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AKT1/HK2 Axis-mediated Glucose Metabolism: A Novel
Therapeutic Target of Sulforaphane in Bladder Cancer

Lei Huang, Canxia He, Sicong Zheng, Chao Wu, Minghua Ren,* and Yujuan Shan*

Scope: Metabolic disorder is a pivotal hallmark of cancer cells. Sulforaphane
(SFN) is reported to improve lipid metabolism. However, the effect of SFN on
glucose metabolism in bladder cancer remains unclear. Hence, the effect and
underling mechanism is investigated.
Methods and Results: Biological samples from bladder cancer patients are
collected, and also investigated using N-butyl-N-(4-hydroxybutyl)
nitrosamine-induced bladder cancer mice and bladder cancer cell lines. A
novel glucose transport aberrant-independent aerobic glycolysis is found in
bladder cancer patients, and the lower malignancy tissues have the more
obvious abnormality. SFN strongly downregulates ATP production by
inhibiting glycolysis and mitochondrial oxidative phosphorylation (OXPHOS).
Both in vitro cell culture and in bladder tumor mice, SFN weaken the
glycolytic flux by suppressing multiple metabolic enzymes, including
hexokinase 2 (HK2) and pyruvate dehydrogenase (PDH). Moreover, SFN
decreases the level of AKT1 and p-AKT ser473, especially in low-invasive
UMUC3 cells. The downregulation of ATP and HK2 by SFN is both reversed
by AKT1 overexpression.
Conclusions: SFN downregulates the unique glucose transport
aberrant-independent aerobic glycolysis existed in bladder cancer via blocking
the AKT1/HK2 axis and PDH expression.
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1. Introduction

Sulforaphane (SFN) is an isothiocyanate
(ITC) derived from cruciferous vegeta-
bles and has been proven to be a powerful
prospect against various tumors,[1] in-
cluding colon cancer,[2] breast cancer,[3]

and bladder cancer.[4] Ingested SFN are
mainly metabolized through the mercap-
turic acid pathway.[5] SFN metabolites
were able to stay in bladder at relative
higher concentrations and for longer
periods,[6] which implied more pow-
erful and potential roles on targeting
against bladder cancer. A follow-up trial
involving 239 bladder cancer patients
for eight years found a significant in-
crease of survival rates in patients who
consumed broccoli per month.[7] Other
epidemiological studies also showed
that dietary consumption of ITCs was
inversely correlated with the risk of devel-
oping lung, breast and colon cancers.[8]

We previously demonstrated that SFN
blocked bladder cancer cell invasion
by reversing epithelial-to-mesenchymal
transition process via directly target-
ing the microRNA-200c/Zinc finger
E-box-binding protein (ZEB1) axis.[9]

Furthermore, cyclooxygenase-2 overexpression largely reversed
the inhibition of matrix metalloproteinase (MMP) 2/9 by SFN,
thereby abolishing bladder cancer cell invasive suppression.[10]

It is famously known that energy metabolism plays an
important role in affecting tumors metastasis,[11] meanwhile
metastasis is one of the leading causes of bladder cancer-
associated poor prognosis and high mortality.[12] Just as people
cannot walk without energy, adequate energy is essential for
tumor growth and migration.[13] Therefore, targeted energy
metabolism may have great potential in exploring bladder
cancer metastasis. Various studies on the metabolic profiles
have found that severe glucose metabolic disorders exist in
bladder cancer (urine,[14] serum,[15] and cell lines[16]), however,
the systemic metabolic profile is still unclear. According to
our previous results, SFN promoted mitochondrial biogenesis
and function through enhancing lipids utilization in human
liver cells.[17] Furthermore, we also found SFN can regulate
abnormal lipid metabolism in human hepatocytes,[18] suggest-
ing that SFN may be involved in the regulation of cell energy
metabolism. To our knowledge, the effect and mechanism of
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SFN on bladder cancer cells metabolism are still required to be
clarified.
In this study, we showed a novel characteristic of glucose trans-

port aberrant-independent aerobic glycolysis in bladder cancer
patients, and the lowermalignancy tissues have themore obvious
abnormality. SFN can downregulate glycolysis andmitochondrial
OXPHOS via blocking the AKT1/HK2 axis and PDH expression,
respectively.

