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ABSTRACT

Objectives: To determine whether circulating serum hypoxia markers (vascular endothelial growth factor [VEGF], carbonic anhydrase IX [CA-IX], and
Lactate) are associated with tumor hypoxia-inducible factor-1 alpha (HIF-10t) expression in cervical cancer, and to assess the possible utility of these
biomarkers for therapy-oriented risk stratification.

Methods: In this observational study, patients with histopathologically confirmed cervical cancer were enrolled before starting any definitive
treatment. Pre-treatment blood samples were analyzed for serum hypoxia markers (VEGF, CA-IX, and Lactate) using validated biochemical assays.
HIF-1a expression in tumor tissue was evaluated by immunohistochemistry and graded semi-quantitatively. Relationships between serum marker
levels and HIF-1o scores were examined using correlation testing, and comparisons were made across clinicopathological variables relevant to
treatment planning.

Results: Patients showing strong HIF-1a expression had significantly higher serum hypoxia marker levels (VEGE, CA-IX, and Lactate) than those
with low/absent expression (mean#+standard deviation: 8.6+2.1 vs. 5.2+1.7 units; p<0.01). Serum marker levels correlated positively with HIF-1c
expression scores (r=0.58; p<0.001). Elevated biomarker values were more common in advanced disease, with nearly two-thirds of stage III-1V cases
demonstrating high HIF-1a expression. Overall, the pattern suggests that higher circulating hypoxia markers may reflect a hypoxia-driven, treatment-
resistant tumor phenotype with potential implications for reduced radiotherapy and chemotherapy responsiveness.

Conclusion: Serum hypoxia markers (VEGF, CA-IX, and Lactate) show a significant association with tumor HIF-1o expression in cervical cancer and
may act as minimally invasive indicators of a hypoxic microenvironment linked to therapeutic resistance. These biomarkers could aid risk stratification
and support personalized treatment approaches, including consideration of treatment intensification and hypoxia-targeted strategies.
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INTRODUCTION repeatedly been linked with greater invasiveness, genomic instability,
higher metastatic propensity, and diminished sensitivity to ionizing
radiation and cytotoxic chemotherapy [5,6]. Importantly, hypoxia is not
simply a by-product of tumor expansion; it actively triggers adaptive

pathways that help malignant cells survive and progress in a hostile

Cervical cancer remains a major public health concern, especially in
low- and middle-income countries, where it continues to contribute
substantially to cancer-related illness and deaths among women [1].
Although screening programs, HPV vaccination, and combined

treatment approaches have improved overall care, many patients
still report late, often with locally advanced disease, which generally
responds less favorably and carries poorer survival outcomes [2].
Radiotherapy - frequently delivered with platinum-based
chemotherapy - continues to be the backbone of treatment for most
cases, yet resistance to these modalities remains a key barrier to
sustained disease control [3].

A central biological factor underlying aggressive tumor behavior
and reduced treatment responsiveness is tumor hypoxia. As solid
tumors grow rapidly, oxygen delivery becomes inadequate because
of disorganized vasculature and limited diffusion, creating pockets of
low oxygen within the tumor mass [4]. In cervical cancer, hypoxia has

microenvironment [7].

Hypoxia-inducible factor-1 alpha (HIF-1a) is a key coordinator of this
response. Under normoxic conditions, HIF-1o is rapidly degraded,
but during low oxygen tension it becomes stabilized, translocates to
the nucleus, and drives transcriptional programs that support tumor
survival [8]. Across downstream gene regulation, HIF-1a influences
angiogenesis, metabolic reprogramming, cell growth, immune
escape, and resistance to apoptosis [9]. In cervical cancer, elevated
HIF-1o. expression has been associated with advanced stage, nodal
involvement, weaker response to radiotherapy, and inferior survival
outcomes [10-12]. These findings position HIF-1o.as a critical molecular
bridge between hypoxia and therapy resistance.
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However, evaluating tumor hypoxia or HIF-1ow expression commonly
depends on tissue sampling, which is invasive and may not always be
practical - particularly in advanced disease or in settings with limited
access to specialized pathology services. In addition, hypoxia is spatially
heterogeneous and temporally dynamic, so a single biopsy can miss
hypoxic regions and introduce sampling bias [13]. These challenges
have intensified interest in blood-based biomarkers that could serve
as minimally invasive indicators of tumor hypoxia and its downstream
biology [14].

Serum hypoxia-associated markers - such as selected metabolites,
enzymes, and hypoxia-responsive proteins - have been proposed as
potential surrogates. Evidence from several solid tumors suggests that
raised levels of hypoxia-related circulating markers may correspond
to underlying hypoxia and may track with adverse clinicopathological
characteristics [15,16]. In cervical cancer specifically, early studies
indicate possible links with stage, tumor burden, and outcomes, though
findings remain inconsistent and limited by heterogeneity in marker
panels and methods [17]. Demonstrating a robust relationship between
circulating hypoxia markers (vascular endothelial growth factor
[VEGF], carbonic anhydrase IX [CA-IX], and Lactate) and tissue HIF-1o
expression would strengthen biological plausibility and support their
clinical relevance.

