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Simple Summary: We evaluated the levels of AKR1B1 and AKR1B10 in 99 patients with high-grade
serous ovarian cancer and their association with clinicopathological characteristics, survival, and
response to chemotherapy. An immunohistochemical analysis showed that higher AKR1B1 levels
correlated with a better disease-free survival of patients whereas we saw no differences for AKR1B10
levels. A multivariant Cox analysis identified high AKR1B1 levels as an important prognostic factor
for both overall and disease-free survival. A further analysis revealed no association between AKR1B1
and AKR1B10 levels and response to chemotherapy.

Abstract: Although aldo-keto reductases (AKRs) have been widely studied in cancer, no study to
date has examined the roles of AKR family 1 members B1 (AKR1B1) and B10 (AKR1B10) in a large
group of ovarian cancer patients. AKR1B1 and AKR1B10 play a significant role in inflammation
and the metabolism of different chemotherapeutics as well as cell differentiation, proliferation,
and apoptosis. Due to these functions, we examined the potential of AKR1B1 and AKR1B10 as
tissue biomarkers. We assessed the immunohistochemical levels of AKR1B1 and AKR1B10 in tissue
paraffin sections from 99 patients with high-grade serous ovarian cancer (HGSC) and compared these
levels with clinicopathological characteristics, survival, and response to chemotherapy. A higher
immunohistochemical AKR1B1 expression correlated with a better overall and disease-free survival of
HGSC patients whereas AKR1B10 expression did not show any significant differences. A multivariant
Cox analysis demonstrated that a high AKR1B1 expression was an important prognostic factor for
both overall and disease-free survival. However, AKR1B1 and AKR1B10 were not associated with
different responses to chemotherapy. Our data suggest that AKR1B1 is involved in the pathogenesis
of HGSC and is a potential prognostic biomarker for this cancer.

Keywords: high-grade serous ovarian cancer; survival; prognosis; immunohistochemistry; biomarker;
aldo-keto reductase family 1 member B1 (AKR1B1); aldo-keto reductase family 1 member B10
(AKR1B10); resistance

1. Introduction

High-grade serous ovarian cancer (HGSC) is the most common malignancy of the
ovary [1–3]. The most likely origin of HGSC is considered to be the epithelium of the
fallopian tube fimbriae [3]. The World Health Organization classification of tumors divides
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serous ovarian cancer into low- and high-grade serous ovarian cancer, which are two
etiologically and morphologically distinct entities [1]. The general characteristics of HGSC
are a solid, papillary, glandular, or cribriform architecture; sheets of malignant cells with
a high mitotic index; enlarged and pleomorphic nuclei; and a TP53 deleterious mutation
frequency of nearly 100% [1,3]. By contrast, low-grade serous ovarian cancer has small
nests and glands; complex papillae or micropapillae; low-grade nuclear atypia; and exhibits
KRAS, NRAS, BRAF, USP9X, and EIF1AX mutations [1].

HGSC is subdivided according to the gene expression into four descriptive groups:
immunoreactive, differentiated, proliferative, and mesenchymal. However, these groups
have not yet been applied diagnostically or clinically [4]. HGSC is characterized by very
aggressive tumors and high mortality rates and is usually detected at an advanced stage of
the disease (75–80% of cases). Current first-line treatment for HGSC involves cytoreductive
surgery followed by chemotherapy, usually carboplatin and paclitaxel [5]. The purpose
of primary cytoreductive surgery is to resect all macroscopically visible tumor remnants
in the abdominal cavity as well as disease staging. In inoperable cases, patients receive
neoadjuvant chemotherapy [6].

After surgery, all HGSC patients undergo adjuvant chemotherapy and most of them
achieve remission after the initial treatment. Recurrence of the disease, which is mostly
resistant to chemotherapy, usually occurs 18–24 months after the first treatment of the
disease [3,7]. So far, the most useful prognostic and predictive biomarkers for HGSC are
germline deleterious mutations of BRCA1 and BRCA2. Cancers with these mutations are
substantially more susceptible to the class of poly adenosine diphosphate-ribose poly-
merase (PARP) inhibitors [2]. PARP inhibitors were initially approved only for patients
with BRCA mutations [6]. However, the Food and Drug Administration later expanded
the indications to relapsed ovarian cancer irrespective of the BRCA mutation status or plat-
inum sensitivity [8]. Current guidelines from the American Society of Clinical Oncology
recommend PARP inhibitors for maintenance therapy for patients with stage III–IV HGSC
that is in complete or partial response to first-line platinum-based chemotherapy [9].

