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The immunohistochemical combination

of low SGLT2 expression and high PRDX4
expression independently predicts shortened
survival in patients undergoing surgical
resection for hepatoblastoma
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Abstract

Background Hepatoblastoma (HB) is the most common malignant solid tumor of the liver in children and is a fatal
disease with a poor prognosis. Therefore, indicators that can be used for the early prediction of the HB prognosis

are necessary. Sodium glucose cotransporter 2 (SGLT2) is a glucose transporter protein present in the proximal renal
tubules. Studies have shown that SGLT2 is associated with the occurrence of tumors and is upregulated in various
tumors. Peroxiredoxin 4 (PRDX4) is an antioxidant enzyme with a secretory function and is located in the cytoplasmic
endoplasmic reticulum. Recent reports have suggested that it is closely related to the development and prognosis of
various cancers. To some degree, this is highly suggestive of the interplay between SGLT2 and PRDX4.

Methods In the present study, clinical data and post-surgical paraffin-embedded specimens from 75 HB patients
were collected, and hematoxylin and eosin and immunohistochemical staining of SGLT2 and PRDX4 were used to
analyze their expression and correlation with the clinicopathological features and prognosis.

Results We found that low SGLT2 and high PRDX4 expression predicted a significantly shorter survival and
worse clinical condition in HB patients. Furthermore, when low SGLT2 expression was combined with high PRDX4
expression, the event-free survival and overall survival were significantly reduced. Univariate and multivariate

Cox proportional hazards analyses showed that low SGLT2 and high PRDX4 expression in HB were independent
prognostic factors for the survival after surgical resection.

Conclusion The immunohistochemical combination of low SGLT2 and high PRDX4 expression can independently
predict a poor prognosis in HB patients.
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Background

Hepatoblastoma (HB) is a fatal disease that usually occurs
in children and is characterized by rapid growth, strong
invasiveness, and distant metastasis [1]. After receiving
standardized treatment, the 5-year overall survival (OS)
rate is as high as 80%, but the prognosis of some children
in the advanced stage is poor [2]. The use of molecu-
lar markers to predict the occurrence and development
of malignant tumors has become a hot topic in clini-
cal research. Therefore, there is an urgent need to find
a reliable molecular marker to predict the prognosis of
children with HB, which can facilitate determining the
clinical diagnosis and treatment.

Sodium glucose cotransporter 2 (SGLT2) is a member
of the sodium-glucose cotransporter family. It reabsorbs
glucose from the urine into renal tubular epithelial cells
by active transport to maintain a stable level of glucose
in the blood [3]. SGLT2 is normally expressed only in the
proximal tubules of the kidney. However, SGLT2 expres-
sion has been demonstrated in various types of cancer
cells, such as hepatocellular carcinoma, pancreatic can-
cer, prostate cancer, intestinal tumor, lung cancer, breast
cancer, and brain tumors [4—10]. SGLT2 inhibitors block
the ability of cancer cells to take up glucose, and glycoly-
sis plays a central role in tumor metabolism and growth,
as reflected by the high glucose uptake rates [11]. This
activity aids the tumor cell survival and proliferation
under adverse conditions. SGLT2 expression in differ-
ent tumor cells confers sensitivity to therapy-induced cell
death. Therefore, SGLT2 overexpression often indicates
tumor cell proliferation and a poor efficacy of antitu-
mor drugs. However, its role in HB has not been clearly
demonstrated. We believe that SGLT2 has the potential
to be a useful indicator of the prognosis and survival in
patients with HB.

The peroxiredoxin (PRDX) family, which includes
six members, is a ubiquitous antioxidant protein with
catalase activity [12]. These molecules are widely pres-
ent in organisms and mainly affect the biological behav-
ior of tumor cells by participating in multiple signaling
pathways related to reactive oxygen species (ROS) [13].
Domestic and international studies have found that
PRDXs are upregulated in a variety of tumors, and their
expression is closely related to tumor proliferation, inva-
sion, and metastasis [14—18]. In the PRDX family, PRDX4
has an extracellular secretion function and may serve as
a biomarker for many diseases (such as type 2 diabetes
and atherosclerosis) [19, 20]. However, more interesting
to our group is the role of PRDX4 in malignant tumors,
especially HB, which presently remains unclear. Our pre-
vious studies confirmed that PRDX4 is involved in the
occurrence and development of hepatoblastoma. Metas-
tasis and differentiation were observed in the group with
a high expression of PRDX4 [21]. Other reports have
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found that PRDX4 overexpression is associated with a
poor prognosis in a variety of cancers [22-24]. Although
the molecular mechanisms vary among different types
of cancer, overexpression of PRDX4 may indicate pro-
liferation, migration, and invasiveness of cancer cells.
However, its mechanism of action in HB is not yet fully
understood. In addition, since PRDX4 has an extracellu-
lar secretory function, we believe that PRDX4 can serve
as an important indicator concerning the prognosis of
HB and may be a potential therapeutic target.

Although the direct connection between SGLT2 and
PRDX4 in HB has not been clearly confirmed, it can be
speculated that they may interact through mechanisms
such as mutual regulation of metabolic-redox state,
joint regulation of glucose metabolism and antioxidant
response, and cross-talk of related signaling pathways.
SGLT2 may enhance the glycolysis process of tumor
cells by promoting glucose uptake, thereby increasing
the generation of intracellular ROS [25]. At this time,
PRDX4 can protect tumor cells from oxidative damage
by clearing excessive ROS. SGLT2 may also activate cer-
tain downstream signaling pathways by affecting glucose
metabolism [26], which may also regulate the expression
or activity of PRDX4. Therefore, SGLT2 and PRDX4 may
be used as indicators for judging the prognosis of HB.
This study mainly explored the expression of SGLT2 and
PRDX4 proteins in HB tissues and their relationship with
pathological characteristics and prognosis, aiming to
provide new ideas for clinical diagnosis and treatment.

Materials and methods

Tissue samples

The present study used surgical specimens from HB
patients (n=75) collected from Kanazawa Medical Uni-
versity Hospital. The specimens were obtained from
HB patients who underwent surgery at the above medi-
cal institution from 2000 to 2018 and had pathological
reports and follow-up data available.