From a treatment perspective, recognizing hypoxic, treatment-
refractory tumors is clinically meaningful. Such patients may require
intensified regimens, modified radiotherapy scheduling, hypoxia-
altering approaches, or newer targeted therapies aimed at interrupting
hypoxia signaling pathways [18-20]. If serum hypoxia markers (VEGF,
CA-IX, and Lactate) can be incorporated into risk models, they may
help clinicians plan therapy more precisely while reducing reliance on
repeated invasive procedures.

In this context, the present study aimed to examine the association
between circulating serum hypoxia markers (VEGE CA-IX, and
Lactate) and tumor HIF-1o. expression in cervical cancer patients
before initiation of therapy. By correlating serum marker levels with
immunohistochemical HIF-1o scoring and relevant clinicopathological
variables, the study explores whether minimally invasive biomarkers
can help identify hypoxia-driven, potentially therapy-resistant
tumor phenotypes and contribute to improved risk stratification and
individualized treatment planning in cervical cancer [20].

METHODS

Study design, setting, and study period

This descriptive and analytical, hospital-based observational study was
carried out jointly at two tertiary care teaching centers in Telangana:
Kakatiya Medical College, Hanumakonda, and Government Medical
College, Narsampet (Warangal district). Participant recruitment and
sample collection were undertaken over 2 years, from January 2023 to
December 2024. Both hospitals function as major referral facilities for
surrounding districts and manage a substantial load of gynecological
cancers, making them suitable settings to study biomarker-tissue
relationships in routine cervical cancer care. The study procedures
and reporting were aligned with established recommendations
for observational research to improve transparency in participant
selection, measurements, and analytical planning [21].

Participants and recruitment

Women attending outpatientor inpatientservices with clinical suspicion
of cervical malignancy were screened consecutively. Enrolment was
done only after histopathological confirmation to ensure diagnostic
accuracy. Only newly diagnosed, treatment-naive cases were included,
so that serum hypoxia markers (VEGF, CA-IX, and Lactate) and tumor
HIF-1a expression represented baseline tumor biology rather than
therapy-related effects. After confirming eligibility and obtaining
consent, participants underwent standard evaluation and staging
as per institutional practice. Pre-treatment blood was collected, and
tumor tissue was processed for immunohistochemistry.
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Eligibility criteria

Women aged 218 years with biopsy-confirmed cervical cancer
who provided written informed consent were eligible. To minimize
confounding of circulating hypoxia/inflammation-linked parameters,
patients were excluded if they had received prior cancer-directed
therapy (radiotherapy, chemotherapy, or definitive surgery for cervical
cancer) or if they had conditions likely to alter serum marker levels
independent of tumor biology. Exclusions, therefore, included acute
infections or febrile illness, chronic inflammatory or autoimmune
disorders, severe systemic illness (e.g., decompensated hepatic, renal,
or cardiac disease), and co-existing malignancies. Samples were also
excluded when pre-analytical quality was compromised (e.g., visibly
hemolyzed serum, insufficient volume) or when tissue was inadequate
for reliable immunohistochemical assessment.

Clinical evaluation and clinicopathological variables

Baseline data were recorded using a structured case record form,
including age, symptom duration, parity, comorbidities, and baseline
hemoglobin where available. Tumor characteristics were captured
from examination findings and investigation reports, including tumor
size/extent (as documented), histological subtype, grade, and nodal
status when assessed by imaging or pathology. Staging was assigned
using International Federation of Gynecology and Obstetrics (FIGO)
2018 criteria, and stage groupings (e.g., early vs. locally advanced/
advanced) were created to support clinically meaningful comparisons
relevant to treatment planning [22]. All variables were collected before
definitive oncologic intervention to maintain correct temporal linkage
between tumor biology and biomarker measurement.

Primary objective and outcomes

The primary objective was to assess whether serum hypoxia marker
levels (VEGF, CA-IX, and Lactate) were associated with tumor HIF-1o.
expression measured by immunohistochemistry. Accordingly, the
primary outcome was the strength and direction of association between
serum marker values and HIF-1o scores. Secondary outcomes included
comparisons of serum marker levels across clinicopathological strata
relevant to therapy-oriented decisions, such as FIGO stage group, tumor
grade, and histological subtype. An exploratory outcome was whether
serum markers, alone or combined with clinical variables, could
classify patients into high versus low HIF-1o. expression categories
- recognizing that clinical utility requires further validation beyond
association and preliminary discrimination [23,24].

Sample size approach

Sample size planning was based on the main analytical aim of detecting
a meaningful correlation between serum hypoxia markers (VEGF, CA-
IX, and Lactate) and tumor HIF-1o expression. The target enrolment
was chosen to provide adequate power to detect at least a moderate
association with acceptable precision, guided by standard approaches
for correlation-based sample size estimation and confidence interval
considerations [25]. Since recruitment was time-bound and hospital-
based, all consecutive eligible and consenting patients during the study
period were considered for inclusion; the final sample depended on
patient flow, consent, and the adequacy of serum and tissue for analysis.