Recent studies showed that up to 50% of HGSC have a homologous recombination
repair deficiency (HRD) [10,11]. Homologous recombination (HR) is one of the key mecha-
nisms for the repair of double-strand breaks. This complex process involves several genes,
including BRCA1/2 where mutations of these genes lead to HRD. Defects in the repair of
DNA breaks result in accumulated mutations, an increased susceptibility to DNA damage,
and cell death. HGSC patients with HRD have a significantly prolonged progression-free
survival and an increased responsiveness to chemotherapy, especially platinum agents,
and PARP inhibitors. Therefore, HRD testing is an important prognostic and predictive
biomarker in HGSC [10,11].Another targeted therapy for HGSC uses anti-angiogenic agents
(bevacizumab) [8]. Additionally, serine/threonine-specific protein kinase inhibitors (afure-
sertib) show promising results [8].

The mechanisms of chemoresistance have been thoroughly studied in many cancers;
however, there have not been any significant breakthroughs in the prevention or treat-
ment of chemoresistant cancers [12,13]. The reported mechanisms of resistance include
reduced apoptosis, increased antioxidant production and the detoxification of reactive
oxygen species, altered intracellular drug transport, repair of DNA damage, reversion
mutations [14,15], and the metabolism of chemotherapeutics to their less effective metabo-
lites [16]. New biomarkers may provide a more accurate and prognostically relevant
subclassification of HGSC that might predict survival or response to chemotherapy.

The aldo-keto reductase (AKR) superfamily comprises several enzymes that are in-
volved in important biochemical processes. AKR1B1, AKR1B10, and AKR1B15 are the
only three human members of the AKR1B subfamily. These enzymes catalyze the NADPH-
dependent reduction of carbonyl groups to hydroxyl groups on different endogenous and
exogenous substrates. AKR1B1 catalyzes the reduction of glucose to sorbitol and plays
a role in osmoregulation and the polyol pathway. It acts as a prostaglandin PGF2α syn-
thase [17] and indirectly affects the protein kinase C pathway, which stimulates nuclear
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factor kappa B-induced inflammation and cell proliferation [17–20]. AKR1B10 catalyzes
the reduction of isoprenyl aldehydes, affecting the prenylation of small guanosine triphos-
phatases (GTPases) and cell proliferation [21]. It also acts as a retinal reductase, which
leads to the depletion of retinoic acid that has pro-differentiating effects [22]. AKR1B10 also
controls fatty acid biosynthesis, which has important functions in carcinogenesis [23,24].
AKR1B1 and AKR1B10 induce cell resistance to different chemotherapeutics, including
cisplatin, daunorubicin, and idarubicin [25,26], and can exert protective actions by detox-
ifying the products of lipid peroxidation, e.g., cytotoxic carbonyl 4-hydroxynonenal to
4-hydroxynonenol [27].

In this study, we evaluated the potential of AKR1B1 and AKR1B10 as prognostic tissue
biomarkers for HGSC by evaluating the immunohistochemical (IHC) levels of AKR1B1
and AKR1B10 in tissue paraffin sections from a large group of well-characterized patients.

2. Materials and Methods
2.1. Study Groups

The study cohort included 99 patients with HGSC (selected cases were diagnosed
from 2002 to 2012). Paraffin-embedded tissue samples of the primary tumors from each
patient were obtained from the archive and demographic, clinical, and histopathological
data were collected (Table 1). IHC staining of AKR1B1 and AKR1B10 was performed and
the results were correlated with the clinicopathological data, including cumulative survival,
disease-free survival, stage of disease, and response to chemotherapy.

Table 1. Clinical and histopathological data of HGSC patients.