The exclusion criteria were as follows: (1) periopera-
tive death (defined as death during the initial hospitaliza-
tion or within 30 days after surgery), (2) other concurrent
malignancies, and (3) current medical problems severe
enough to shorten life expectancy. All resected specimens
were formalin-fixed and paraffin-embedded, and histo-
pathological features were examined by four pathologists
(Y.L, A.S., T.O., and S.Y.). We did not find any discrepan-
cies in the evaluations among the four pathologists. We
adopted the International Pediatric Liver Tumor Consen-
sus Classification as a histological classification guideline
[27]. The event-free survival (EFS) referred to the time
from randomization to the first occurrence of any of the
following events: disease progression not amenable to
surgical treatment, local or distant recurrence, or death
from any cause. The OS was defined as the time from
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randomization to death from any cause. Patients were
followed up and prospectively evaluated every month
within the first postoperative year and then at approxi-
mately two-to three-month intervals using abdominal
computed tomography (CT), magnetic resonance imag-
ing (MRI), and serum alpha-fetoprotein (AFP). CT and
MRI were performed every six months for three years
after surgery. All metastatic disease completely removed
by surgery and/or chemotherapy. Additional examina-
tions were performed if symptoms or signs of recurrence
were observed. This study was approved by the Ethics
Committee of Kanazawa Medical University (No. 1367).
Among the 75 HB patients, most of them (71/75, 94.67%)
received the cisplatin-based chemotherapy and the speci-
mens were collected after the initial chemotherapy; only
4 samples were collected without initial chemotherapy.

Reagents and instruments

SGLT2 staining was performed using a Leica Bond-Max
automatic dyeing machine (Leica, Buffalo Grove, IL,
USA) and Bond Polymer Refine Detection kit. SGLT2
immunohistochemistry (IHC) staining was performed
using an SGLT2 rabbit polyclonal antibody (ab85626,
diluted 1:100; Abcam Inc., Cambridge, MA, USA). The
IHC procedure for PRDX4 (PA5-85252, dilution 1:1000;
Thermo Fisher Scientific Inc.) was performed manually.
The secondary antibody was obtained from Nichirei Bio-
sciences Inc. (Histofine Simple Stain MAX-P0O424152).

Histopathological and IHC staining and result
interpretation

Hematoxylin and eosin (H&E) staining was performed to
confirm the HB diagnosis. The IHC procedure involved
the following: 1) deparaffinization and rehydration; 2)
0.5% hydrogen peroxide blocking for 15 min at room
temperature; 3) antigen retrieval in trypsin solution;
4) primary antibody staining overnight at 4°C; 5) sec-
ondary antibody staining for 30 min at room tempera-
ture; and 6) 3, 3’ diaminobenzidine (DAB) imaging and
hematoxylin counter staining. H&E and IHC stain-
ing images were captured and analyzed quantitatively
using the NanoZoomer Digital Pathology Virtual Slide
Viewer software program (Hamamatsu Photonics Corp.,
Hamamatsu, Japan). The positive controls were human
kidney specimens for SGLT2 and human PRDX4 trans-
genic mouse pancreas for PRDX4. The negative controls
involved omitting the primary antibodies for SGLT2 and
PRDX4. IHC expression was evaluated by Histologi-
cal score (H-score) and receiver operating characteristic
curve (ROC) cruve (Supplementary Material 1). H-score
was scored by combining staining intensity and the per-
centage of positive tumor cells. Staining intensity was
usually scored on a scale of 0-3, where 0 was no stain-
ing, 1 was weak staining, 2 was moderate staining, and 3
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was strong staining; The percentage of positively stained
tumor cells were classified by intervals ranging from 0 to
100%. The calculation formula for H-score is Y.(Intensity
scorexPercentage of positive tumor cells). The H-score
ranges from 0 to 300. We define low expression as less
than 100 and high expression as greater than 100 based
on the expression of SGLT2 and PRDX4.

Statistical analysis

A statistical software program (Statistical Package for the
Social Sciences 27.0) was used for data processing and
analyses. The chi-square test was used to analyze the cor-
relation between the expression of SGLT2 and PRDX4
and clinicopathological characteristics. The Kaplan-
Meier method and a multivariate Cox regression analy-
sis were used to evaluate prognostic factors. P<0.05 was
considered to indicate significance.

Results

Clinical data

The clinical and pathological data of the 75 HB patients
are shown in Table 1. The age of the patients ranged from
0 to 13 years old, including 65 patients O to 3 years old, 5
patients 3 to 7 years old, and 5 patients>8 years old, with
an average age of 2.04 years old. There were 50 males and
25 females; 26 cases with a maximum tumor diameter of
<10 cm and 49 cases with a maximum tumor diameter
of 210 c¢m; 2 cases with serum AFP concentration (ng/
ml) <1000, 55 cases with 1000-1000000, and 18 cases
with >10,000,000; 26 cases with pretreatment extent of
disease stage (PRETEXT) I/II, 30 cases with PRETEXT
IIT and 19 cases with PRETEXT IV (not equivalent to
metastasis); 19 cases with metastasis and 56 cases with-
out metastasis; 37 cases with fetal type, 8 cases with
embryonic type, 3 cases with mixed epithelial type, 25
cases with mixed epithelial and mesenchymal type, and
2 cases with other types in histological classification; 15
patients with recurrence within 5 years; and 6 patients
who died within 5 years.

Expression of SGLT2 and PRDX4 in HB specimens

The HB tumor cells were obviously atypical, with eosino-
philic cytoplasm, a desmoplastic reaction, and inflam-
matory cell infiltration by H&E staining in low power
(Fig. 1A, C). High-magnification H&E staining showed
that the tumor cells were highly atypical, with abun-
dant eosinophilic cytoplasm, prominent nucleoli, and
increased nuclear-cytoplasmic ratio (Fig. 1B, D). The
expression of SGLT2 and PRDX4 was observed in HB
specimens and benign liver tissues (very weak staining
pattern in the latter, Supplementary Material 2), and both
staining patterns were cytoplasmic. The tumor treatment
response did not affect the expression pattern of SGLT2
and PRDX4 and there were no significant changes. We
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Table 1 The clinicopathological characteristics of the HB
patients
Characteristics

Patients (n=75)

Sex

Female 25

Male 50
Age (years)

0-3 65

3-7 5

>8 5
Maximal tumor diameter (cm)

<10cm 26

>10cm 49
Serum AFP (ng/ml)

<1000 2

1000-1000000 55

> 1,000,000 18
PRETEXT stage

/1l 26

I 30

v 19
Metastasis

Absent 56

Present 19
Histological category

Fetal 37

Embryonal 8

Mixed epithelial 3

Epithelial and mesenchymal 25

Others 2
Recurrence within 5 years

Absent 60

Present 15
Death within 5 years

Absent 69

Present 6

divided the patients into the low-SGLT2 group (Fig. 1E,
F), high-SGLT2 group (Fig. 1G, H), high-PRDX4
group(Fig. 11, J), and low-PRDX4 group (Fig. 1K, L).

