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Estradiol regulates intestinal ABCG2 
to promote urate excretion via the PI3K/Akt 
pathway
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Abstract 

Objectives: The study of sex differences in hyperuricemia can provide not only a theoretical basis for this clinical 
phenomenon but also new therapeutic targets for urate-lowering therapy. In the current study, we aimed to confirm 
that estradiol can promote intestinal ATP binding cassette subfamily G member 2 (ABCG2) expression to increase 
urate excretion through the PI3K/Akt pathway.

Methods: The estradiol levels of hyperuricemia/gout patients and healthy controls were compared, and a hyper-
uricemia mouse model was used to observe the urate-lowering effect of estradiol and the changes in ABCG2 expres-
sion in the kidney and intestine. In vivo and in vitro intestinal urate transport models were established to verify the 
urate transport function regulated by estradiol. The molecular pathway by which estradiol regulates ABCG2 expres-
sion in intestinal cells was explored.

Results: The estradiol level of hyperuricemia/gout patients was significantly lower than that of healthy controls. 
Administering estradiol benzoate (EB) to both male hyperuricemic mice and female mice after removing the ovaries 
confirmed the urate-lowering effect of estradiol, and hyperuricemia and estradiol upregulated the expression of intes-
tinal ABCG2. Estradiol has been confirmed to promote urate transport by upregulating ABCG2 expression in intestinal 
urate excretion models in vivo and in vitro. Estradiol regulates the expression of intestinal ABCG2 through the PI3K/Akt 
pathway.

Conclusion: Our study revealed that estradiol regulates intestinal ABCG2 through the PI3K/Akt pathway to promote 
urate excretion, thereby reducing serum urate levels.
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Introduction
In humans, urate is the terminal metabolite of purine 
metabolism. Increased levels (> 420  μmol/L) of serum 
urate are defined as hyperuricemia [1]. Hyperuricemia 
may lead to saturation and precipitation of weakly solu-
ble urate as monosodium urate crystals (MSU crystals). 

MSU crystals deposit in the renal tubules, causing kidney 
stones, and in the synovial fluid of joints, causing gout, 
which is the most common form of inflammatory arthri-
tis. Urate in the human body is synthesized mainly by 
the liver and excreted through the kidneys and intestines 
[2]. Any abnormality in this process can disturb the urate 
balance and cause hyperuricemia. Currently, hyperurice-
mia is thought to be caused mainly by decreased urate 
excretion. Urate is excreted through the kidneys (70% 
of the total urate excretion) or the intestines (30%) [3]. 
The balance between reabsorption and secretion deter-
mines the level of urate in the body. Both the secretion 
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and reabsorption of urate rely on transporters. With the 
development of molecular biology and genetics, vari-
ous new urate transporters have been discovered, and a 
deeper understanding of urate dynamics has been gained.

Of the many urate transporters, ATP binding cassette 
subfamily G member 2 (ABCG2) is of particular inter-
est. It is a high-capacity transporter located mainly at 
the tip of the brush border of the proximal renal tubules 
and is essential for the secretion of urate. There is a large 
amount of genetic evidence suggesting that ABCG2 
is clearly related to hyperuricemia. A missense single 
nucleotide polymorphism (SNP) in ABCG2 (rs2231142; 
Q141K) has been shown to be associated with urate con-
centrations and gout in both white and black individuals 
[4]. Matsuo et  al. [5] compared male gout patients and 
healthy people in Japan and found two ABCG2 alleles, 
Q141K (50% functional residue) and Q126X (without 
function), with 76.2% of people with gout having ABCG2 
dysfunction, and severe ABCG2 dysfunction significantly 
increased the risk of early-onset gout (RR = 22.2). Among 
10 SNPs strongly associated with serum urate concen-
trations, Zaidi et al. found that the ABCG2 rs2231142 T 
allele is strongly associated with early-onset gout [6].