Characteristic Detail Datum

Age (y) Mean ± SD 61.3 ± 11.3

Ascites (n (%)) 54 (54.5)

Chemotherapy with reported
follow-up (n = 71) (n (%))

Responders (at least 6 months
of DFS) 53 (74.6)

Non-responders (6 months of
DFS was not achieved) 18 (25.4)

Primary chemotherapy (n)

Carboplatin 13

Docetaxel and carboplatin 4

Doxorubicin 1

Gemcitabine 1

Gemcitabine and carboplatin 1

Paclitaxel and carboplatin 68

Paclitaxel and carboplatin and
gemcitabine 1

None 6

NA 4

Residual disease after primary
chemotherapy (n)

Macroscopic 51

Microscopic 46

No cytoreductive surgery 2

FIGO stage (n = 99) I–II 19

III–IV 80

Grade (n = 99) High-grade 99

Follow-up (y)
Range 0.25–12.6

Median 3.2

Five-year survival rate a (n (%)) 29 (29.9)
a Two cases with no follow-up data; n: number of patients; SD: standard deviation; y: years; DFS: disease-free survival.
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2.2. Immunohistochemistry

IHC was performed for the visualization and localization of specific antigens on
formalin-fixed, paraffin-embedded HGSC tissue samples from the archives at the Uni-
versity Medical Centre Ljubljana, Division of Gynecology, Department of Pathology. All
the samples were reassessed by a pathologist who morphologically and immunohisto-
chemically confirmed the diagnosis of HGSC before including the case in this study. Each
paraffin-embedded tissue block was sectioned with a microtome to obtain 3–5 µm-thick
paraffin sections, which were placed onto a glass slide (Superfrost Plus; Thermo Scientific,
Leicestershire, UK).

The tissue slides were dehydrated in a slide-drying ventilation oven for 60 min at
60 ◦C. IHC staining with anti-AKR1B1 and anti-AKR1B10 antibodies was carried out on
an automated system (BenchMark Ultra; Ventana, Basel, Switzerland) using detection kits
(OptiView DAB; Ventana; Basel, Switzerland; cat. no. 760-700) following the manufacturer’s
instructions.

A deparaffinization solution (EZPrep solution; Ventana, Basel, Switzerland; cat. no.
950-102) was used for 4 min at 72 ◦C for the complete dissolution of the paraffin. A tris-
based buffer at pH 8.5 (cell conditioning solution CC1; Ventana, Basel, Switzerland; cat. no.
950-124) was used for the epitope retrieval for AKR1B10 (24 min) and AKR1B1 staining
(32 min) at 95 ◦C. The slides were applied and incubated with the primary antibodies anti-
AKR1B1 (Abcam; Cambridge, UK; cat. no. ab62795, lot: GR64780-2) and anti-AKR1B10
(Abcam; Cambridge, UK; cat. no. ab96417, lot: GR13314-31) for 32 min (optimized dilution
1:200 in an antibody diluent (Dako; Agilent, Santa Clara, CA, USA, cat. No. S080983-2)).
The positive and negative controls for AKR1B1 and AKR1B10 were normal liver tissue
(hepatocytes, ductal epithelium, and connective tissue) (see the validation of antibodies
in Table 2). The IHC valuation was based on the proportions (%) of the stained cells. The
IHC stained tissue sections were independently assessed and scored by two pathologists
(M.H. and D.S.). Inter-observer reproducibility was determined by the interclass correlation
coefficient, which was > 0.9.

Table 2. Antibody description and validation.

Antibody Information

Antibody

Manufacturer,
Catalogue
Number,

Lot Number

Peptide/
Protein
Target

Antigen
Sequence

Species
Raised,

Monoclonal,
Polyclonal

Dilution

Anti-
AKR1B1

Abcam,
Cambridge,

UK, ab62795,
GR64780-2

Aldo-keto
reductase
family 1

member B1

Aa 300 to the
C-terminus
(conjugated
to keyhole

limpet
hemocyanin)

Polyclonal
rabbit

antibody
1:200

Anti-
AKR1B10

Abcam,
Cambridge,

UK, ab96417,
GR13314-31

Aldo-keto
reductase
family 1

member B10

Fragment cor-
responding
to aa 1–286

Polyclonal
rabbit

antibody
1:200

Antibody Validation

Published validation by our research team [28].

Current Validation
Positive controls for AKR1B1: Kupffer cells, lymphocytes, endometrioid endometrial cancer cells.

Positive controls for AKR1B10: hepatocytes, ductal liver epithelium, lymphocytes,
endometrioid endometrial cancer cells.