2. Experimental Section

2.1. Reagents

D,L-Sulforaphane (1-isothiocyanato-4-methylsulphinylbutane,
purity ≥ 98%) was purchased from LKT Laboratory (St. Paul,
MN), dissolved in dimethyl sulfoxide (DMSO, stored at −20°C).
N-Butyl-N-(4-hydroxybutyl) nitrosamine (BBN) was purchased
from Sigma-Aldrich. The antibodies against HK2, PKM2, PDH,
AKT1, p-AKT, and GAPDHwere all purchased from Protein-tech
(Chicago, USA).

2.2. Patients and Sample Collection

All experiments involving humans have been carried out in ac-
cordance with the Code of Ethics of the World Medical Associ-
ation and informed consent was obtained for human subjects.
The protocol was approved by the Ethics Committee of the First
Affiliated Hospital of Harbin Medical University and registered
at www.chictr.org.cn as ChiCTR-OOC-16007937. To investigate
the metabolic characteristics of bladder cancer patients, patients
were recruited at the First Affiliated Hospital of Harbin Medi-
cal University. All the diagnoses of bladder cancer patients who
with no other tumor history and metabolic disease were con-
firmed by cystoscopy examinations. Thirty-three cases of bladder
tumor and twenty adjacent non-tumor tissue samples were col-
lected from patients undergoing surgical resection. Tumors were
characterized into low-muscle invasive (≤ T1 grade) cancer with-
out subsequent stage progression and high-muscle invasive (≥T2
grade) with local or distant metastasis. The specimens were im-
mediately frozen in liquid nitrogen and then stored at −80°C.
Blood samples were obtained from 31 bladder cancer patients
and from 46 healthy subjects who visited for physical examina-
tions. About 5 mL of blood was drawn from participants and clot-
ted for 2 h at room temperature. Then the serum was separated
after centrifugation at 3000 rpm for 10 min and stored at −80°C.
Table S1 (Supporting Information) summarizes all the clinico-
pathological data of all the patients.

2.3. GC-MS Analysis of Metabolites

The human bladder tumor tissues were stored at −80°C before
GC-MS targeted analysis. Tissues were resuspended in 0.4 mL
cold (-20°C) 50% aqueousmethanol containing 100 μMnorvaline
as an internal standard, frozen on dry ice for 30min, then thawed
on ice for 10 min before centrifugation. The supernatant was
then partitioned with 0.3 mL chloroform to reduce the fatty acid

content. The methanol fraction was dried by centrifugal evapora-
tion and stored at -80°C before analysis. Metabolites were deriva-
tized for GC/MS analysis as follows: first, 50 μL of 20 mg mL‒1

O-Isobutyl hydroxylamine Hydrochloride (TCI) was added to the
dried pellet and incubated for 20min at 80°C. After cooling, 50 μL
of N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (Sigma)
was added and samples were reincubated for 60 min at 80°C be-
fore centrifugation for 5 min at 14 000 rpm (4°C). The super-
natant was transferred to an autosampler vial for GC/MS analy-
sis. A Shimadzu QP-2010 Ultra GC-MS was programmed with
an injection temperature of 250°C injection split ratio 1/10 and
injected with 1 μL of sample. GC oven temperature started at
110°C for 4 min, rising to 230°C at 3°C min‒1 and to 280°C at
20°C min‒1 with a final hold at this temperature for 2 min. GC
flow rate with helium carrier gas was 50 cm s‒1. The GC column
used was a 30 m × 0.25 mm × 0.25 mm HP-5ms. GC-MS in-
terface temperature was 300°C and (electron impact) ion source
temperature was set at 200°C, with 70 V/150 μA ionization volt-
age/current. The mass spectrometer was set to scan m/z range
50–800, with 1 kV detector. GC/MS data were analyzed to deter-
mine isotope labeling and quantities of metabolites. Metabolites
with baseline separated peaks were quantified based on total ion
count peak area, using standard curves generated from running
standards in the same batch of samples.