ABCG2 exists mainly in the kidney, intestine and liver. 
In recent years, the extrarenal urate excretion impact 
of ABCG2 has received increasing attention. Ichida K 
et al. [7] found that ABCG2 gene abnormalities can lead 
to increased serum urate; however, the amount of urate 
excreted by the kidneys remained unchanged or even 
increased. This group also found that the serum urate 
and creatinine levels of the Abcg2 knockout mouse model 
were higher than those of the wild-type control group 
and that the intestinal urate clearance rate was signifi-
cantly reduced. Kannangara and colleagues revealed that 
the ABCG2 141 K variant and the fractional renal clear-
ance of urate contribute strongly but independently to 
hyperuricemia, which provided further evidence of a 
significant contribution of ABCG2 to extrarenal clear-
ance of urate [8]. A recent study focused on the patho-
physiological nature of the common ABCG2 gout and 
hyperuricemia-associated variant Q141K (rs2231142) 
and found that participants with the Q141K ABCG2 vari-
ant displayed elevated serum urate, unaltered fractional 
excretion of uric acid (FEUA), and significant evidence 
of reduced extrarenal urate excretion. By generating a 
mouse model of the orthologous Q140K Abcg2 variant, 
they also found that male mice had significant hyper-
uricemia and metabolic alterations but only subtle altera-
tions of renal urate excretion and ABCG2 abundance 
[9]. The above results all indicate that ABCG2 plays an 
important role in extrarenal excretion (which mainly 
occurs via the intestine). Caco-2 cells are commonly 
used to study intestinal epithelial function. In Caco-2 

cells, urate showed a polarized flux from the basolateral 
to apical side, and this flux was almost abolished in the 
presence of elacridar, which is an ABCG2 inhibitor, sug-
gesting that the urate transport function of Caco-2 cells 
depends mainly on ABCG2 [10].

The majority of patients with gout and hyperuricemia 
are male. In female patients, postmenopausal women 
have a higher risk of incident gout than premenopausal 
women [11]. In fact, more than 40 years ago, it was found 
that estrogen could promote urate excretion and reduce 
the occurrence of hyperuricemia [12]. Sumino et al. [13] 
revealed that increased urate levels were closely related 
to reduced estrogen levels.

ABCG2 was originally discovered in the breast cancer 
cell line MCF-7/Adr-vp3000, which functions as a trans-
porter to pump chemotherapy drugs out of tumor cells. 
Breast cancer is a malignant tumor sensitive to sex hor-
mones. Many studies have focused on estrogen-induced 
breast cancer drug resistance. Most believe that estrogen 
can increase the expression of ABCG2 in breast cancer 
cells, thereby increasing drug resistance [14–16]. Since 
estrogen can regulate the expression of ABCG2 in tumor 
cells, we wondered whether estrogen can increase the 
excretion of urate by regulating the expression of ABCG2 
and thereby exert an antihyperuricemic effect. However, 
even though it has been shown that estrogen can regu-
late the expression of ABCG2 and serum urate, direct 
administration of estrogen to male gout patients is inap-
propriate. Therefore, it is important to study the underly-
ing pathway by which estrogen regulates ABCG2 in the 
excretion of urate.

Methods
Patients
In total, eighteen patients with gout (intermittent phase) 
or hyperuricemia were included in the current study. The 
patients with gout fulfilled the 1977 American Rheu-
matism Association (now the ACR) preliminary criteria 
for acute arthritis of primary gout and the 2015 ACR/
European League Against Rheumatism (EULAR) gout 
classification criteria. The patients who did not fulfill 
the gout classification and had a serum urate level above 
420  μmol/L were defined as having hyperuricemia. The 
eighteen patients did not start urate-lowering therapy. 
Seventeen healthy controls were recruited from the phys-
ical examination center. Blood samples from the patients 
were obtained during a clinic visit, and those of the 
healthy controls were obtained during a physical exami-
nation. Serum was separated within 3  h and stored at 
− 80 °C. The levels of serum urate and subsequent mouse 
serum urate and urate in vitro were measured with urate 
assay kits (Sigma-Aldrich, St Louis, MO, USA). Serum 
estradiol and mouse serum estradiol were measured with 



Page 3 of 11Liu et al. Nutr Metab (Lond)           (2021) 18:63  

an estradiol ELISA kit (Abcam, Cambridge, MA, USA). 
This study was approved by the Ethics Committee of the 
Department of Huashan Hospital, Fudan University (No. 
2012-137), and the patients provided written consent for 
their biological material to be used for research.

Mouse model
C57BL/6 mice were housed at 24 ± 2  °C with 12  h 
light/12  h dark cycles in a pathogen-free facility at the 
Central Institute for Experimental Animals of Fudan 
University. Ad libitum access to food and water was pro-
vided. All animal procedures were approved by the eth-
ics committee of the Animal Experiments Committee of 
Fudan University.