Negative controls for AKR1B1: hepatocytes, fibrous tissue.
Negative controls for AKR1B10: fibrous tissue.

AKR1B1: aldo-keto reductase family 1 member B1; AKR1B10: aldo-keto reductase family 1 member B10.
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2.3. Statistics

A proportional Cox model analysis was performed to evaluate the survival. First,
the percentages of positive AKR1B1 and AKR1B10 cancer cells were used as a continuous
variable in a multivariate model. To estimate the non-linear relationship, we used restricted
cubic splines (with three knots) with modified AKR1B1 values before entering the Cox
proportional hazards (CPH) model. The resultant position of the knots was consequently
used as a threshold for using the AKR1B1 value as a dichotomous variable in the Cox
model. The restricted cubic splines analysis and the corresponding figures were performed
with R version 4.1 [29] using the rms package [30] for restricted cubic splines. All other
computation was performed using SPSS Statistics v27 (IBM; Armonk, NY, USA).

The correlations between the percentages of the AKR1B1 and AKR1B10 expression
in the cancer cells and other clinical data were evaluated using Mann–Whitney U and
Kruskal–Wallis statistical tests using SPSS v27 (IBM, Armonk, NY, USA).

2.4. Ethical Issues

The National Medical Ethics Committee of the Republic of Slovenia (0120-701/2017-6)
approved this retrospective study.

3. Results
3.1. Demographic and Histopathological Characteristics of the Patients

The study group comprised 99 patients with HGSC, of which 80 patients were diag-
nosed with FIGO stage III–IV disease (Table 1). The 5-year cumulative survival was 29.3%.
The follow-up data from 0.25–12.6 years (median: 3.2 years) were collected for 97 out of
99 patients. All clinical and histopathological data are provided in the Supplementary
tables (Tables S1–S3).

3.2. AKR1B1 and AKR1B10 Expression Levels in HGSC

AKR1B1 and AKR1B10 staining was observed within the cytoplasm and nucleus of
the epithelial cancer cells in HGSC as well as in the endothelium and ovarian stroma. The
median and mean percentages of AKR1B1-positive cancer cells were 85.0% and 69.4%,
respectively (IQR = 60.0, SD = 34.0). The median and mean percentages of AKR1B10-
positive cancer cells were 100.0% and 85.9%, respectively (IQR = 15.0, SD = 23.5) (Figure 1).
An adjacent ovarian stroma revealed strong positive reactions within the cytoplasm and
nucleus. Representative pictures of the immunohistochemical staining and hematoxylin
and eosin staining are presented in Figures 2–5.
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Figure 1. Immunohistochemical staining of AKR1B1 and AKR1B10 in high-grade serous ovarian
cancer. The graph shows the numbers of cases with the associated percentages of positive cancer cells.
AKR1B1: aldo-keto reductase family 1 member B1; AKR1B10: aldo-keto reductase family 1 member
B10; IQR: interquartile range; n: number of patients.
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tissue. (a–d) HGSC; (e) control liver tissue; (f) control endometrioid endometrial cancer. Upper half
of panels: 50 × magnification; lower half of panels: the framed area from the upper half of the panel
(200 × magnification). AKR1B1: aldo-keto reductase family 1 member B1; HGSC: high-grade serous
ovarian cancer.
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(a–d) HGSC; (e) control liver tissue; (f) control endometrioid endometrial cancer. Upper half of
panels: 50 × magnification; lower half of panels: the framed area from the upper half of the panel
(200 × magnification). HGSC: high-grade serous ovarian cancer.
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Figure 4. Representative immunohistochemical AKR1B10 staining in HGSC samples and control
tissue. (a–d) HGSC; (e) control liver tissue; (f) control endometrioid endometrial cancer. Upper half
of panels: 50 × magnification; lower half of panels: the framed area from the upper half of the panel
(200 × magnification). AKR1B10: aldo-keto reductase family 1 member B10; HGSC: high-grade
serous ovarian cancer.
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Figure 5. Representative hematoxylin and eosin staining of the same samples as shown in Figure 4.
(a–d) HGSC; (e) control liver tissue; (f) control endometrioid endometrial cancer. Upper half of
panels: 50 × magnification; lower half of panels: the framed area from the upper half of the panel
(200 × magnification). HGSC: high-grade serous ovarian cancer.
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3.3. The Correlation between AKR1B1 and AKR1B10 Expression Levels and Survival