2.4. BBN-induced Bladder Tumor Model in C57BL/6 Mice

Male C57BL/6 mice (5 weeks old, 16–20 g in body weight, spe-
cific pathogen free) were maintained with free access to pellet
food and water in solid-bottom cages that contained a bedding of
softwood shavings at 22 ± 2°C with a humidity of 55 ± 5% and a
12 h light-dark cycle. The schematic diagram descripted the en-
tire animal experiment process (Figure 5A). Animal welfare and
experimental procedures were performed strictly in accordance
with the guidelines of the U.K. Animals (Scientific Procedures)
Act, 1986. The protocol was approved by the Ethic Committee of
Experimental Animals.
Dose information: Male C57BL/6 mice were treated with dif-

ferent doses of SFN (2.5, 5, and 10 mg kg‒1) by oral gavage
three times a week for 23 weeks (Figure 5A). According to the
published literature,[19,20] mice received 0.05% (w/v) BBN in the
drinking water for 12 weeks to induce bladder carcinogenesis.

2.5. Cell Culture and Transfection

Human bladder cancer cell lines (RT4: transitional cell papil-
loma, T24: pathology grade 3, UMUC-3: pathology grade 1) were
kindly provided by Prof. Yuesheng Zhang (Roswell Cancer In-
stitute, USA). Human umbilical vein endothelial cell (HUVECs)
was stored at our laboratory. Cells were grown at 37°C in a
humidified incubator with 5% CO2. For transient transfection,
cells were seeded to 70–90% confluence. Lipofectamine reagent
(Thermo Fisher Scientific, MA, USA) and p EGFP n-1 AKT1 (Sangon
Biotech, Shanghai, China) were diluted in Opti-MEMmedium at
8% and 2% concentrations, respectively, and thenmixed at a ratio
of 1:1. After incubating for 5 minutes at room temperature, the
DNA-lipid complex was added to cells and incubated for 24 h at
37°C. Cells were harvested before experiments.
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Dose information: After reaching 70% confluence, bladder
cancer cells were treated with different doses of SFN (1, 5, 10,
20 μmol L‒1) for 24 h.

2.6. Bioenergetic Function Analysis

The bioenergetic metabolism of bladder cancer cells were mea-
sured using a XFp Extracellular Flux Analyzer (Seahorse Bio-
science, North Billerica, MA, USA). Cells seeded in XFp 8 well
microplates at 2 × 103 cells well‒1 were incubated at 37°C for 3 h.
Then, the cells were treated with different concentrations of SFN.
One hour before measurement, culture mediumwas replaced by
assay medium, then the values of the oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) were measured
with the XFp Extracellular Flux Analyzer before and after the in-
jection of 1 μM oligomycin, 2 μM FCCP, 0.5 μM rotenone, and 1
μM antimycin.

2.7. Measurement of Metabolic Enzyme Activities

The activities of metabolic enzymes (HK2, PKM2, and PDH)
in the serum of bladder cancer patients and bladder cancer
cells were detected using commercially available kits (Keming,
Jiangsu, China) according to the manufacturers’ instructions.

2.8. ATP Content Assays

The intracellular ATP level was measured by the Luminescent
ATP Detection Assay (Promega, Madison, USA). After SFN treat-
ment for 24 h, 100 μL of reagent was added to 100 μL of medium
in each well to release the intracellular ATP. The plate was in-
cubated at room temperature for 10 min to stabilize the lumi-
nescence signal, and the luminescence intensity was measured
using microplate reader (TECAN Infinite200 PRO).

2.9. Real-time Quantitative Polymerase Chain Reaction Analysis

Total RNAwas extracted from cells and tumor tissues with a TRI-
zol RNA isolation kit (Invitrogen, Grand Island, NY, USA). RNA
concentration and purity weremeasured using a Nanodrop Spec-
trophotometer (Labtech International, UK). cDNA was synthe-
sized from purified RNA using a cDNA Synthesis Supermix Kit
(TransGen Biotech, Beijing, China) as described in the manufac-
turer’s manual. The primers for humans and mice are shown
in Table S2 and Table S3 (Supporting Information), respectively.
The comparative cycle threshold (2−ΔΔCt) method was used to
evaluate the relative gene transcript levels, normalized to the 𝛽-
actin reference gene. The data represent the average of three in-
dependent experiments from three biological replicates per ex-
periment.