Expression of SGLT2 and PRDX4 and the correlation with
clinicopathological features

Among the 75 HB patients, 44 (58.7%) were in the low-
SGLT2 group, and 31 (41.3%) were in the high-SGLT2
group. A chi-square test analysis showed that SGLT2
expression was not significantly related to clinical patho-
logical factors (Table 2), although there was no significant
difference in the EFS between the low and high-SGLT2
groups (P=0.167, Fig. 2A). However, the OS of the low-
SGLT2 group was significantly worse than that of the
high-SGLT2 group (P=0.024, Fig. 2B). There were 41
cases (54.7%) in the low-PRDX4 group and 34 (45.3%)
in the high-PRDX4 group. A chi-square test analysis
showed that the expression of PRDX4 was significantly
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related to death within 5 years (Table 2); In Kaplan-Meier
analysis, the EFS and OS of the high-PRDX4 group were
significantly worse than those of the low-PRDX4 group
(P=0.043, 0.027, Fig. 2C, D).

Relationship between the combined expression of SGLT2
and PRDX4 and clinical pathological characteristics

Based on the expression of SGLT2 and PRDX4, the
patients were divided into high-SGLT2+high-PRDX4
groups (High-High group), high-SGLT2+low-PRDX4
groups (High-Low group), low-SGLT2+high-PRDX4
groups (Low-High group) and low-SGLT2+low-PRDX4
groups (Low-Low group). From the pathological data and
statistical analysis results, the High-High group was sig-
nificantly related to PRETEXT stage and metastasis, the
High-Low group was significantly related to recurrence
within five years, the Low-High group was significantly
related to death within 5 years, and no correlation with
clinicopathological characteristics were found in the
Low-low group (Table 3). In the Kaplan-Meier analysis,
the EFS and OS of the Low-High group was significantly
worse than those of the other groups (Fig. 3A, B). On
comparing the four groups (Low-Low group, Low-High
group, High-Low group, and High-High group), the EES
and OS of the Low-High group were significantly worse
than those of the other groups (Fig. 3C, D).

Results of the survival analysis of 75 HB patients

The endpoint of the follow-up of patients with HB was
death or the survival to the last deadline. The results of
the Kaplan-Meier univariate analysis showed that the
patient’s EFS was related to age, PRETEXT stage, metas-
tasis, histological category, SGLT2, and PRDX4, and
the difference was statistically significant (P<0.05). A
Cox multivariate analysis showed that PRETEXT stage,
metastasis, and PRDX4 were the main factors affecting
the patient’s EFS (Table 4). It is worth mentioning that
when low SGLT2 was combined with high PRDX4, a
univariate analysis found that it was associated with the
EFS, but a multivariate analysis did not find this result
(Table 4). The patient’s OS was related to the PRETEXT
stage, metastasis, SGLT2, and PRDX4, and the difference
was statistically significant (P<0.05). A Cox multivariate
analysis showed that PRETEXT stage, metastasis, SGLT2,
PRDX4, and SGLT2 combined with PRDX4 were the
main factors affecting the patient’s OS (Table 5). In addi-
tion, when low SGLT2 was combined with high PRDX4,
both univariate and multivariate analyses found that it
was associated with the OS (Table 5).

Discussion

Increased intracellular glucose levels have been observed
to help improve the cancer cell survival in many can-
cers [28-31]. When the body’s demand for glucose
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Low SGLT2 and High PRDX4

OO

High SGLT2 and Low PRDX4

Fig. 1 The representative histological and immunostaining images of the Low-High (low SGLT2 and high PRDX4) group and High-Low (high SGLT2 and
low PRDX4) group in same areas. (A, 100X, scale bar: 250 pm) H&E staining of the Low-High group showed obvious atypia of tumor cells in this area,
eosinophilic cytoplasm, profibrotic reaction and inflammatory cell infiltration. (B, 400X, scale bar: 50 um) Under high power, it can be seen that the tumor
cells have obvious nuclear pleomorphism, abundant eosinophilic cytoplasm, and obvious nucleoli. (C, 100x, scale bar: 250 um) H&E staining of the High-
Low group showed that tumor cells were arranged in nests, with eosinophilic cytoplasm and a small amount of pigmentation. (D, 400X, scale bar: 50 um)
High magnification showed that the tumor cells have significant atypia, obvious nucleoli, and an increased nucleocytoplasmic ratio. (E, 100x, scale bar:
250 um) Low magnification area of low SGLT2 expression, with most tumor cells showing no staining. (F, 400x, scale bar: 50 um) In the area of low SGLT2
expression under high magnification, a small number of tumor cells can show weak staining in the cytoplasm. (G, 100, scale bar: 250 um) In the area
of high SGLT2 expression under low magnification, strong intracytoplasmic staining can be seen in most tumor cells. (H, 400x, scale bar: 50 pm) In the
area of high SGLT2 expression under high magnification, strong intracytoplasmic staining can be seen in most tumor cells. (I, 100X, scale bar: 250 um) In
the area of high PRDX4 expression under low magnification, diffuse and strong staining in the cytoplasm of tumor cells can be seen. (J, 400, scale bar:
50 um) In the area of high PRDX4 expression under high magnification, diffuse and strong staining in the cytoplasm of tumor cells can be seen. (K, 100x,
scale bar: 250 um) Low-power PRDX4 expression area, with a small number of tumor cells showing staining. (L, 400X, scale bar: 50 um) In the area of low

expression of PRDX4 under high magnification, a small number of tumor cells showed weak staining in the cytoplasm