For the survival studies of patients with HGSC, continuous variables of the percentages
of AKR1B1- and AKR1B10-positive cancer cells were used as predictors in the Cox survival
models. A higher AKR1B1 expression was significantly associated with a better overall
survival (p = 0.006) and disease-free survival (p = 0.002) (Figure 6). A multivariant Cox
model analysis identified a higher percentage of AKR1B1-positive cancer cells (using
continuous variables) as a statistically important prognostic factor for survival (p = 0.01),
disease-free survival (p = 0.005), and FIGO stage (p = 0.01 and p = 0.005) (Tables 3 and 4).
Considering that the restricted cubic splines model with three knots (Figure 6) crossed
zero around the first quartile, we decided to also calculate the Cox model for the AKR1B1
threshold at the first quartile value (40). The results are provided in the Supplementary
data (Figure S3; Tables S6 and S7).
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Figure 6. Overall and disease-free survival of patients with HGSC in relation to AKR1B1. (a) Overall
survival (p = 0.006) and (b) disease-free survival curves (p = 0.002). The X-axis represents the
percentages of AKR1B1-positive cancer cells. The Y-axis represents the hazard ratio for death (a) and
disease relapse (b). AKR1B1: aldo-keto reductase family 1 member B1; HGSC: high-grade serous
ovarian cancer.

Table 3. Multivariate Cox analysis of independent prognostic factors of overall survival.

Overall Survival Significance Hazard Ratio Confidence Interval

FIGO (I–II vs. III–IV) p = 0.01 2.41 1.23–4.72

Ascites p = 0.80 0.94 0.59–1.50

AKR1B1 expression
(continuous variable) p = 0.010 0.991 0.984–0.998

AKR1B10 expression
(continuous variable) p = 0.621 1.002 0.993–1.012

Table 4. Multivariate Cox analysis of independent prognostic factors of disease-free survival.

Disease-Free
Survival Significance Hazard Ratio Confidence Interval

FIGO (I–II vs. III–IV) p = 0.005 2.43 1.31–4.51

Ascites p = 0.761 0.93 0.60–1.46

AKR1B1 expression
(continuous variable) p = 0.005 0.990 0.984–0.997

AKR1B10 expression
(continuous variable) p = 0.715 0.998 0.989–1.008
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The AKR1B10 expression levels did not show any significant differences in the overall
or disease-free survival (p = 0.72 and p = 0.82, respectively) and were not recognized as a
prognostic factor for survival (Figure 7; Tables 3 and 4).
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(a) Overall survival (p = 0.72) and (b) disease-free survival curves (p = 0.82). The X-axis represents
the percentages of AKR1B10-positive cancer cells. The Y-axis represents the hazard ratio for death
(a) and disease relapse (b). AKR1B10: aldo-keto reductase family 1 member B10; HGSC: high-grade
serous ovarian cancer.

When the groups were separated into two groups using the median values of the
percentages of AKR1B1- or AKR1B10-positive cancer cells as the threshold values, no
significant differences were observed. An analysis of both AKR1B1 and AKR1B10 together,
using the median value as the separating value, also did not show any statistical difference
(Figures S1 and S2; Tables S4 and S5).

Residual disease after primary cytoreductive surgery was also confirmed as a sig-
nificant factor in the overall and disease-free survival in our patient group (p < 0.001)
(Figure S4). In the group of patients with macroscopic residual disease or no cytoreductive
surgery, higher levels of AKR1B1 were associated with a better overall survival (p = 0.030)
and disease-free survival (p = 0.007); the AKR1B10 expression levels did not show any
significant association with the overall or disease-free survival (p = 0.801 and p = 0.479,
respectively) (Table S8). In the group of patients with microscopic residual disease, the
higher levels of AKR1B1 were not associated with a better overall survival (p = 0.099) and
disease-free survival (p = 0.124); similarly, no association was seen between the AKR1B10
levels and overall or disease-free survival (p = 0.083 and p = 0.346, respectively) (Table S9).