2.10. Western Blot Analysis

Whole protein and nucleoprotein lysates were prepared accord-
ing to the previous instructions.[9] An equal amount of pro-
tein was separated by SDS-PAGE and transferred onto PVDF

membranes. After 4°C overnight incubation with specific pri-
mary antibodies—including those against HK2 (1:2000), PDH
(1:1000), PKM2 (1:1000), AKT1 (1:2000), p-AKT1 (1:2000), and
GAPDH (1:6000)—themembranes were then incubated with the
secondary antibody (1:3000) at room temperature for 1 h. The
protein signals were visualized by a chemiluminescence detec-
tion kit (Solarbio, Beijing, China).

2.11. Immunohistochemistry Measurement

Immunohistochemical assays were performed using an anti-
rat/rabbit General Immunohistochemical Test Kit (Proteintech,
Chicago, USA) according to the manufacturer’s instructions.
Paraffin-embedded bladder sections were de-paraffinized and re-
hydrated. Heat-induced epitope retrieval was performed using
a citrate antigen retrieval solution for 5 min. Endogenous per-
oxidase activity was blocked by incubating with 0.3% H2O2 for
15min. Overnight incubation was performed at 4°Cwith specific
primary antibodies, including those against HK2 (1:200), PKM2
(1:100), PDH (1:200), and AKT (1:100). Immunolabeled sections
were examined by light microscopy.

2.12. Statistical Analysis

Data were expressed as mean ± SD. Statistical analysis was per-
formed using unpaired Student’s t-tests or one-way or two-way
ANOVA. Quantification of protein expression was measured us-
ing the ImageJ software (NIH, USA). The results were analyzed
using the GraphPad Prism Software version 7.0 (GraphPad Soft-
ware Inc., San Diego, CA, USA). The values in all figures are sta-
tistically significant at p < 0.05.

3. Results

3.1. Distinguishing Features of Glucose Metabolism in Bladder
Cancer Patients

To investigate the characteristics of glucose metabolism in pa-
tients with bladder cancer, we collected tumor tissues at differ-
ent tumor lymph node metastasis (TNM) stages and measured
the contents of glucose-related metabolites (Figure 1A) by Gas
Chromatography-Mass Spectrometry (GC-MS). The heat map re-
sult showed that most glucose metabolites were highly expressed
in bladder tumors compared with the para-carcinoma tissues
(Figure 1B, left panel). The variation of metabolites arranged by
unsupervised hierarchical clustering revealed the distinguished
clusters between para-carcinoma tissues and tumor tissues (Fig-
ure 1B, right panel). The level of ATP in bladder tumors was sig-
nificantly increased by 16.6 times (Figure 1C), suggesting that
ATP production capacity was extremely strengthened in tumor
tissues, especially in low-muscle invasive tissues (T1 stage; Fig-
ure S1A, Supporting Information). Glucose intake was not sig-
nificantly different (Figure 1D and Figure S1B, Supporting In-
formation), although lactate production in the tumor tissue was
2.7 times higher than that in the adjacent tissue (Figure 1D and
Figure S1C, Supporting Information). Furthermore, glucose-6-
phosphate (G-6-P, a product of glucose catalyzed byHK2) was the
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Figure 1. Distinguishing features of glucose metabolism in bladder cancer patients. A) Schematic depicting the profile of intracellular glucose
metabolism. B) GC-MS analyses demonstrating the changes of 39 glucose metabolites in bladder tissues. The right panel shows the variation of metabo-
lites from para-carcinoma and tumor tissues arranged by unsupervised hierarchical clustering in 53 samples. C) The contents of ATP, ADP and AMP in
bladder tissues were detected by GC-MS. D-F) The changes of metabolites in glycolysis (D), pentose phosphate pathway (E) and tricarboxylic acid cycle
(F) between tumor and para-carcinoma tissues. G) The volcano plot analysis of the fold changes of glucose metabolites. All data were analyzed using
unpaired t tests. Compared with the para-carcinoma group, *p < 0.05, **p < 0.01, ***p < 0.001.