The hyperuricemia mouse model (HUA mice) was 
established by using yeast polysaccharide (YP) and potas-
sium oxonate (OP) as previously described [17]. The 
estrogen intervention groups were injected with estradiol 
benzoate (EB, Selleckchem, Houston, TX, USA, diluted 
in DMSO), which is more widely used and easily available 
in clinical practice than estradiol, at 0.2 mg/kg, 1 mg/kg, 
and 5 mg/kg every other day from the first day of feeding 
until day 28. There were five mice in each group. During 
the feeding period, 200 μL of canthal vein blood was col-
lected from each group of mice on days 0, 7, 14, 21 and 
28, and the serum was separated within 3  h and stored 
at − 80  °C. All the mice were sacrificed on day 28. Kid-
neys and intestines were separated and stored in forma-
lin solution. Subsequently, immunohistochemistry with 
an anti-ABCG2 antibody was performed on the kidneys 
and intestines (ileum) of each group of mice. The rabbit 
anti-human ABCG2 antibody was purchased from Cell 
Signaling Technology (CST) Company, Danvers, MA, 
USA. The immunohistochemically stained images were 
assessed by a semiquantitative four-grade scoring sys-
tem to evaluate the combination of the staining intensity 
and the percentage of positive cells. Grade 0 indicated no 
reaction or a focal weak reaction; grade 1 indicated an 
intense focal or diffuse weak reaction; grade 2 indicated 
a moderate diffuse reaction; and grade 3 indicated an 
intense diffuse reaction.

The ovariectomy (OVX) mouse groups were as follows: 
the control group with no additional intervention; the 
OVX group with bilateral ovarian extraction at 4 weeks 
of age; the sham operation group with the same surgi-
cal ovarian exploration as the OVX group at 4  weeks 
of age, with approximately 1  g of adipose tissue around 
the ovaries removed but the ovaries left intact; and the 
OVX + EB group intraperitoneally injected with 8 μg EB 
every other day after OVX. There were five mice in 
each group. At 5 weeks of age, the above mouse groups 
were treated with YP and OP as mentioned above. Dur-
ing the feeding period, 200 μL of canthal vein blood was 

collected from each group of mice on days 0, 7, 14, 21 and 
28, and the serum was separated within 3 h and stored at 
− 80 °C.

In vivo intestinal urate excretion model
Three groups of mice were established as follows: the 
control group with no additional intervention, the HUA 
mice and the HUA mice treated with 1  mg/kg EB, as 
mentioned above. There were five mice in each group. 
The protocol for analyzing intestinal urate excretion was 
as previously described [7]. On day 21, to analyze intesti-
nal urate excretion, the HUA mice were fasted overnight, 
anaesthetized by intraperitoneal injection of urethane 
and cannulated with polyethylene tubing (Hibiki Size 8) 
(Kunii Co.) at the upper duodenum and the middle jeju-
num to make an intestinal loop at the upper half of the 
intestine. After the intestinal contents were removed by 
the slow infusion of saline and air, efflux buffer (saline 
containing 0.3  mM potassium oxonate) was introduced 
into the intestinal loop, and both ends of the loop were 
closed with syringes. After the indicated periods, the 
efflux buffer in the loop was collected by syringes, and 
the urate concentrations were quantified as previously 
described [7]. Finally, the mice in each group were sac-
rificed, and the intestinal tissues (ileum, the intestinal 
tissue with the highest expression of ABCG2 [9]) were 
collected for western blot analysis.