Our results of the survival studies were also compared with publicly available data
from cBioportal (https://www.cbioportal.org accessed on 19 December 2021) and the
National Cancer Institute Proteomic Data Commons (PDC) server (https://pdc.cancer.gov)
(accessed on 19 December 2021). We used the RNA expression data of the genes AKR1B1
and AKR1B10 in the tissues of high-grade serous ovarian cancer (acquired by RNA-Seq and
Expectation-Maximization (RSEM) algorithms with batch normalization) and clinical data
from the TCGA Pan-Cancer Atlas study [31,32]. The RNA expression levels of AKR1B1 and
AKR1B10 did not show any significant associations with the overall or disease-free survival
(and were not recognized as a prognostic factor for survival (Tables S10 and S11)).

For the analysis of protein levels in HGSC, we used the National Cancer Institute
Proteomic Data Commons (PDC) server (https://pdc.cancer.gov Zhang TCGA study)
(accessed on 19 December 2021) [33]. Mass-spectrometry-based proteomic data for AKR1B1
and AKR1B10 also failed to reveal a significant association between the protein levels and
overall or disease-free survival (Tables S12 and S13).

https://www.cbioportal.org
https://pdc.cancer.gov
https://pdc.cancer.gov
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3.4. The Correlation between AKR1B1 and AKR1B10 Expression Levels and Chemoresistance

The correlations between the AKR1B1 and AKR1B10 expression and the responses
of patients to chemotherapy were also examined using the Mann–Whitney U test. The
patients were divided into two groups according to their responses to chemotherapy:
(a) non-responders (patients who did not achieve a disease-free survival of 6 months); and
(b) responders (patients with a disease-free survival of at least 6 months). No significant
differences were observed in the AKR1B1 (p = 0.93) and AKR1B10 (p = 0.55) expression
between the responders and non-responders (Figure 8). We also analyzed the data from the
proteomic database/Zhang TCGA study [33]; the results were consistent with our results
(Table S14).
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Figure 8. (a) AKR1B1 and (b) AKR1B10 distributions between patients with HGSC and different
responses to chemotherapy. Median values, boxes from the 25th to 75th percentiles, and whiskers
that correspond with the 25th percentile minus 1.5 times the interquartile range and with the 75th
percentile plus 1.5 times the interquartile range are shown. ◦ represents mild outliers; * represents
extreme outliers; AKR1B1: aldo-keto reductase family 1 member B1; AKR1B10: aldo-keto reductase
family 1 member B10; IQR: interquartile range; HGSC: high-grade serous ovarian cancer.

4. Discussion

Many studies have demonstrated the role of AKRs in the pathogenesis of many
different diseases [34], including uterine diseases [35–37]. The role of AKR enzymes in
cancer has especially become an important topic in the last 40 years, with more than 860
published papers focusing on AKR and cancer indexed in MEDLINE since 1981. AKR1B1
and AKR1B10 have been associated with different cancers [18,37–42]; however, their roles
differ among cancer types. Their increased expression was associated with either longer or
shorter patient survival, depending on the cancer type. AKR1B1 expression is increased in
rectal, hepatocellular, lung, breast, cervical, and ovarian cancer [38,43–46] and decreased
in colorectal and endometrial cancer [28,47–49]. An increased AKR1B10 expression was
associated with a poorer prognosis in oral squamous cells, gastric carcinomas, and lung
adenocarcinomas [39,41,50,51] whereas a decreased AKR1B10 expression was associated
with a significantly worse survival in colorectal cancer [52].

To the best of our knowledge, only a few studies have evaluated AKR levels in
ovarian cancer cells. It was discovered that upregulated mRNA of the AKR1C1–4 enzymes
(originally known as dihydrodiol dehydrogenases) and AKR1A1 induces a resistance to
cisplatin in human ovarian cancer cells [53]. Other reports have revealed that AKR1B1
protein levels are significantly upregulated in fibroblasts cocultured with ovarian cancer
cells [54] and also in ovarian cancer [44]. It was suggested that AKR1B1 overexpression
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may render cancer cells resistant to anticancer drugs and that AKR1B1 inhibitors could
reverse this resistance [55].