metabolism exceeds the supply of the local vascular
system, glucose deficiency will occur in the developing
tumor, and glucose deficiency in the body may be a key
event in the occurrence of HB [32]. In the present study,
HB patients with low SGLT2 expression have a reduced
ability to transport glucose, resulting in a weakened renal
ability to reabsorb glucose, which leads to an increase in
blood sugar levels and promotes HB growth. We con-
firmed that SGLT2 is an independent determinant, and
patients with low SGLT2 expression have a worse EFS
and OS than high SGLT2 expression, and the incidence
of related adverse events (recurrence within 5 years and
death within 5 years) tends to increase, which are signifi-
cantly associated with a poor prognosis in HB. However,
low SGLT?2 expression is rare in other malignant tumors.
Iwai et al. found that high SGLT2 expression was com-
mon in advanced lung adenocarcinomas with aggressive
biological behavior [8]. Fujiyoshi et al. recently dem-
onstrated that Cisplatin-resistant hepatoblastoma cells

exhibited upregulated SGLT2 expression and activated
glucose uptake to survive under cisplatin stress [33]. We
speculate that this may be the target organ of these stud-
ies were not liver or most of the HB patients included in
our study did not develop cisplatin resistance, and the
glucose metabolism levels in different target organs in the
body are also different. However, it is certain that SGLT2
can be used as a marker for the prognosis of malignant
tumors.

Our research group recently reported that PRDX4
expression plays different roles in various cancers. Shioya
et al. showed that low PRDX4 expression was predictive
of the prognosis of patients with early lung adenocar-
cinoma [34]. Guo et al. also reached the same conclu-
sion that hepatocellular carcinoma specimens with low
PRDX4 expression had higher oxidative stress levels than
high PRDX4 expression and a highly malignant phe-
notype, which was associated with a reduced OS [35].
However, the situation was slightly different for HB. Our
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Table 2 Detailed correlations between different SGLT2 and PRDX4 expression levels and clinicopathological variables
Items SGLT2 p value PRDX4 p value
Low High Low High
(n=44) (n=31) (n=41) (n=34)
Sex
Female 18 7 0.097 14 1 0.870
Male 26 24 27 23
Age (years)
0-3 38 27 0.996 36 29 0.155
3-7 3 2 4 1
>8 3 2 1 4
Maximal tumor diameter (cm)
<10cm 17 9 0.389 15 11 0.701
>10cm 27 22 26 23
Serum AFP (ng/ml)
<1000 1 1 0.655 1 1 0.229
1000-1000000 34 21 27 28
> 1,000,000 9 9 13 5
PRETEXT stage
1711 18 8 0.074 15 11 0438
I 19 Nl 18 12
% 7 12 8 1
Metastasis
Absent 36 20 0.090 33 23 0.203
Present 8 11 8 11
Histological category
Fetal 22 15 0470 23 14 0.371
Embryonal 6 2 2
Mixed epithelial 2 1 1
Epithelial and mesenchymal 12 13 14 11
Others 2 0 1 1
Recurrence within 5 years
Absent 33 27 0.197 33 27 0.908
Present 1 4 8 7
Death within 5 years
Absent 39 30 0.201 41 28 0.005
Present 5 1 0 6

previous research showed that PRDX4 promotes the
migration of hepatoblastoma cells and induces their dif-
ferentiation [21]. Han et al. showed that patients with
high PRDX4 expression in pancreatic cancer had a poor
prognosis than low PRDX4 expression and suggested that
PRDX4 may be a clinical prognostic indicator for pancre-
atic cancer [36]. Results of this study showed that PRDX4
expression was significantly associated with death within
five years, and the high-PRDX4 group had a shorter EFS
and OS than the low-PRDX4 group, and the incidence of
related adverse events (such as PRETEXT stage, metas-
tasis, recurrence within 5 years, death within 5 years,
etc.) were also higher than the low-PRDX4 group. These
results indicate that patients with high PRDX4 expres-
sion are at a higher risk of clinical adverse events, such
as metastasis, than low PRDX4 expression, which may be
related to undetected micro-metastasis leading to disease

recurrence and a poor prognosis [37]. We hypothesized
that high expression of PRDX4 can upregulate the level
of extracellularly secreted PRDX4 and reduce oxida-
tive stress in the microenvironment around cancer cells,
keeping it within a range suitable for proliferation. Simul-
taneously, intracellular PRDX4 creates an antioxidant
cellular environment to ensure tumor progression [13].
In this study, HB patients with high PRDX4 expression
had a worse prognosis, and we have reason to believe that
PRDX4 can serve as an important target for predicting
the prognosis of HB.

In this study, the High-High group was significantly
associated with PRETEXT stage and metastasis, the
High-Low group was significantly associated with recur-
rence within 5 years, and the Low-High group was signif-
icantly associated with death within 5 years. These results
indicate that SGLT2 and PRDX4 play an important role
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Fig. 2 A Kaplan-Meier analysis of low-expression and high-expression groups of SGLT2 and PRDX4 in HB. (A) There was no significant difference in the
EFS between the low- and high-SGLT2 groups (P=0.167). (B) The OS of the low-SGLT2 group was significantly worse than that of the high-SGLT2 group
(P=0.024). C, D. The EFS and OS of the high-PRDX4 group were significantly worse than those of the low-PRDX4 group (P=0.043, 0.027)

in the different clinical outcomes of HB. High expression
of SGLT2 and PRDX4 may promote tumor metastasis
and late progression, while the combination of High-Low
and Low-High may affect the recurrence or survival
mode of tumor cells. In addition, it should be emphasized
that when low expression of SGLT2 and high expression
of PRDX4 were combined, the patients’ EFS and OS were
significantly shortened. The results of the survival curve
of the Low-High group further confirmed the previous
speculation. The results of univariate analysis showed
that the patients’ EFS and OS were related to PRETEXT
stage, metastasis, SGLT2, PRDX4, and Low-High group;
Cox multivariate analysis showed that PRETEXT stage,
metastasis, and PRDX4 were the main factors affecting
the patients’ EFS and OS. It can be seen that the prog-
nostic factors of PRETEXT stage, metastasis in HB,
and SGLT2, PRDX4, can be used as key prognostic fac-
tors in the prognosis of HB. Overall, SGLT2 and PRDX4
may affect the clinical behavior of tumors by regulating
the metabolism, antioxidant capacity and proliferation
potential of tumor cells. This demonstrates that the com-
bined effect and clinical benefit of SGLT2 and PRDX4 can

help stratify patients with HB and predict the prognosis.
In addition, a multivariate analysis showed that PRDX4
was the independent main factor affecting patients’ EFS,
while SGLT2 and PRDX4 were the independent main
factors affecting patients’ OS.