In vitro urate transport model
A modified Transwell model was used to analyze urate 
transport. The filter of the Transwell chamber was a poly-
carbonate membrane separation medium with a pore size 
of < 5 µM. After precooling, Matrigel was coated onto the 
surface of the upper chamber, and Caco-2 cells were cul-
tured for 21  days. The resistance test verified the com-
pleteness of the monolayer cell membrane. Two hundred 
microliters of Hanks solution containing 0.1% BSA was 
added to the AP side (apical hole) as the intestinal lumen 
side to reduce the nonspecific adsorption of Caco-2 cells 
to urate and interventions, and 400 µL of Hanks solution 
containing urate (with  10− mol/L EB or EB and 5 mmol/L 
elacridar (Selleckchem, Houston, TX, USA, dissolved in 
DMSO)) was added to the BL side (basolateral hole) as 
the base side, after which a resistance test was also car-
ried out. We then placed the 24-well plate with the Tran-
swell chamber in a 37 °C incubator and set different time 
points to draw 200 µL of the receiving solution from the 
inner well for testing or freeze-storage at − 20  °C. The 
operated wells were filled with the corresponding volume 
of Hanks solution containing 0.1% BSA at 37  °C with a 
maintained pH of approximately 7.4. The experiment was 
repeated three times.
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Estradiol and PI3K/Akt regulate ABCG2 expression 
in Caco‑2 cells in vitro
Treatments with  10–4,  10–6 and  10–8 mol/L estradiol and 
the control (DMSO) were performed, and the Caco-2 
cells were exposed for 24, 48 or 72 h. There were 5 wells 
in each group, and three replicates were carried out. At 
the end of the intervention, total RNA was extracted 
from estradiol-treated Caco-2 cells, and Caco-2 mRNA 
expression was detected by real-time quantitative 
PCR (qPCR). Then, the Caco-2 cells were treated with 
 10–4 mol/L EB with/without 50 μmol/L LY294002 (Sell-
eckchem, Houston, TX, USA, diluted in DMSO), and 
the control group was treated with DMSO. The time at 
which the experimental group showed the most signifi-
cant increase in mRNA in the above experiments was 
48 h. Total RNA was extracted from the Caco-2 cells to 
detect ABCG2 mRNA expression, and total protein was 
extracted to detect ABCG2, Akt, p-Akt (S473), and p-Akt 
(T308) protein expression by western blotting three 
times. The western blot results were assessed semiquanti-
tatively by ImageJ (v1.52) as previously described [18, 19].

Real‑time quantitative PCR (qPCR) detection system
Total RNA was extracted with TRIzol (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s instruc-
tions, and reverse translation was carried out with an 
iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, 
USA). The PCR primers (BioTNT, Shanghai, China) 
used for qPCR were as follows: human ABCG2, forward 
5′-AGC TGC AAG GAA AGA TCC AA-3′ and reverse 
5′-TCC AGA CAC ACC ACG GAT AA-3′, and human 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
forward 5′-GGA GCG AGA TCC CTC CAA AAT-3′ and 
reverse 5′-GGC TGT TGT CAT ACT TCT CATGG-3′. 
The RNA expression in the samples was normalized to 
the expression of control housekeeping genes (human 
GAPDH), and the relative mRNA levels of target genes 
were calculated by the  2−△△Ct method.

Western blot
Cell lysates of different groups were prepared, and equal 
aliquots of protein extract were electrophoresed by SDS-
PAGE. Protein levels were expressed as the ratio of the 
level of the protein to that of the corresponding GAPDH 
or β-actin. Rabbit anti-human ABCG2, AKT, phospho-
Akt (Thr308), phospho-Akt (Ser473) and β-actin anti-
bodies and rabbit anti-mouse ABCG2 and β-actin, which 
were used as primary antibodies, were purchased from 
CST Company.

Statistical analysis
The data were analyzed with GraphPad Prism 6.01 
(GraphPad Software, La Jolla, CA, USA). All experiments 

were performed at least in triplicate, and the data are 
expressed as the mean ± standard error of the mean 
(SEM). Repeated measures analysis of variance (ANOVA) 
followed by the Student–Newman–Keuls (S–N–K) test 
were used for post hoc analyses of differences among 
groups. P values < 0.05 were considered to indicate sta-
tistically significant differences. The correlation between 
variables was evaluated by the Pearson correlation test. 
Two-sided P values < 0.05 were considered statistically 
significant.

Results
Serum estradiol and urate levels in patients and healthy 
controls
The 18 patients with gout and hyperuricemia in the study 
were all males of 53.3 ± 15.2  years old, and the healthy 
controls were males of 49.0 ± 12.3  years old. The serum 
estradiol level in the hyperuricemia/gout patients was 
56.48 ± 41.22 pg/mL, and that in the healthy controls was 
98.98 ± 32.24 pg/mL. The serum urate level in the hyper-
uricemia/gout patients was 545.78 ± 68.39  μmol/L, and 
that in the healthy controls was 358.35 ± 30.39  μmol/L. 
The serum urate level in the patients with gout/hyper-
uricemia was significantly higher than that in the healthy 
controls (P < 0.0001) (Fig.  1a). The gout/hyperuricemia 
patients had significantly lower serum estradiol levels 
than the healthy controls (P < 0.01) (Fig.  1b). Regression 
analysis of age and the levels of serum estradiol and urate 
was performed to correct the effect of age on the rela-
tionship between serum estradiol and urate levels. The 
results showed that age had no significant effect on serum 
estradiol and urate levels (coefficient = 0.024, P = 0.886) 
and that the levels of serum estradiol and urate were 
significantly negatively correlated (coefficient = -0.466, 
P = 0.008). The fitting curve of the blood estradiol and 
urate levels after regression analysis is shown in Fig. 1c, 
with r = − 0.4743 and P = 0.004.