firstmetabolite significantly upregulated in the glycolysis process
(Figure 1D and Figure S1D, Supporting Information), suggesting
the increased utilization of glucose, but not the uptake by bladder
cancer cells.
To corroborate the profile of glucose metabolism, we further

analyzed the metabolites of pentose phosphate pathway (PPP)
and tricarboxylic acid (TCA) cycle (Figure 1A). Many metabolic
intermediates including sedoheptulose 7-phosphate (S7P), ery-
throse 4-phosphate (E4P) and fructose-6-phosphate (F6P) were
highly expressed in tumor tissues (Figure 1E). Similarly, TCA
cycle was extremely active and as a main intermediate metabo-
lite, citrate was found to be obviously decreased in bladder tu-
mors (Figure 1F), especially in T1 stage tissue (Figure S1E,
Supporting Information). Succinate dehydrogenase (SDH) cat-
alyzes the oxidation of succinate into fumarate and then par-
ticipates in the mitochondrial electron transport chain (mETC).

However, the sudden increase of fumarate but not succinate in-
dicated that the SDH-catalyzed reaction (allowing H+ to enter
mETC to produce abundant ATP)may be disturbed in bladder tu-
mors (Figure 1F). The Volcano Plot analysis revealed that 14 glu-
cose metabolites were differentially expressed (Figure 1G, pink
points), and among which 13 metabolites were upregulated by
more than two-fold (p< 0.05). To our knowledge, the current data
maybe firstly show a distinguishing “Warburg effect”[24] in blad-
der cancer, where the hyperactivity of glucose metabolism may
not be mainly caused by excessive glucose uptake.

3.2. Upregulation of Glucose Metabolism-related Enzymes

To further validate the major factors stimulating the hyperactiv-
ity of glucose metabolism in patients, we examined the activity
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Figure 2. Upregulation of glucose metabolism-related enzymes. A) Key enzymes in glycolysis. B, C) The serum activity (B) and mRNA level (C) of HK2
in bladder cancer patients. D) The serum activity of PKM2 (left panel) and correlation analysis (right panel) with TNM staging. E) The mRNA level of
PKM2 in bladder tumor tissues. F) The serum activity of PDH (left panel) and correlation analysis (right panel) with TNM staging. G) The mRNA level
of PDH in bladder tumor tissues. All data were analyzed using unpaired t tests. Pearson rank correlation was used for correlation tests.

of key metabolic enzymes (Figure 2A). Abnormal activation of
HK2 activity was observed in patients (Figure 2B), but not in the
mRNA level (Figure 2C). PKM2, as the last rate-limiting enzyme
catalyzes the production of pyruvate, was significantly increased
in patients (Figure 2D left panel) and positively correlated with
TNM stage (r = 0.4538, p = 0.01; Figure 2D right panel); mean-
while no significance in the mRNA level (Figure 2E). Of note,
the activity (p = 0.005; Figure 2F left panel) and mRNA level (Fig-
ure 2G) of PDH were significantly elevated in patients, and the
former was negatively correlated with TNM stage (r = -0.3742, p
= 0.03; Figure 2F right panel).

3.3. SFN Inhibited ATP Production by Downregulating Both
Glycolysis and Mitochondrial Oxidative Phosphorylation

It is well known that cells mainly utilize carbohydrates for energy
supply by two pathways, namely glycolysis and mitochondrial
OXPHOS (Figure 3A). Two kinds of bladder cancer cell lines
with different pathological grades (T1 grade: UMUC3, T3 grade:
T24) were chose to examine ATP production, using HUVECs
as a negative control. As shown in Figure 3B, the level of ATP
in bladder cancer cells was significantly higher than that in
HUVECs (p < 0.001), and SFN inhibited ATP production in a
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Figure 3. SFN inhibited ATP production by downregulating both glycolysis andmitochondrial oxidative phosphorylation. A) Schematic diagram showing
the process of glucose metabolism and ATP produced by mitochondria and glycolysis. B) ATP levels in different groups. The inhibition rate is shown
in the right panel. ECAR (C) and OCR (D) were detected by extracellular flux analysis; the right panels were basal and max metabolism. E) Maximum
capacity of ATP production. Compared with the control group, *p < 0.05, **p < 0.01, ***p < 0.001; Compared with the HUVEC negative control group,
###p < 0.001.