Due to the potential intrinsic connection between
SGLT2 and PRDX4, we suggest comprehensive evalua-
tion of these two factors in HB to more accurately assess
the prognosis. Most patients in this study received cis-
platin-based chemotherapy, however, drug resistance
remains an inevitable problem. Using SGLT2 and PRDX4
as combined prognostic markers to evaluate the progno-
sis of HB is of great significance for precision treatment.
Through the combined detection of these markers, the
biological characteristics of HB can be better evaluated,
the response to chemotherapy can be predicted, and indi-
vidualized treatment plans can be formulated. This strati-
fied approach can not only optimize treatment decisions,
but also improve patients’ survival and quality of life.

However, several limitations associated with the pres-
ent study warrant mention. This study was a retrospec-
tive and relatively small sample study and could not
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Fig. 3 A Kaplan-Meier analysis of different combinations of SGLT2 and PRDX4 expression in hepatoblastoma. (A, B). The EFS and OS of the Low-High
group (low SGLT2 and high PRDX4) were significantly worse than those of the other groups (P=0.004, <0.001). (C, D). Among the four groups (Low-Low
group, Low-High group, High-Low group, and High-High group), the EFS and OS of the Low-High group were significantly worse than those of the other

groups (P=0.038, 0.005)

comprehensively analyze the role of the two factors in
the occurrence and development of HB. The underlying
molecular mechanisms were not analyzed in this study
and will need to be investigated in future studies. Fur-
ther in-depth follow-up in much larger cohorts of HB
patients, along with detailed molecular investigations
using HB cell culture lines, will be required to confirm
the intriguing correlation of low SGLT2 and high PRDX4
expression with recurrence and subsequent poor sur-
vival in HB patients. We suggest SGLT2 and PRDX4 be

used as therapeutic targets in the study of HB, provid-
ing new therapeutic direction for HB. Although the rel-
evant research is still in early stages, with the deepening
of basic research and preclinical research, targeted treat-
ment strategies for SGLT2 and PRDX4 may be developed
in the future, which can be used alone or in combination
with traditional treatment methods in the clinical treat-
ment of HB, especially for patients with high-risk, recur-
rent or resistant HB.
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Table 4 The univariate and multivariate analyses of EFS
according to the clinicopathological variables and the expression
of SGLT2 and PRDX4
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Table 5 The univariate and multivariate analyses of OS
according to the clinicopathological variables and the expression
of SGLT2 and PRDX4

Univariate Univariate

Hazard ratio 95% Cl p value Hazard ratio 95% Cl p value
Sex 4115 0.322-52.556 0.276 Sex 12313 1.233-65.357 0.966
Age 10.506 1.112-55.265 0.040 Age 11.304 2.350-59.275 0.164
Maximal tumor diameter (cm)  23.210 0.679-62.270 0.081 Maximal tumor diameter (cm)  16.731 1.769-55326 0.103
Serum AFP (ng/ml) 3.159 1.003-7.773  0.354 Serum AFP (ng/ml) 5342 1.529-12.370 0.338
PRETEXT stage 2129 1.017-3.997  0.021 PRETEXT stage 2453 0.882-4.324 0.047
Metastasis 23.249 3.689-53.265 0.016 Metastasis 21320 3.527-59.306 <0.001
Histological category 3915 1.040-14.739  0.044 Histological category 6.654 2527-16832 0.112
SGLT2 IHC index 1.938 1.134-3.615 0.021 SGLT2 IHC index 2211 1.267-4393  0.039
PRDX4 IHC index 6.828 1.513-15.157 0.016 PRDX4 IHC index 7.447 1.745-17.432 0.006
Low-SGLT2 with high-PRDX4  7.757 1.946-18.672 0.039 Low-SGLT2 with high-PRDX4  8.739 3.561-23.356 <0.001

Multivariate Multivariate

Hazard ratio 95% Cl p value Hazard ratio 95% Cl p value
Age 9.255 0.089-43.265 0.089 PRETEXT stage 2378 0.772-4.225  <0.001
PRETEXT stage 1.879 1.002-3.567  0.035 Metastasis 22436 3.121-54.381 0.029
Metastasis 20.159 3.259-45.506 0.019 SGLT2 IHC index 1.993 1.102-4.117  0.041
Histological category 2.875 0.885-13.553 0.254 PRDX4 IHC index 7.779 1.643-18.305 <0.001
SGLT2 IHC index 1.634 1.125-3.178  0.060 Low-SGLT2 with high-PRDX4 ~ 9.675 2.343-22.765 <0.001
PRDX4 IHC index 6.828 1.218-13.219 0.033
Low-SGLT2 with high-PRDX4  8.252 1.832-16.739 0057 Author contributions

Conclusions

In this study, we found that low expression of SGLT2 and
high expression of PRDX4 can independently predict the
poor prognosis of HB patients, and the combination of
the two can more accurately assess the prognostic strati-
fication of HB.

Abbreviations
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ROC Receiver operating characteristic
PRETEXT  Pretreatment extent of disease stage

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/513000-025-01596-4.

Supplementary Material 1

Supplementary Material 2

Acknowledgements

We would like to thank Professor Qian Yang, Tohru Ito, and Sohsuke Yamada
for their support; Jia Han and Yang-xian Zhang for their expert technical
assistance; and the patients who participated in this study.

Yao Liu, Jia Han, Xin Guo, Qian Yang, Tohru Ito, and Sohsuke Yamada
conceptualized and designed the experiments; Akihiro Shioya, Yang-xian
Zhang, Vu Anh Dung, and Takeru Oyama conducted the experiments; Yao Liu
and Jia Han analyzed the data; Yao Liu wrote the manuscript; and Jia Han and
Sohsuke Yamada edited the manuscript.