Male hyperuricemia mouse model with EB intervention
During the establishment of the HUA mice, blood was 
collected from the canthal vein on days 0, 7, 14, 21, and 
28. The serum urate levels are shown in Fig. 2a. From day 
14, the serum urate level was significantly higher than 
that of the control group, indicating that the HUA mouse 
model was established. On day 21, a urate-lowering effect 
was observed in the 1 mg/kg and 5 mg/kg EB groups, but 
there was no significant difference in the urate-lowering 
effect of these two groups. On day 28, there was no obvi-
ous urate-lowering effect of EB.

At 28 days after HUA mouse establishment, the cre-
atinine level of the HUA group was not significantly 
higher than that of the control group. On day 21, the 
creatinine level of the HUA mice was higher than that 
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of the control mice, although there was no significant 
difference, suggesting that hyperuricemia might cause 
renal damage. Additionally, the higher creatinine level 
in the EB (1 mg/kg) group was significantly lower than 
that in the urate group (P < 0.05) (Fig.  2b), suggesting 
that estradiol might have a renal protective effect.

Female hyperuricemia mouse model with ovariectomy 
(OVX)
After OVX in female mice, a significant drop in serum 
estradiol was observed on day 14, and this effect lasted 
until day 21 (Fig.  2c). In the OVX and EB intervention 
groups, serum estradiol also decreased significantly, 
which was related to the fact that the estradiol kit could 
only detect estradiol but not EB. Although the level of 

Fig. 1 a Serum urate levels in patients with gout/hyperuricemia were significantly higher than those in healthy controls (P < 0.0001). b 
Hyperuricemia and gout patients had significantly lower serum estradiol levels than healthy controls (P < 0.01). c Regression analysis of age 
and levels of serum estradiol and urate. The results showed that age had no significant effect on the levels of serum estradiol and urate 
(coefficient = 0.024, P = 0.886) and that the levels of serum estradiol and urate were significantly negatively correlated (coefficient = − 0.466, 
P = 0.008). sUA serum urate, HUA hyperuricemia and gout patients

Fig. 2 a On day 14, the serum uric level was significantly higher than that of the control group (P < 0.05). On day 21, the 1 mg/kg (P < 0.05) and 
5 mg/kg (P < 0.001) EB groups exhibited urate-lowering effects. On day 28, there was no obvious urate-lowering effect of EB. b The creatinine level 
of the HUA group was not significantly higher than that of the control group. On day 21, the creatinine level of the mice in the hyperuricemia group 
was higher (P < 0.05). c In the OVX group, a significant drop in estradiol levels was observed on day 14 (P < 0.0001) and day 21 (P < 0.0001). In the 
OVX + EB intervention group, the level of estradiol also decreased significantly on day 14 (P < 0.0001) and day 21 (P < 0.0001). d A significant increase 
in the serum urate level in the OVX group (P < 0.05) and a urate-lowering effect of EB (OVX + EB vs. OVX, P < 0.05) could be observed on day 21
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serum estradiol decreased, there was no significant dif-
ference in the serum urate level in each group on day 14 
of HUA mouse establishment. A significant increase in 
the level of serum urate in the OVX group and a urate-
lowering effect of EB were observed on day 21 (Fig. 2d).

Expression of ABCG2 in the kidneys and intestines of HUA 
mice
Male HUA mice were sacrificed on day 28, and immu-
nohistochemical staining of the kidneys and intestines 
(ileum) with anti-ABCG2 antibody was performed. There 
was no obvious difference in the renal expression of 
ABCG2 between the groups (Fig. 3a1–5). However, intes-
tinal ABCG2 expression in the HUA and EB intervention 
groups (1 mg/kg and 5 mg/kg) was higher than that in the 
control group (Fig. 3b1–5).

Estradiol promotes Caco‑2 cell urate transport 
through ABCG2
We established a urate transport evaluation model by 
simulating the chemotherapy drug tolerance model of 
tumor cells and accurately evaluated the effect of estra-
diol on urate transport in Caco-2 cells in vitro (Fig. 4a). 
From the 12th hour after the addition of EB, urate trans-
port by Caco-2 cells was significantly increased (P < 0.05). 
When treated with EB and elacridar, which is an ABCG2 
inhibitor, the urate transport function of Caco-2 cells was 
partially weakened (P < 0.05) (Fig. 4b).