dose-dependent manner but not in HUVECs. Of note, much
stronger inhibition in ATP production was found in UMUC3
cells (Figure 3B right panel), combined with more significant
upregulation level of ATP in T1 stage tissues (Figure S1A,
Supporting Information), indicating the potential of SFN in
improving the metabolic disorders especially with low-invasive
bladder cancer patients.
Next, to further corroborate how SFN suppresses the energy

supply, we measured the bioenergetic profile oxygen consump-
tion rate (OCR; OXPHOS capacity) and extracellular acidifica-
tion rate (ECAR; glycolysis capacity) using a Flux analyzer. SFN
decreased ECAR in a dose-dependent manner (Figure 3C left
panel), meanwhile, 20 μmol L‒1 SFN exhibited the strongest inhi-
bition on both basal and maximum metabolic ability (Figure 3C
right panel). In the same way, SFN powerfully inhibited mito-
chondrial OXPHOS (Figure 3D). After incubation with 20 μmol

L‒1 SFN for 24 h, ATP production ability was dramatically sup-
pressed by 55.86% in T24 cells (Figure 3E). Together, these results
suggested that SFN disrupted both glycolysis and mitochondrial
OXPHOS in a dose-dependent manner, especially in UMUC3
cells, and thereby effectively suppressed ATP production.

3.4. SFN Inhibited Multiple Glucose Metabolic Enzymes in
Invasive Bladder Cancer Cells

As Figure 2 concluded, the dysfunction of metabolic enzymes is
the main reason of hyperactive glucose metabolism in bladder
cancer patients. Thus, we subsequently investigated the effects
of SFN on key glycolytic enzymes in vitro. SFN (20 μmol L‒1)
significantly suppressed themRNA levels (Figure 4A) and the ac-
tivities (Figure 4B) of HK2 and PDH, whereas only HK2 activity

Mol. Nutr. Food Res. 2021, 2100738 © 2021 Wiley-VCH GmbH2100738 (6 of 10)

http://www.advancedsciencenews.com
http://www.mnf-journal.com


www.advancedsciencenews.com www.mnf-journal.com

Figure 4. SFN inhibited multiple glucose metabolic enzymes in invasive bladder cancer cells. A) The mRNA level of HK2 and PDH in T24 cells. B) The
activity of enzymes involved in glucose metabolism. C-I) Western blot analysis of HK2 and PDH; C-II) The relative densities of the target proteins. D)
The protein level of total PKM2 (T-PKM2) and nuclear PKM2 (N-PKM2) in UMUC-3 cells, and quantification at the bottom. E) Western blot analysis of
PDH in noninvasive RT4 cells. Compared with the control group, *p < 0.05, **p < 0.01, ***p < 0.001; Compared with the HUVEC negative control group,
#p < 0.05, ###p < 0.001.

was increased compared with HUVECs (Figure 4B), suggesting
its leading role in the dysregulation of glucose metabolism.
We also observed a significant reduction in the HK2 protein
level upon SFN treatment in both cell lines (Figure 4C-I), and
more powerful inhibition in UMUC3 cells (Figure 4C-II upper).
Similarly, SFN decreased PDH protein expression (Figure 4C-I),
and a slight stronger inhibition in T24 cells (Figure 4C-II lower).
In addition, SFN inhibited nuclear level of PKM2 (N-PKM2)
protein but not total PKM2 (T-PKM2) (Figure 4D). We also
validated these enzymes in RT4 cells (highly differentiated
transitional cell papilloma) and found that SFN hardly affected
their protein expression (Figure 4E). These data revealed that the
inhibitory effect of SFN on the glucose metabolism varied with
the different pathological grades and was stronger in muscle
invasive bladder tumors.

