ 3.00£0.84"  2.46+0.95"

PO-luteoloside 20 2001+11.61" 4.95+076™ 2.5310.94

PO-luteoloside 50 21.25 + 4.42* 501+0.51" 2.85+0.65

PO-apigenin 20 15.52£2.11" 243+026™  249+0.53"

PO-apigenin S0 17.24+2.85" 2.50+0.29%  245+0.73"

#5<0.05, #p < 0.01 versus Control-vehicle group; "p < 0.05, “p < 0.01 versus PO-vehicle group

As shown in Table 2, one-way ANOVA showed a significant treatment effect on hepatic xanthine oxidase

levels [p<0.01]. PO [p < 0.05] significantly increased xanthine oxidase levels in liver, while luteolin,
luteoloside and apigenin administration reversed the elevation.
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Table 2

Effects of drugs in different groups on liver xanthine oxidase activity in
hyperuricemia mice (Mean + SD, n=10)

Group Dose Xanthine oxidase
mg/kg (U/gprot)
Control-vehicle - 52.78+1.25
PO-vehicle - 58.03 + 3.26%
PO-allopurinol 10 49.99 +1.39™
PO-luteolin 20 50.06 +2.64™
PO-luteolin 50 51.30+0.50™
PO-luteoloside 20 52.15+1.51™
PO-luteoloside 50 52.56 + 1.90™
PO-apigenin 20 54.82+1.72"
PO-apigenin 50 54.71+1.65"
#p < 0.05 versus Control-vehicle group; "p < 0.05, “p < 0.01 versus PO-vehicle group

Effects of active components on renal transporter levels in
gouty mice

According to one-way ANOVA, there was a significant treatment factor on GLUT9 [p < 0.01], URAT1 [p <
0.01] and OAT1 [p < 0.01] levels in kidney (Fig. 5). Post hoc test showed that PO significantly increased
the levels of GLUT9 [p<0.01], URAT1 [p < 0.01] but decreased the levels of OAT1 [p < 0.01]. Both luteolin
[20 mg/kg: p<0.01; 50 mg/kg: p < 0.01] and luteoloside [20 mg/kg: p < 0.01; 50 mg/kg: p<0.01]
pretreatment prevented the reduction of OAT1 levels but not affected GLU9 and URAT1 levels. Only
apigenin prevented the elevation of GLUT9 [20 mg/kg: p<0.01; 50 mg/kg: p <0.01] and URAT1 [20
mg/kg: p<0.01; 50 mg/kg: p<0.01] in the kidney.

Interaction between active components and TLR4/NLRP3
by molecular docking

Molecular docking simulation by AutoDock Vina demonstrated the active components were in the pocket
of TLR4-MD2 complex and NLRP3 protein (Fig. 6,7). The simulation showed that luteolin, luteoloside and
apigenin interact with TLR4/MD-2 and NLRP3 by hydrophobic and hydrogen bonding interactions. The
binding energies between luteolin/luteoloside/apigenin and the proteins were shown in Table 3,
indicating the putative inhibitory activity of the active components on inflammation.
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Table 3

The affinity (kcal/mol) of luteolin,
luteoloside and apigenin binding
with TLR4 and NLRP3.

Group TLR4 NLRP3

Luteolin -8.2 -8.4
Luteoloside -8.8 9.2

Apigenin -7.9 -8.6

Effects of active components on renal TLR4-MyD88-NLRP3-
IL-1 in gouty mice

As shown in Fig. 8, one-way ANOVA showed a significant treatment factor on TLR4 [p <0.01], MyD88 [p <
0.01], NLRP3 [p<0.01] and IL-1B [p < 0.01] levels. Post hoc test showed that PO significantly increased the
levels of TLR4 [p<0.01], MyD88 [p <0.01], NLRP3[p <0.01] and IL-1B[p < 0.01]. Luteolin pretreatment
inhibited the increase of TLR4 [20 mg/kg: p<0.01; 50 mg/kg: p < 0.01], MyD88[20 mg/kg: p<0.01; 50
mg/kg: p<0.01], NLRP3 [20 mg/kg: p <0.01; 50 mg/kg: pl0.05] and IL-1B [20 mg/kg: p < 0.01; 50 mg/kg:
p <0.01] in the kidney. Luteoloside inhibited the increase of NLRP3 [20 mg/kg: p<0.01; 50 mg/kg: p <
0.01] and IL-1B [20 mg/kg: p <0.01; 50 mg/kg: p < 0.01] in the kidney. In addition, apigenin inhibited the
increase of TLR4 [20 mg/kg: p < 0.01; 50 mg/kg: p < 0.01], MyD88[20 mg/kg: p < 0.05; 50 mg/kg: p <0.01],
NLRP3 [20 mg/kg: p<0.01; 50 mg/kg: p<0.01] and IL-1B [20 mg/kg: p<0.01; 50 mg/kg: p<0.01] in the
kidney.