Estradiol promotes intestinal urate excretion in HUA mice
We constructed closed-loop intestinal circulation in 
three groups of mice (control group, HUA mice and HUA 
mice treated with EB), collected 6–7 h of intestinal per-
fusion fluid, and detected the level of urate in the perfu-
sion fluid. The intestinal urate excretion of the HUA mice 
was significantly increased compared with that of the 
control mice (P < 0.05), and the intestinal urate excretion 
of the HUA mice treated with EB was also significantly 
increased compared with that of the HUA mice (P < 0.05) 
(Fig.  4c). Analysis of ABCG2 protein expression by 
western blotting in intestinal tissues of each group also 
showed that the intestinal ABCG2 expression of the HUA 
mice was higher than that in the control mice, and after 
EB intervention, the intestinal ABCG2 expression of the 
HUA mice was further increased (Fig. 4d).

Estradiol might regulate intestinal ABCG2 expression 
through PI3K/Akt
We first treated Caco-2 cells with different concentrations 
of EB and found that  10–4  mol/L EB could significantly 
upregulate the ABCG2 mRNA level of Caco-2 cells at 
48 h (the results of different time points are presented in 
Additional file 1: Fig. 1) without a dose-dependent effect. 
When we treated Caco-2 cells with LY294002, which is 
a classic PI3K/Akt inhibitor, in advance and then treated 
Caco-2 cells with EB, it was found that LY294002 could 
partially block the effect of estradiol on the upregulation 
of ABCG2 mRNA expression (P < 0.05) (Fig. 4e, f ). Akt is 
partially activated by the phosphorylation of T308, while 
full activation requires the phosphorylation of S473. To 
study the underlying mechanism by which estradiol reg-
ulates ABCG2 expression, western blotting was used to 
analyze the expression of ABCG2, Akt, p-Akt (S473) and 
p-Akt (T308) in each group. Estradiol was also confirmed 
to up-regulate the expression of ERA and ERB in Caco-2 
cells. The results showed that estradiol upregulated the 
protein expression of ABCG2 in Caco-2 cells, and this 
effect could be partially blocked by LY294002. Estradiol 
did not change the total expression of Akt but regulated 
ABCG2 by activating p-Akt (S473) and p-Akt (T308), 
and this activation could also be blocked by LY294002 
(Fig. 4g).

Discussion
The prevalence of hyperuricemia in mainland China is 
approximately 13.3% [20]. Since hyperuricemia is cur-
rently a major risk factor threatening people’s health, 
there is an urgent need to study the metabolism of urate 
in the human body and explore new targets for urate-
lowering therapy. Hyperuricemia is caused mainly by 
abnormal liver metabolism, urate excretion, or rapid cell 
turnover. Renal excretion accounts for approximately 
two-thirds of the total urate excretion, and the remain-
ing one-third is excreted mainly through the intestinal 
tract. Regulating the secretion and reabsorption of urate 
in both renal tubules and intestinal tracts are proteins 
called urate transporters, some of which are currently 
the therapeutic targets of urate-lowering drugs in clini-
cal use. Among all the transporters, ABCG2 is currently 
known as the most important transporter for extrarenal 
urate excretion [7, 9].

(See figure on next page.)
Fig. 3 a1 Renal ABCG2 immunohistochemistry staining of control mice, Grade 1. a2 Renal ABCG2 immunohistochemistry staining of 
hyperuricemic mice, Grade 1. a3–a5 Renal ABCG2 immunohistochemistry staining of EB (0.2 mg/kg, 1 mg/kg, and 5 mg/kg) intervention in 
hyperuricemic mice, Grade 1, Grade 1, Grade 1. b1 Intestinal ABCG2 immunohistochemistry staining of control mice, Grade 1. b2 Intestinal ABCG2 
immunohistochemistry staining of hyperuricemia mice, Grade 2. b3–b5 Intestinal ABCG2 immunohistochemistry staining of EB (0.2 mg/kg, 1 mg/
kg, and 5 mg/kg) intervention hyperuricemia mice, Grade 3, Grade 3, and Grade 3
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Multiple studies have revealed that estradiol-medi-
ated breast cancer resistance is related to alterations in 
ABCG2 expression [21, 22]. ABCG2 is highly expressed 
in human placental tissue and might also be regulated 
by estradiol [23]. Merino et  al. [24] found that there 
were sex differences in the expression and pharmacoki-
netics of ABCG2 in various organs of mice. The above 
evidence indicates that the expression and function 
of ABCG2 are closely related to estradiol. However, 
there are also some studies that hold different views 
on the regulation of ABCG2 by gonadal hormones. 
Tanaka et  al. found that ABCG2 expression in mouse 
liver is stimulated by testosterone [25], and Imai et al.’s 
research revealed that treatment of MCF-7 cells with 
estrogen resulted in a drastic decrease in the level of 
ABCG2 expression [22]. We think that this confirms 
that gonadal hormones, especially estradiol, have het-
erogeneity in the regulation of ABCG2 in different tis-
sues, which is one of the original hypotheses of our 
research.