3.5. SFN Improved the Aberrant of Glucose Metabolism in
BBN-induced Bladder Tumor Mice

Next, we further explored the impact of SFN on glucose
metabolism in vivo using a BBN-induced bladder tumor mouse

(Figure 5A). No significance was found in body weight during the
whole experiment (Figure 5B). Bladder weights were increased in
the BC group and low-dose SFN group (Figure 5C). The protein
and gene expressions of HK2, PKM2, and PDH were downregu-
lated by SFN (Figure 5D and E). Consistent with the enzyme ac-
tivity (Figure 4B), the expression of HK2 mRNA was extremely
high in BC group (Figure 5E). Together, these results demon-
strated that SFN reversed the dysregulation of the glycolytic flux
by inhibiting key metabolic enzymes both in vivo and in vitro.

3.6. SFN Reversed the Dysregulation of Glycolysis via the
AKT1-HK2 Axis

To our knowledge, the underling mechanisms by which SFN
regulated glycolysis in bladder cancer are rarely known. Previ-
ous evidence suggested that PI3K/AKT signaling pathway was
closely associated with the regulation of aerobic glycolysis.[21,22]

As compared with HUVECs, AKT1 protein is abnormally
activated in T24 cells, especially the phospho-AKTSer473 (p-
AKTSer473) (Figure 6A). After incubation with 20 μmol L‒1 SFN,
AKT1, and p-AKTSer473 were both suppressed (Figure 6A),
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Figure 5. SFN inhibited multiple glucose metabolic enzymes in invasive bladder cancer cells. A) Schematic diagram descripting the animal experiment
process. B) Body weight of mice during the whole experiment. C) Bladder index following SFN administration by oral at designed doses for 23 weeks. D)
Representative images of immunohistochemical and H&E staining in bladder sections (× 100 magnification). E) The mRNA levels of glucose metabolic
enzymes in bladder tissues. Compared with the BC group, *p < 0.05, **p < 0.01, ***p < 0.001.

suggesting that SFN could strongly block the activation of AKT1.
Consistently, we observed a strong reduction of AKT1 both in
the mRNA and protein levels in the HS-treated mice (Figure 6B).
To further determine whether the inhibitory effect of SFN on

HK2 wasmediated by AKT1, the overexpressed p EGFP n-1 AKT1 was
transfected into bladder cancer cells. As shown in Figure 6C, the
decreased protein level of HK2 by SFN was strongly reversed by
AKT1 overexpression. Also, the inhibitory effects of SFN onHK2
activity (Figure 6D) and ATP production (Figure 6E) were both
disappeared in AKT1-overexpressing T24 cells. Taken together,
these data implied that SFN reversed the dysregulation of glucose
metabolism by inhibiting the AKT1-HK2 axis.

4. Discussion

Here, we showed a unique characteristic of glucose transport
aberrant-independent aerobic glycolysis in bladder cancer pa-
tients, and the lower malignancy tissues have the more obvious
abnormality. Moreover, SFN significantly downregulated glycoly-
sis andmitochondrial OXPHOS via blocking the AKT1/HK2 axis
and PDH expression (Figure 6F), which identifying a vital role of
SFN in improving metabolic disorders in bladder cancer.

Cancers differed in the metabolic phenotypes, with aerobic
glycolysis being one of the most common types of metabolic
reprogramming.[23] The yield rate of ATP by glycolysis is much
faster than mitochondrial OXPHOS. One of the main reasons is
an avidly enhanced rate of glucose uptake, a pre-glycolysis step
mediated by glucose transporters.[24] Inconsistently, the level
of glucose in bladder tumor was not significantly higher than
that in para-cancer tissues, yet the content of G-6-P catalyzed
by HK2 was aberrantly increased. Thus, we surmised that the
overactive HK2 was the main contributor to the dysregulation
of glucose metabolism in bladder cancer. Also, the negative
correlation between PDH activity and TNM stage indicated the
higher OXPHOS level in low-grade tumors. These findings
demonstrated that the glucose metabolism characteristics were
different in patients with the different pathological stages and
highlighted a major role for mitochondrial OXPHOS in early
phases of carcinogenesis.
An adequate ATP supply is essential for the infinite prolifer-