One-way ANOVA showed a significant treatment effect on IL-18 [p < 0.05] or TNF-a [p < 0.05] levels among
the groups (Table 4). The post hoc test indicated that PO induced an increase of IL-18 and TNF-a in the
serum. In contrast, all of the three active components decreased the levels of IL-18 and TNF-a in
hyperuricemia mice.
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Table 4

Effects of drugs in each group on IL-1B8 and TNF-a in PO-induced hyperuricemia mice (Mean +

SD,n=10)

Group Dose IL-1B TNF-a

mg/kg (pg/ml) (pg/ml)
Control-vehicle 54.38+2.66 51.21+3.46
PO-vehicle 58.03 + 3.26" 80.77 + 8.50%#
PO-allopurinol 10 50.71+1.84" 48.89 +8.30™
PO-luteolin 20 49.50 +2.82" 51.22+7.72"
PO-luteolin 50 51.30+0.50™ 51.94+10.98™
PO-luteoloside 20 50.13+3.25" 63.06+10.71
PO-luteoloside 50 53.46 +2.03" 61.69 + 14.70
PO-apigenin 20 52.82 +4.03" 77.01+14.19"
PO-apigenin 50 54.71+1.65" 68.33+10.73"
#5<0.05, #p < 0.01 versus Control-vehicle group; "p < 0.05, “p < 0.01 versus PO-vehicle group

Effects of active components on kidney morphology in
gouty mice

As shown in Fig. 9, the structures of glomerular and renal tubular epithelial cells in the Control-vehicle
animals were clear. Consistently, there is no apparent inflammatory reaction in the kidney of normal
animals. In gouty mice induced by PO, there was necrosis of the renal tubular epithelial cells. Proliferation
and inflammation were observed in the surrounding interstitium. Dilation and calcification occurred in
renal tubules. Pretreatment with allopurinol prevented the inflammatory response, attenuated the dilation
of renal tubules, and improved renal tubular epithelial cells' structure. Luteolin at 20 mg/kg slightly
decreased renal tubular necrosis and interstitial proliferation, while there was only slightly dilation of
renal tubules and inflammatory cell accumulation after administration with luteolin at 50 mg/kg.
Inflammatory cell accumulation, renal tubular necrosis and interstitial proliferation were still observed by
pretreatment with luteoloside at 20 mg/kg but ameliorated by pretreatment with luteoloside at 50 mg/kg.
Apigenin at 20 mg/kg could not improve the accumulation of inflammatory cells, necrosis of renal
tubules, and interstitial hyperplasia, while apigenin at 50 mg/kg reduced the accumulation of
inflammatory cells and weakened the dilation of the renal tubule.

Discussion
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In the previous study, we found that extracts from Lagotis brachystachya produced anti-hyperuricemic
effects in mice and confirmed that active fractions of Lagotis brachystachya (Xiong et al., 2018). Then
we separated three potential components (luteolin, luteoloside and apigenin) from the active fraction
(Zhu et al., 2019). In this context, the three components' effects were evaluated in vitro and in vivo in the
present study for the first time. Increasing evidence shows that elevated blood uric acid is an independent
risk factor for kidney disease and plays an important role in the occurrence and development of kidney
disease (Kanbay et al., 2017; Tsai et al., 2017). The dysfunctions of uric acid homeostasis characterize
hyperuricemia. The results firstly indicated the potential efficacy of luteolin, luteoloside and apigenin
against hyperuricemia. Xanthine oxidase is the rate-limiting enzyme in the metabolic pathway of purine
nucleosides. It is the final link in regulating uric acid production and plays a dominant role in the
pathogenesis of hyperuricemia (Serrano et al., 2020). In the present study, all the three components
significantly decreased hepatic xanthine oxidase activity in PO-induced hyperuricemic mice, which
indicated the inhibitory activity of uric acid generation by luteolin, luteoloside and apigenin. These results
were partly consistent with a previous study showing that luteolin interacted with the primary amino acid
residues located within the active site pocket of xanthine oxidase by molecular docking and biochemical
analysis (Lin et al., 2014; Yan et al., 2013).