Until now, no study has assessed AKR1B1 and AKR1B10 levels using IHC in a large
cohort of ovarian cancer patients. Thus, we evaluated the histopathological samples
of HGSC patients (n = 99) and correlated the AKR1B1 and AKR1B10 expression with
the clinicopathological and survival data. Our results revealed that a higher AKR1B1
expression may be associated with a better overall survival of patients with HGSC whereas
AKR1B10 expression was not significantly associated with overall or disease-free survival.
Additionally, a multivariant Cox analysis demonstrated a high AKR1B1 expression as an
important prognostic factor for both overall and disease-free survival. However, these
results did not correlate with the survival analysis performed on the RNA expression data
and proteomic data from publicly available databases where no association with AKR1B1
was seen. The discrepancies between the analyses of mRNA levels and protein levels could
be explained by a variety of factors that affected the translation; methodological approaches
(IHC vs. LC-MS/MS after tryptic digest) might lead to different results of survival analyses
based on protein AKR1B1 levels.

Surprisingly, AKR1B1 and AKR1B10 were not associated with different responses
to chemotherapy although most of the patients included in our study received paclitaxel
and carboplatin chemotherapy and both AKR1B1 and AKR1B10 have previously been
implicated in the resistance to platinum-based drugs [56]. However, we have to point out
that no BRCA mutation status or HRD status were available to stratify these patients or to
perform a survival analysis accordingly, which represents a weakness of this study.

AKR1B1 and AKR1B10 are involved in many physiological and pathological pro-
cesses, including inflammation and cell differentiation, proliferation, and apoptosis [34,57].
These actions are achieved by the roles of AKR1B1 and AKR1B10 in retinoid metabolism,
prenylation, lipid synthesis, prostaglandin synthesis, and the detoxification of unsaturated
carbonyl products of lipid peroxidation [34,35]. Therefore, the potential protective role
of AKR1B1 could be explained by its detoxifying function, which decreases oxidative
stress and tumor mutations [58,59]. Oxidative stress is recognized by nuclear erythroid
2-related factor 2 (NRF2), which binds to the antioxidant response elements of numerous
antioxidant/detoxifying genes, including the AKR genes AKR1B1 and AKR1B10, thus
upregulating their expression. Studies that support this explanation showed that NRF2
inducers increase AKR1B1 and AKR1B10 expression and that NRF2 signaling is activated
by chemicals that produce reactive oxygen species [60–62]. The exact mechanism by which
an increased AKR1B1 expression is associated with a better survival of patients with HGSC
is currently unknown and requires further studies. It is also unclear why AKR1B10, which
plays a protective role in endometrioid endometrial carcinomas [37] and is also induced by
NRF2 signaling, does not exert protective effects in HGSC.

Resistance to chemotherapy in HGSC is complex and still not fully understood. There
are several mechanisms of resistance, including drug metabolism [16,63], altered drug
transport, the suppression of apoptosis [14], reversion mutations [15], the enhancement of
DNA repair, and increased antioxidant production and detoxification of reactive oxygen
species.Our results showed that AKR1B1 and AKR1B10 levels were not correlated with the
response to chemotherapy. This indicated a minor role of AKR1B1 and AKR1B10 in the
development of chemoresistance in HGSC.

5. Conclusions

In this study, higher levels of AKR1B1 immunostaining were identified as a signifi-
cant prognostic factor for overall and disease-free survival of patients with HGSC. This
indicated an important protective action of AKR1B1. Conversely, AKR1B10 levels showed
no correlation with the survival of patients with HGSC. Neither AKR1B1 nor AKR1B10
expression levels correlated with a resistance to chemotherapy. Our data thus suggest that
AKR1B1 is involved in the pathogenesis of HGSC but that the exact roles and mechanisms
still need to be determined.
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57. Sinreih, M.; Štupar, S.; Čemažar, L.; Verdenik, I.; Frković Grazio, S.; Smrkolj, Š.; Rižner, T.L. STAR and AKR1B10 are down-
regulated in high-grade endometrial cancer. J. Steroid. Biochem. Mol. Biol. 2017, 171, 43–53. [CrossRef] [PubMed]

58. Leone, A.; Roca, M.S.; Ciardiello, C.; Costantini, S.; Budillon, A. Oxidative Stress Gene Expression Profile Correlates with Cancer
Patient Poor Prognosis: Identification of Crucial Pathways Might Select Novel Therapeutic Approaches. Oxid. Med. Cell Longev.
2017, 2017, 2597581. [CrossRef] [PubMed]