ation of tumor cells.[25] Therefore, reversing the dysregulation
of tumor metabolism could be utilized as an effective cancer
therapy strategy. An increasing number ofmolecular targets have
been considered as leading regulators of metabolism in differ-
ent cancers. As the first rate-limiting enzyme in glycolysis, HK2
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Figure 6. SFN reversed the dysregulation of glycolysis via the AKT1-HK2 axis. A) Cells were treated with or without SFN for 24 h before harvest. AKT1
mRNA expression in the left panel. Protein levels of p-AKT and AKT1 in the right panel and quantification at the bottom. B) qPCR analysis of AKT1 mRNA
in bladder tissues (left panel); AKT1 expression by immunohistochemical staining (× 100 magnification, right panel). C) The protein levels of AKT1 and
HK2 in AKT1-overexpressing T24 cells. D & E) HK2 activity (D) and ATP production (E) in AKT1-overexpressing T24 cells. F) Schematic mechanism of
regulating glucose metabolism by SFN in human bladder cancer. Compared with the control group, *p < 0.05, **p < 0.01, ***p < 0.001; Compared with
the HUVEC-negative control group, ###p < 0.001.

could be amajor contributor to high glycolytic flux. In the present
study, SFN exhibited the strongest inhibitory effect on low-grade
bladder cancer by blocking HK2 expression. The glycolysis in
bladder tumors was aberrantly elevated by AKT1, a classic “War-
burg kinase.”[26] According to Neary et al., AKT inhibition pro-
motes nuclear HK2 localization and glucose uptake in cervical
cancer cells.[27] However, in human colorectal cancer cells, AKT
suppression significantly decreased HK2 and the overexpression
of AKT rescued the inhibitory effect, suggesting that AKT can ef-
fectively regulate glycolysis by inducing HK2 expression.[28] Con-
sistently, SFN had a strong inhibitory effect on the p-AKT and
HK2 protein in bladder cancer cells (especially in low-invasive
UMUC3 cells), while the overexpression of AKT could strongly
reverse the inhibitory effect. These findings also explained our
previous bioenergetic analysis showing that SFN presented a
stronger inhibition of ATP production in low-invasive cells. Co-
incidentally, our results demonstrated that the dysregulation of
energy metabolism in low-grade patients (T1 stage) was stronger

than that in high-grade patients (T2 stage). Taken together, we be-
lieve that SFNmay have a better targeted improvement on energy
metabolism in bladder cancer patients.
PKM2 presents as a glycolytic enzyme in the cytoplasm,

while as a protein kinase in the nucleus which can promote tu-
morigenesis and progression through non-glycolytic metabolic
regulation.[29] The upregulation of the nuclear-PKM2 level can fa-
cilitate tumor cell migration through activating STAT3 signaling
pathway.[30] To our knowledge, studies about the effect of SFN on
PKM2 expression in bladder tumor cells are still lacking. Interest-
ingly, our work suggested that SFN strongly inhibited the expres-
sion of nuclear-PKM2 but not total-PKM2 protein in UMUC3
cells. Therefore, we speculated that SFNmay also reverse bladder
tumor progression through inhibiting nuclear-PKM2 expression,
a non-glycolytic mechanism.
In conclusion, our work emphasized that the unique glu-

cose metabolic abnormalities in T1 stage of the bladder cancer
patients was the most obvious. SFN strongly downregulated the
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glucose metabolism of bladder cancer cells in vitro and in vivo by
blocking the AKT1-HK2 axis, especially in low-invasive UMUC3
cells. Therefore, targeting the specificmetabolic typemay provide
more powerful therapeutic effectiveness. Based on the above,
SFN is potentially a promising antineoplastic agent for bladder
cancer patients with lower grades.
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