On the other hand, urate transporters regulate the excretion of uric acid in the body. The imbalance of the
renal uric acid transport system is one of the main causes of hyperuricemia (Pavelcova et al., 2020). As a
membrane protein, OAT1 regulates renal uric acid excretion initially (Otani et al., 2017). URAT1, which is
expressed in the proximal tubule epithelial cells' brush border, is responsible for the reabsorption of urate.
Organic anions which accumulate in renal tubular epithelial cells have a high affinity with URAT1 (Anzai
and Endou, 2011). The intracellular anions exchange with urate in the tubule lumen, leading to increased
uric acid reabsorption. In addition to URAT1, GLUT9, which influences the renal handling of uric acid and
modulates serum urate levels, is in response to the treatment in patients with uric acid overproduction
(Torres and Puig, 2018). Therefore, changes in the levels of OAT1, URAT1 and GLUTO reflect the degree of
hyperuricemia development. To elucidate the effects of the three components on transporters, OAT1,
URAT1, and GLUTO levels in response to luteolin, luteoloside and apigenin treatment were measured both
in vitro and in vivo. In the vitro experiment, only luteolin and luteoloside affected OAT1 levels but not
URAT1 and GLUT9 in normal HK-2 cells. When the cells were pre-treated by uric acid, luteolin and
luteoloside still increased OAT1 levels in uric acid-treated HK-2 cells. While apigenin decreased the URAT1
and GLUTO levels. In vivo study, PO caused the reduction of OAT1 but the elevation of URAT1 and GLUT9
in the kidney of mice. However, the three components differently exerted their action on the transporters.
In detail, luteolin and luteoloside significantly increased the OAT1 levels, while apigenin decreased URAT 1
and GLUT9 levels in PO-induced mice. These results explained the excellent therapeutic efficacy of
Lagotis brachystachya, as the herb had different components exerting dual anti-hyperuricemic actions.
The active components could inhibit the production of uric acid by inhibiting hepatic xanthine oxidase
and promoting renal urate excretion by regulating renal urate transporters in hyperuricemia. Thus, the
presence of luteolin, luteoloside and apigenin in Lagotis brachystachya could be responsible for the
activity against PO-induced hyperuricemia.
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Accumulating evidence demonstrates the correlation between inflammation and hyperuricemia(Amezcua-
Castillo et al., 2020; Rahmi et al., 2020; Su et al., 2020). Studies have shown that excessive urate can
activate TLR4 and NLRP3 signals in hyperuricemia (So, 2007a). After binds to the CD14 receptor, urate is
recognized by TLR4 to form a TLR4/MD2/CD14 complex (So, 2007b). The activated TLR4 transduces the
signal into the cell through the intracytoplasmic domain and subsequently activates NF-kB, which
initiates gene expression related to inflammation. The potential anti-inflammatory activity of the three
compounds was firstly evaluated by molecular docking. The docking results showed that all of the three
components could enter the pocket of TLR4 and NLRP3 and thus obtain a high affinity with these
proteins. These observations suggested that luteolin, luteoloside and apigenin could block the activation
of an inflammatory response, which could be involved in the treatment for hyperuricemia. Subsequently,
the inflammation-related mechanism was evaluated in vivo experiments. In line with the previous study
(Guo et al., 2020), PO caused the elevation of TLR4 and NLRP3 levels in the kidney. On the contrary,
treatments with luteolin, luteoloside or apigenin inhibited renal TLR4/MyD88/NLRP3/IL-1p levels, as well
as serum pro-inflammatory cytokine levels in PO-induced hyperuricemic mice, indicating that the
inflammation induced by hyperuricemia was effectively normalized. This finding was in line with the
histopathological examination showing these three active components reversed the accumulation of
inflammatory cells. Similarly, a recent study also showed that luteolin downregulated the TLR4/MyD88
pathway in monosodium urate-induced gouty arthritis rats (Shen et al., 2020). In addition, several studies
reported the inhibitory activity of luteoloside and apigenin on NLRP3 inflammasome in vitro (Fan et al.,
2014; Yamagata et al., 2019). These observations suggested that the anti-inflammatory activity of
luteolin, luteoloside and apigenin may be mediated by targeting TLR4/NLRP3.