Funding

This study was funded by the Science and Technology Project of the State
Administration of Traditional Chinese Medicine (GZY-KJS-2023-025), Hebei
Province Central Government Guided Local Science and Technology

Special Project (No. 24627708G), Hebei Natural Science Foundation Project
(H2023423001), Hebei Provincial Science and Technology Plan Funding Project
(246W7701D), Hebei Natural Science Foundation Project (No. H2024423028),
and Research Plan Project of Hebei Provincial Administration of Traditional
Chinese Medicine (No. 2023035).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
A statement on ethics approval and consent were written in the Methods
section.

Consent for publication
All authors have approved the fnal version of the manuscript and have given
their consent for publication.

Competing interests
The authors declare no competing interests.

Author details

'Department of Pathology and Laboratory Medicine, Kanazawa Medical
University, Ishikawa 920-0293, Japan

’Department of Pathology, The Fourth Hospital of Hebei Medical
University, Shijiazhuang, Hebei 050011, China

*Department of Pathology, Kanazawa Medical University Hospital,
Ishikawa 920-0293, Japan

“Department of Geriatrics, China-Japan Friendship Hospital,

Beijing 100029, China


https://doi.org/10.1186/s13000-025-01596-4
https://doi.org/10.1186/s13000-025-01596-4

Liu et al. Diagnostic Pathology (2025) 20:2

°Department of Joint Surgery, 103 Military Hospital, Vietnam Military
Medical University, Hanoi 151000, Vietnam

®Research Center, First Affiliated Hospital of Hebei University of Chinese
Medicine, Shijiazhuang, Hebei 050011, China

'Department of Spleen and Stomach Diseases, First Affiliated Hospital of
Hebei University of Chinese Medicine, Shijiazhuang, Hebei 050011, China
8Hebei Key Laboratory of Turbidity Toxin Syndrome, First Affiliated
Hospital of Hebei University of Chinese Medicine, Shijiazhuang,

Hebei 050011, China

“Department of Gastroenterological Endoscopy, Kanazawa Medical
University, Ishikawa 920-0293, Japan

'%Director of Kanazawa Medical University Himi Municipal Hospital,
Toyama 935-8531, Japan

Received: 5 December 2024 / Accepted: 3 January 2025
Published online: 08 January 2025

References

1. Ranganathan S, Lopez-Terrada D, Alaggio R. Hepatoblastoma and Pediatric
Hepatocellular Carcinoma: an update. Pediatr Dev Pathol. 2020,23:79-95.
https://doi.org/10.1177/1093526619875228.

2. Zhan J,Wang Z. Progress and comment on Surgical Treatment of Hepatoblas-
toma in Children. Cancer Res Prev Treat. 2022;49:541-5. https://doi.org/10.39
71/jissn.1000-8578.2022.21.1476.

3. KajiK, Nishimura N, Seki K, Sato S, Saikawa S, Nakanishi K, Furukawa M,
Kawaratani H, Kitade M, Moriya K, Namisaki T, Yoshiji H. Sodium glucose
cotransporter 2 inhibitor canagliflozin attenuates liver cancer cell growth and
angiogenic activity by inhibiting glucose uptake. Int J Cancer. 2018;142:1712-
22. https://doi.org/10.1002/ijc.31193.

4. Hendryx M, Dong Y, Ndeke JM, Luo J. Sodium-glucose cotransporter 2
(SGLT2) inhibitor initiation and hepatocellular carcinoma prognosis. PLoS
ONE. 2022;17:€0274519. https://doi.org/10.1371/journal.pone.0274519.

5. RenD,SunY, Zhang D, Li D, Liu Z, Jin X, Wu H. SGLT2 promotes pancreatic
cancer progression by activating the Hippo signaling pathway via the
hnRNPK-YAP1 axis. Cancer Lett. 2021,519:277-88. https://doi.org/10.1016/j.ca
nlet.2021.07.035.

6. Ali A Mekhaeil B, Biziotis OD, Tsakiridis EE, Ahmadi E, Wu J, Wang S, Singh K,
Menjolian G, Farrell T, Mesci A, Liu S, Berg T, Bramson JL, Steinberg GR, Tsa-
kiridis T. The SGLT2 inhibitor canagliflozin suppresses growth and enhances
prostate cancer response to radiotherapy. Commun Biol. 2023,6:919. https://
doi.org/10.1038/542003-023-05289-w.

7. Blanco AM, Bertucci JI, Ramesh N, Delgado MJ, Valenciano Al, Unniappan S.
Ghrelin facilitates GLUT2-, SGLT1- and SGLT2-mediated Intestinal Glucose
Transport in Goldfish (Carassius auratus). Sci Rep. 2017;7:45024. https://doi.or
9/10.1038/srep45024.

8. lwaiS, Motono N, Oyama T, Shioya A, Yamada S, Uramoto H. The clinical
relevance of the expression of SGLT2 in Lung Adenocarcinoma. Oncology.
2024;102:710-9. https://doi.org/10.1159/000536060.

9. Wang F, Hendryx M, Liu N, Bidulescu A, Mitra AK, Luo J. SGLT2 inhibitor use
and risk of breast Cancer among adult women with type 2 diabetes. Drug Saf.
2024,47:125-33. https://doi.org/10.1007/540264-023-01373-6.

10.  Rolek B, Haber M, Gajewska M, Rogula S, Pietrasik A, Gasecka A. SGLT2
inhibitors vs. GLP-1 agonists to treat the heart, the kidneys and the brain. J
Cardiovasc Dev Dis. 2023;10:322. https://doi.org/10.3390/jcdd 10080322.

1. Nishiyama A, Kitada K. Possible renoprotective mechanisms of SGLT2 inhibi-
tors. Front Med (Lausanne). 2023;10:1115413. https://doi.org/10.3389/fmed.2
023.1115413.

12. Fujii J, Ikeda Y, Kurahashi T, Homma T. Physiological and pathological views of
peroxiredoxin 4. Free Radic Biol Med. 2015;83:373-9. https://doi.org/10.1016/j
freeradbiomed.2015.01.025.

13. JiaW, Chen P, Cheng Y. PRDX4 and its roles in various cancers. Technol Cancer
Res Treat. 2019;18:1533033819864313. https://doi.org/10.1177/15330338198
64313.