59. Singh, M.; Kapoor, A.; Bhatnagar, A. Oxidative and reductive metabolism of lipid-peroxidation derived carbonyls. Chem. Biol.
Interact. 2015, 234, 261–273. [CrossRef] [PubMed]

60. Jung, K.A.; Choi, B.H.; Nam, C.W.; Song, M.; Kim, S.T.; Lee, J.Y.; Kwak, M.K. Identification of aldo-keto reductases as NRF2-target
marker genes in human cells. Toxicol. Lett. 2013, 218, 39–49. [CrossRef] [PubMed]

61. Penning, T.M. Aldo-Keto Reductase Regulation by the Nrf2 System: Implications for Stress Response, Chemotherapy Drug
Resistance, and Carcinogenesis. Chem. Res. Toxicol. 2017, 30, 162–176. [CrossRef]

http://doi.org/10.1016/j.cbi.2014.09.024
http://www.ncbi.nlm.nih.gov/pubmed/25304492
http://doi.org/10.3389/fphar.2012.00034
http://www.ncbi.nlm.nih.gov/pubmed/22419909
http://doi.org/10.3390/jcm9124105
http://www.ncbi.nlm.nih.gov/pubmed/33352741
http://doi.org/10.3390/cancers13143398
http://doi.org/10.1016/j.breast.2016.11.003
http://doi.org/10.1111/jop.12891
http://doi.org/10.1007/s13402-017-0351-7
http://doi.org/10.3892/ol.2018.9705
http://doi.org/10.3390/cancers11040486
http://doi.org/10.1111/j.1759-7714.2011.00092.x
http://doi.org/10.1007/s10620-018-4943-5
http://www.ncbi.nlm.nih.gov/pubmed/29383608
http://doi.org/10.1093/carcin/bgaa072
http://doi.org/10.1074/mcp.M116.062273
http://doi.org/10.1074/mcp.M113.035105
http://www.ncbi.nlm.nih.gov/pubmed/24567419
http://doi.org/10.1134/S0026893310020056
http://doi.org/10.1111/1759-7714.12863
http://doi.org/10.1002/hed.24759
http://doi.org/10.18632/aging.103393
http://doi.org/10.1074/jbc.M112028200
http://doi.org/10.4149/neo_2018_101
http://www.ncbi.nlm.nih.gov/pubmed/28857608
http://doi.org/10.2174/092986709787458362
http://doi.org/10.1124/pharmrev.120.000122
http://doi.org/10.1016/j.jsbmb.2017.02.015
http://www.ncbi.nlm.nih.gov/pubmed/28232277
http://doi.org/10.1155/2017/2597581
http://www.ncbi.nlm.nih.gov/pubmed/28770020
http://doi.org/10.1016/j.cbi.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25559856
http://doi.org/10.1016/j.toxlet.2012.12.026
http://www.ncbi.nlm.nih.gov/pubmed/23305850
http://doi.org/10.1021/acs.chemrestox.6b00319


Cancers 2022, 14, 809 15 of 15

62. Asangani, I.; Blair, I.A.; Van Duyne, G.; Hilser, V.J.; Moiseenkova-Bell, V.; Plymate, S.; Sprenger, C.; Wand, A.J.; Penning, T.M.
Using Biochemistry & Biophysics to Extinguish Androgen Receptor Signaling in Prostate Cancer. J. Biol. Chem. 2021, 296, 10024.
[CrossRef]

63. Hofman, J.; Malcekova, B.; Skarka, A.; Novotna, E.; Wsol, V. Anthracycline resistance mediated by reductive metabolism in cancer
cells: The role of aldo-keto reductase 1C3. Toxicol. Appl. Pharmacol. 2014, 278, 238–248. [CrossRef]

http://doi.org/10.1074/jbc.REV120.012411
http://doi.org/10.1016/j.taap.2014.04.027

	Introduction 
	Materials and Methods 
	Study Groups 
	Immunohistochemistry 
	Statistics 
	Ethical Issues 

	Results 
	Demographic and Histopathological Characteristics of the Patients 
	AKR1B1 and AKR1B10 Expression Levels in HGSC 
	The Correlation between AKR1B1 and AKR1B10 Expression Levels and Survival 
	The Correlation between AKR1B1 and AKR1B10 Expression Levels and Chemoresistance 

	Discussion 
	Conclusions 
	References