Conclusion

This study demonstrated that luteolin, luteoloside and apigenin, the three active components extracted
from Lagotis brachystachya possessed transporters' regulatory activity against high levels of uric acid in
vitro. In vivo study on PO-induced hyperuricemic mice showed that luteolin, luteoloside and apigenin
exerted dual regulatory roles in xanthine oxidase activity and transporters. Moreover, the active
components showed the anti-inflammatory activity by targeting TLR4/MyD88/NLRP3/IL-1p signaling
pathway in the kidney. Therefore, the present supports that luteolin, luteoloside and apigenin are the
potential candidates for hyperuricemia treatment.
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Figure 1

The structure of luteolin, luteoloside and apigenin.
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Figure 2

The effects of uric acid, benzbromarone, luteolin, luteoloside and apigenin on cell viability of HK-2 cells.
**p <0.01 versus the vehicle group.
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The effects of luteolin, luteoloside and apigenin on OAT1 (A), URAT1 (B) and GLUT9 (D) in normal HK-2
cells. *p <0.05 and **p <0.01 versus the vehicle group.

Page 17/23



T

0OATI1

0ATI WS S S e s o 624D

=
=
zZ =
w
g &
_ - = B 1.0
cuy NN 0. 52
S =
—
el e
B-ACTIN v s e S - — - |D; ETE“ h
&5
&
00 S o O o A P
& - g A2 A"
& &SP
RO el i
N _ ; —
Q,‘N;e Luteolin  Luteoloside Apigenin
QF
B C
_ 1.5+ URATI _ 15+ GLUT9
= =
@ = @ =
< S B
3% 5%
= @ 1.0 = @ 1.0
23 52
= sz
a3z Sz
v w
2 £ 0.5+ 2 & 0.5
3 E -
== =)
z 3
0'0-§ b o e e e 0.0-6 B IO I I <
g T A W Wm WB & g an » b
FISP PSP P S FLSFTS PO
ST '-: n S & n ":
%)
\,6“9‘0 Lutcolin  Luteoloside Apigenin \BQ&O‘Q Luteolin  Luteoloside Apigenin
F <

Figure 4

The effects of luteolin, luteoloside and apigenin on OAT1 (A), URAT1 (B) and GLUT9 (D) in uric acid-
induced HK-2 cells. ##p < 0.01 versus the Control-vehicle group. *p <0.05 and **p <0.01 versus the uric
acid-vehicle group.
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Figure 6

Molecular docking analysis of luteolin, luteoloside and apigenin interacted with TLR4/MD-2. AD and G
show that luteolin, luteoloside and apigenin insert into TLR4/MD-2 complex. B,E and H enlarge the
interacted structures of TLR4 and ligands. C,F| show the detailed interacted sites between TLR4 and
ligands.
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Figure 7

Molecular docking analysis of luteolin, luteoloside and apigenin interacted with NLRP3. AD and G show
that luteolin, luteoloside and apigenin insert into NLRP3. B,E and H enlarge the interacted structures of
NLRP3 and ligands. C,F|| show the detailed interacted sites between TLR4 and ligands.
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Figure 8

The effects of luteolin, luteoloside and apigenin on TLR4 (A), MyD88 (B), NLRP3 (C) and IL-1B (D) in PO-
induced hyperuricemic mice. ##p < 0.01 versus the Control-vehicle group. *p < 0.05 and **p <0.01 versus
the PO-vehicle group.
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Figure 9

The effects of luteolin, luteoloside and apigenin on renal morphology in PO-induced hyperuricemic mice.
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