14. XuM, Xu J, Zhu D, SuR, Zhuang B, Xu R, Li L, Chen S, Ling Y. Expression and
prognostic roles of PRDXs gene family in hepatocellular carcinoma. J Transl
Med. 2021;19:126. https://doi.org/10.1186/512967-021-02792-8.

15, LiHX, Sun XY, Yang SM, Wang Q, Wang ZY. Peroxiredoxin 1 promoted
tumor metastasis and angiogenesis in colorectal cancer. Pathol Res Pract.
2018,214:655-60. https://doi.org/10.1016/j.prp.2018.03.026.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

Page 11 of 12

Ismail T, Kim Y, Lee H, Lee DS, Lee HS. Interplay between mitochondrial
peroxiredoxins and ROS in Cancer Development and Progression. Int J Mol
Sci. 2019;20:4407. https://doi.org/10.3390/ijms20184407.

Park MH, Jo M, Kim YR, Lee CK, Hong JT. Roles of peroxiredoxins in cancer,
neurodegenerative diseases and inflammatory diseases. Pharmacol Ther.
2016;163:1-23. https://doi.org/10.1016/j.pharmthera.2016.03.018.

Liu'Y, Wang P, Hu W, Chen D. New insights into the roles of peroxiredoxins in
cancer. Biomed Pharmacother. 2023;164:114896. https://doi.org/10.1016/j.bio
pha.2023.114896.

Nabeshima A, Yamada S, Guo X, Tanimoto A, Wang KY, Shimajiri S, Kimura S,
Tasaki T, Noguchi H, Kitada S, Watanabe T, Fujii J, Kohno K, Sasaguri Y. Peroxire-
doxin 4 protects against nonalcoholic steatohepatitis and type 2 diabetes in
a nongenetic mouse model. Antioxid Redox Signal. 2013;19:1983-98. https://
doi.org/10.1089/ars.2012.4946.

Yamada S, Guo X. Peroxiredoxin 4 (PRDX4): its critical in vivo roles in animal
models of metabolic syndrome ranging from atherosclerosis to nonalcoholic
fatty liver disease. Pathol Int. 2018,68:91-101. https://doi.org/10.1111/pin.126
34,

Zheng J, Guo X, Shioya A, Yoshioka T, Matsumoto K, Hiraki T, Kusano H,
Oyama T, Kurose N, Yamaguchi R, Uramoto H, leiri S, Okajima H, Kohno M,
Yamada S. Peroxiredoxin 4 promotes embryonal hepatoblastoma cell migra-
tion but induces fetal cell differentiation. Am J Transl Res. 2020;12:2726-37.
Park SY, Lee YJ, Park J, Kim TH, Hong SC, Jung EJ, Ju YT, Jeong CY, Park HJ, Ko
GH, Song DH, Park M, Yoo J, Jeong SH. PRDX4 overexpression is associated
with poor prognosis in gastric cancer. Oncol Lett. 2020;19:3522-30. https://d
0i.0rg/10.3892/01.2020.11468.

Zheng J, Guo X, Nakamura Y, Zhou X, Yamaguchi R, Zhang J, Ishigakiy,
Uramoto H, Yamada S. Overexpression of PRDX4 modulates Tumor Microen-
vironment and promotes urethane-Induced Lung Tumorigenesis. Oxid Med
Cell Longev. 2020;2020:8262730. https://doi.org/10.1155/2020/8262730.
Kocaturk B. In silico analysis reveals PRDX4 as a prognostic and oncogenic
marker in renal papillary cell carcinoma. Gene. 2023;859:147201. https://doi.o
rg/10.1016/j.gene.2023.147201.

Sukhanov S, Higashi Y, Yoshida T, Mummidi S, Aroor AR, Jeffrey Russell J,
Bender SB, DeMarco VG, Chandrasekar B. The SGLT2 inhibitor Empagliflozin
attenuates interleukin-17A-induced human aortic smooth muscle cell
proliferation and migration by targeting TRAF3IP2/ROS/NLRP3/Caspase-
1-dependent IL-18 and IL-18 secretion. Cell Signal. 2021,77:109825. https://do
i.0rg/10.1016/j.cellsig.2020.109825.

Pulakazhi Venu VK, EI-Daly M, Saifeddine M, Hirota SA, Ding H, Triggle CR,
Hollenberg MD. Minimizing Hyperglycemia-Induced Vascular endothelial
dysfunction by inhibiting endothelial sodium-glucose cotransporter 2 and
attenuating oxidative stress: implications for treating individuals with type 2
diabetes. Can J Diabetes. 2019;43(7):510-4. https://doi.org/10.1016/},jcjd.2019
.01.005.

Lopez-Terrada D, Alaggio R, de Davila MT, Czauderna P, Hiyama E, Katzen-
stein H, Leuschner |, Malogolowkin M, Meyers R, Ranganathan S, Tanaka Y,
Tomlinson G, Fabré M, Zimmermann A, Finegold MJ, Children’s Oncology
Group Liver Tumor Committee. Towards an international pediatric liver tumor
consensus classification: proceedings of the Los Angeles COG liver tumors
symposium. Mod Pathol. 2014;27:472-491. https://doi.org/10.1038/modpath
01.2013.80

Bose S, Le A. Glucose metabolism in Cancer. Adv Exp Med Biol. 2018;1063:3—-
12. https://doi.org/10.1007/978-3-319-77736-8_1.

Ganapathy-Kanniappan S, Geschwind JF. Tumor glycolysis as a target for
cancer therapy: progress and prospects. Mol Cancer. 2013;12:152. https://doi.
0rg/10.1186/1476-4598-12-152.

Meng Y, Xu X, Luan H, Li L, Dai W, Li Z, Bian J. The progress and development
of GLUTT inhibitors targeting cancer energy metabolism. Future Med Chem.
2019;11:2333-52. https://doi.org/10.4155/fmc-2019-0052.

Bensaad K, Harris AL. Hypoxia and metabolism in cancer. Adv Exp Med Biol.
2014;772:1-39. https://doi.org/10.1007/978-1-4614-5915-6_1.