Research has indicated that there are sex differences 
in the prevalence of hyperuricemia. Studies by Hak [26] 
and Sumino [13] have shown that the increase in serum 
urate levels is closely related to the decrease in estra-
diol levels in postmenopausal women and that estradiol 
promotes the excretion of urate. A recent study that 
first explored the pathophysiological nature of the com-
mon ABCG2 variant Q141K in gout and hyperuricemia 
revealed that only a male mouse model of the ortholo-
gous Q140K Abcg2 variant had significant hyperurice-
mia and metabolic alterations with subtle alterations 
in renal urate excretion and ABCG2 abundance. These 
mice displayed a severe defect in ABCG2 abundance 
and function in the intestinal tract [9]. In our study, 
the first problem investigated was the relationship 
between serum urate and estradiol in the population. 
Considering that women’s estrogen levels are related to 
age and the menstrual cycle, we selected male patients 
with hyperuricemia and gout and healthy controls as 
the research subjects and found that the estradiol level 

of hyperuricemia and gout patients was significantly 
lower than that of healthy controls. After correcting 
for age, estradiol and urate levels were significantly 
negatively correlated. This phenomenon observed in 
the population has greatly inspired us to continue to 
explore the underlying mechanism of sex differences in 
hyperuricemia.

We then verified the urate-lowering effect of estra-
diol by establishing two different HUA mouse models: 
treating male mice with EB and removing the ova-
ries of female mice. The results showed that estradiol 
could indeed reduce the serum urate of male mice. We 
also noticed that the effect of estradiol was no longer 
present after 28  days of treatment. We think that this 
may be related to the mouse model of hyperuricemia. 
Since hyperuricemia in mice was most obvious on day 
21, the urate-lowering effect of EB was also the most 
significant. After OVX in the female mice, the level of 
serum estradiol decreased, and the level of HUA mouse 
serum urate increased. When EB was given to the OVX 
mice, the serum urate level decreased, but the level of 
serum estradiol was not altered since the ELISA kit 
for estradiol could not detect EB. These two groups 
of HUA mice fully proved the urate-lowering effect of 
estradiol. We previously found that Sirt1 can decrease 
serum urate and upregulate the expression of ABCG2 
in the intestine but not the kidneys [27]. Hoque et  al. 
[9] also suggested a tissue-specific pathobiology of 
the Q141K variant, supporting an important role of 
ABCG2 in urate excretion in the human intestinal tract. 
More interestingly, Hoque et al. revealed that in female 
 Q140K+/+ mice (humanized for Q141K), there was no 
hyperuricemia, while male  Q140K+/+ mice showed 
hyperuricemia and impaired renal and intestinal urate 
excretion, and they believed that this was related to the 
difference in the abundance of ABCG2 in the kidneys 
and intestines between male and female mice. Stud-
ies of the breast cancer drug resistance mechanism 
revealed that ABCG2 could pump chemotherapeutic 
drugs out of tumor cells, and estradiol enhanced this 

Fig. 4 a A urate transport evaluation model to evaluate the effect of estradiol on urate transport in Caco-2 cells in vitro. b From the 12th hour after 
the addition of EB, urate transport by Caco-2 cells was significantly increased (P < 0.05). When treated with EB and elacridar, which is an ABCG2 
inhibitor, the urate transport function of Caco-2 cells was partially weakened (P < 0.05). c A closed-loop intestinal circulation model to detect the 
level of intestinal urate excretion. The intestinal urate excretion of the HUA mouse group was significantly increased compared with that of the 
control mouse group (P < 0.05), and the intestinal urate excretion of HUA mice treated with EB was also significantly increased compared with that 
of the HUA mice (P < 0.05). d Analysis of ABCG2 protein expression by western blotting in intestinal tissues of each group showed that the intestinal 
ABCG2 expression of the HUA mice was higher than that in the control mice, and after EB intervention, the intestinal ABCG2 expression of the HUA 
mice was further increased. e Caco-2 cells were treated with different concentrations of EB, and  10–4 mol/L EB was found to significantly upregulate 
ABCG2 mRNA levels without a dose-dependent effect. f Caco-2 cells were treated with LY294002 (50 μmol/L) in advance and then treated with EB 
 (10–4 mol/L) for 48 h. LY294002 partially blocked the effect of estradiol on the upregulation of ABCG2 mRNA expression (P < 0.05). g Estradiol did not 
change the total expression of Akt but regulated ABCG2 by activating p-Akt (S473) and p-Akt (T308), and this activation could also be blocked by 
LY294002