Zhu C, He X, Chen K, Huang Z, Yao A, Tian X, You Y, Zeng M. LncRNA NBR2
aggravates hepatoblastoma cell malignancy and promotes cell prolifera-
tion under glucose starvation through the miR-22/TCF7 axis. Cell Cycle.
2021;20:575-90. https://doi.org/10.1080/15384101.2021.1885236.

Fujiyoshi S, Honda S, Ara M, Kondo T, Kobayashi N, Taketomi A. SGLT2 is
upregulated to acquire cisplatin resistance and SGLT2 inhibition reduces
cisplatin resistance in hepatoblastoma. J Hepatobiliary Pancreat Sci.
2024;31:223-33. https://doi.org/10.1002/jhbp.1391.

Shioya A, Guo X, Motono N, Mizuguchi S, Kurose N, Nakada S, Aikawa A, lkeda
Y, Uramoto H, Yamada S. The combination of weak expression of PRDX4 and


https://doi.org/10.1177/1093526619875228
https://doi.org/10.3971/j.issn.1000-8578.2022.21.1476
https://doi.org/10.3971/j.issn.1000-8578.2022.21.1476
https://doi.org/10.1002/ijc.31193
https://doi.org/10.1371/journal.pone.0274519
https://doi.org/10.1016/j.canlet.2021.07.035
https://doi.org/10.1016/j.canlet.2021.07.035
https://doi.org/10.1038/s42003-023-05289-w
https://doi.org/10.1038/s42003-023-05289-w
https://doi.org/10.1038/srep45024
https://doi.org/10.1038/srep45024
https://doi.org/10.1159/000536060
https://doi.org/10.1007/s40264-023-01373-6
https://doi.org/10.3390/jcdd10080322
https://doi.org/10.3389/fmed.2023.1115413
https://doi.org/10.3389/fmed.2023.1115413
https://doi.org/10.1016/j.freeradbiomed.2015.01.025
https://doi.org/10.1016/j.freeradbiomed.2015.01.025
https://doi.org/10.1177/1533033819864313
https://doi.org/10.1177/1533033819864313
https://doi.org/10.1186/s12967-021-02792-8
https://doi.org/10.1016/j.prp.2018.03.026
https://doi.org/10.3390/ijms20184407
https://doi.org/10.1016/j.pharmthera.2016.03.018
https://doi.org/10.1016/j.biopha.2023.114896
https://doi.org/10.1016/j.biopha.2023.114896
https://doi.org/10.1089/ars.2012.4946
https://doi.org/10.1089/ars.2012.4946
https://doi.org/10.1111/pin.12634
https://doi.org/10.1111/pin.12634
https://doi.org/10.3892/ol.2020.11468
https://doi.org/10.3892/ol.2020.11468
https://doi.org/10.1155/2020/8262730
https://doi.org/10.1016/j.gene.2023.147201
https://doi.org/10.1016/j.gene.2023.147201
https://doi.org/10.1016/j.cellsig.2020.109825
https://doi.org/10.1016/j.cellsig.2020.109825
https://doi.org/10.1016/j.jcjd.2019.01.005
https://doi.org/10.1016/j.jcjd.2019.01.005
https://doi.org/10.1038/modpathol.2013.80
https://doi.org/10.1038/modpathol.2013.80
https://doi.org/10.1007/978-3-319-77736-8_1
https://doi.org/10.1186/1476-4598-12-152
https://doi.org/10.1186/1476-4598-12-152
https://doi.org/10.4155/fmc-2019-0052
https://doi.org/10.1007/978-1-4614-5915-6_1
https://doi.org/10.1080/15384101.2021.1885236
https://doi.org/10.1002/jhbp.1391

Liu et al. Diagnostic Pathology

35.

36.

(2025) 20:2

very high MIB-1 labelling index independently predicts shorter disease-free
Survival in Stage | Lung Adenocarcinoma. Int J Med Sci. 2018;15:1025-34.
https://doi.org/10.7150/ijms.25734.

Guo X, Noguchi H, Ishii N, Homma T, Hamada T, Hiraki T, Zhang J, Matsuo K,
Yokoyama S, Ishibashi H, Fukushige T, Kanekura T, Fujii J, Uramoto H, Tanimoto
A, Yamada S. The Association of Peroxiredoxin 4 with the Initiation and Pro-
gression of Hepatocellular Carcinoma. Antioxid Redox Signal. 2019;30:1271-
84. https://doi.org/10.1089/ars.2017.7426.

Han J, Itoh T, Shioya A, Sakurai M, Oyama T, Kumagai M, Takamura H, Okuro M,
Mukai T, Kitakata H, Inagaki M, Higashi M, Guo X, Yamada S. The combina-
tion of the low immunohistochemical expression of peroxiredoxin 4 and
perilipin 2 predicts longer survival in pancreatic ductal adenocarcinoma

37.

Page 12 of 12

with peroxiredoxin 4 possibly playing a main role. Histol Histopathol.
2023;38:1415-27. https://doi.org/10.14670/HH-18-666.

Zhao Q, Feng J. Study on the relationship among the expression of PRDX4
and GRAMD1A levels in Hepatocellular Carcinoma Tissues with clinicopatho-
logic features and prognosis. J Mod Lab Med. 2024;39:120-4. https://doi.org/
10.3969/j.issn.1671-7414.2024.03.020.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.7150/ijms.25734
https://doi.org/10.1089/ars.2017.7426
https://doi.org/10.14670/HH-18-666
https://doi.org/10.3969/j.issn.1671-7414.2024.03.020
https://doi.org/10.3969/j.issn.1671-7414.2024.03.020

	﻿The immunohistochemical combination of low SGLT2 expression and high PRDX4 expression independently predicts shortened survival in patients undergoing surgical resection for hepatoblastoma
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Tissue samples
	﻿Reagents and instruments
	﻿Histopathological and IHC staining and result interpretation
	﻿Statistical analysis

	﻿Results
	﻿Clinical data
	﻿Expression of SGLT2 and PRDX4 in HB specimens
	﻿Expression of SGLT2 and PRDX4 and the correlation with clinicopathological features
	﻿Relationship between the combined expression of SGLT2 and PRDX4 and clinical pathological characteristics
	﻿Results of the survival analysis of 75 HB patients

	﻿Discussion
	﻿Conclusions
	﻿References