(See figure on next page.)
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pumping effect. Therefore, we hypothesized that estra-
diol could also upregulate intestinal ABCG2 to promote 
intestinal urate excretion.

The immunohistochemical results of HUA mouse kid-
neys and intestinal tracts suggested that hyperuricemia 
increased intestinal ABCG2 expression and that estradiol 
could further upregulate the expression of ABCG2 in the 
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intestine. However, neither hyperuricemia nor estradiol 
changed the renal expression of ABCG2. After clarifying 
that estradiol could indeed upregulate ABCG2 expres-
sion in the intestine of hyperuricemic mice, we designed 
two experiments to investigate whether ABCG2 induced 
by estradiol could promote urate excretion in  vitro and 
in vivo. We first demonstrated that Caco-2 cells expressed 
estrogen receptors, which could be induced by EB (Addi-
tional file  1: Fig.  2). Modified from a model of drug 
transport in tumor cells, we established a urate trans-
port model of Caco-2 cells in vitro and found that estra-
diol could promote urate transport in Caco-2 cells, and 
this effect could be partially blocked by elacridar, as an 
ABCG2 inhibitor. The results suggested that the upregu-
lation of ABCG2 induced by estradiol could indeed pro-
mote urate transport in Caco-2 cells. In the closed-loop 
model of the intestinal tract, intestinal juice was directly 
collected and provided a more intuitive observation 
that estradiol promoted the excretion of intestinal urate 
by inducing the expression of ABCG2. The above two 
experiments indicated that estradiol could upregulate the 
intestinal expression of ABCG2 and confirmed the regu-
latory effect of estradiol from the perspective of the urate 
transport function of ABCG2.

The renal and intestinal tissues of HUA mice as well as 
the intestinal urate transport function models in vivo and 
in vitro indicated that estradiol could promote intestinal 
urate excretion by upregulating the intestinal expression 
of ABCG2. We discovered the regulatory effect of estra-
diol on the expression and function of intestinal ABCG2; 
however, the evidence did not completely directly sup-
port this conclusion. Since we lacked ABCG2-deficient 
mice, especially intestinal-specific ABCG2-deficient 
mice, we could not directly prove the effect of estradiol 
on intestinal ABCG2 in vivo. We are now trying to estab-
lish intestinal-specific ABCG2-deficient mice by the Cre-
flox system and aim to collect more convincing data in 
future research. Most patients with hyperuricemia and 
gout are male, and if male patients are treated with estra-
diol, there might be major problems in terms of ethics 
and patient acceptance. Therefore, the study of estradiol 
in regulating ABCG2 expression and downstream path-
ways is essential to understand its effect mechanism and 
develop new therapeutic targets.

PI3K/Akt is an important pathway that regulates mul-
tiple life activities. The main function of Akt relies on 
mediating different downstream pathways and exerting 
various actions, such as regulating cell survival, metabo-
lism, and proliferation, by affecting the activation states 
of various downstream effectors. Studies have found 
that PI3K/Akt can regulate the expression of ABCG2 in 
tumor cells [28], and estradiol has a clear role in regu-
lating the PI3K/Akt pathway [29]. Therefore, we studied 

the specific pathways of estradiol acting on ABCG2 in 
Caco-2 cells. The results suggest that PI3K/Akt blocked 
the effect of ABCG2 upregulation by estradiol, which 
simultaneously phosphorylated two important sites of 
Akt.

Conclusion
We have confirmed a urate-lowering effect of estradiol 
exerted by promoting intestinal urate excretion. The 
underlying mechanism is that estradiol induces intestinal 
ABCG2 expression through the PI3k/Akt pathway. Our 
research provides a theoretical basis for understanding 
the sex differences in hyperuricemia and gout and new 
ideas for further research on the therapeutic targets of 
urate-lowering drugs.
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