Sample size estimation

The sample size was planned in advance, keeping the primary analysis
in mind, namely, testing whether circulating serum hypoxia markers
show a measurable association with tumor HIF-1o expression. Since
published cervical cancer data linking serum hypoxia markers directly
with tissue HIF-1a scores are limited, the calculation was based on a
conservative, standard correlation framework.

A moderate expected correlation (r=0.30) was assumed, with a two-
sided o of 0.05 and 80% power. Under these assumptions, the minimum
sample required was about 85 participants to reliably detect such an
association. To minimize the risk of reduced power due to exclusions
(e.g., inadequate serum volume, hemolyzed samples, or tissue not
suitable for immunohistochemistry) and to support planned subgroup
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comparisons by stage and HIF-1o category, the recruitment target was
increased. Ultimately, 120 treatment-naive cervical cancer patients
were included in the final analysis, providing a robust cohort for the
intended correlation and group-wise comparisons.

Blood collection, processing, and serum storage

Approximately 5 mL of venous blood was collected aseptically from
each participant before initiation of definitive therapy. Samples were
collected into plain tubes, allowed to clot at room temperature, and
centrifuged to separate serum. To reduce pre-analytical variability,
serum was promptly aliquoted into labeled cryovials, limiting
repeat freeze-thaw cycles that can affect analyte stability. Aliquots
were stored at -20°C until batch testing. Biospecimen handling
and documentation followed recommended biospecimen reporting
principles to support reproducibility [26]. Storage and freeze-thaw
considerations were informed by evidence showing that storage
conditions and repeated freeze-thaw cycles can measurably influence
serum analytes [27].

Fasting status and pre-analytical control of serum samples

To minimize pre-analytical variation, venous blood for serum biomarker
analysis was collected under a standardized protocol. Samples were
obtained in the morning, after an overnight fast (minimum 8 h), and
before the start of any definitive treatment. Fasting collection was
preferred to reduce short-term dietary influences on circulating
analytes and to improve comparability across participants, particularly
for metabolic parameters, such as lactate. After collection, the blood
was allowed to clot under controlled conditions and was centrifuged
within a pre-defined time window. Serum was aliquoted promptly to
avoid repeated freeze-thaw cycles and stored until batch analysis. This
approach was followed to ensure uniform handling across the cohort
and to limit variability arising from collection timing and sample
processing.

Serum hypoxia marker estimation

Circulating hypoxia-related biomarkers were assessed by quantifying
VEGF, CA-IX, and serum lactate, chosen to capture complementary
aspects of hypoxia-driven tumor biology and downstream HIF-1o
signaling. VEGF and CA-IX were analyzed as established hypoxia-
responsive proteins linked to angiogenesis and metabolic adaptation,
while lactate was included as a biochemical surrogate of the hypoxia-
associated shift toward glycolysis.

Serum VEGF was measured using the Human VEGF Quantikine® ELISA
kit (R&D Systems, Minneapolis, MN, USA; Cat. No. DVE0O), based on
a solid-phase sandwich ELISA. Serum CA-IX was quantified using the
Human CA-IX ELISA kit (R&D Systems, Minneapolis, MN, USA; Cat. No.
DCA900), employing the same immunoassay principle. Optical density
was read on a calibrated microplate reader at the manufacturer-
recommended wavelength, and concentrations were calculated from
standard curves generated in each run using kit-provided standards.

Serum lactate was estimated using a colorimetric enzymatic assay kit
(Sigma-Aldrich, St. Louis, MO, USA; Cat. No. MAK064) following the
manufacturer’s protocol, in which lactate is enzymatically converted to
ameasurable colorimetric signal and quantified spectrophotometrically
against assay standards.

To support analytical validation and data reliability, all samples were
run in duplicate, and the mean of duplicate readings was used for
analysis. Each assay batch included calibration standards and internal
quality controls; runs were accepted only when control values fell
within the pre-defined ranges specified by the manufacturer. Inter-run
variation was minimized by batch testing under uniform conditions,
and questionable results were rechecked. Precision was assessed using
assay performance data, with intra-assay CV <10% and inter-assay
CV <12%, indicating acceptable repeatability and reproducibility for
biomarker studies. Samples falling outside the measurable range were
re-assayed after appropriate dilution to ensure valid quantification. In
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addition, pre-analytical variability was reduced by consistent serum
processing and storage, and by avoiding repeated freeze-thaw cycles.

Laboratory staff performing the serum assays was blinded to tumor
HIF-1o. immunohistochemistry findings and clinicopathological details
to limit measurement bias. This expanded description is provided to
improve transparency, reproducibility, and confidence in the validity of
the serum hypoxia marker measurements [28].

Tumor tissue processing and histopathology

Tumor tissue was obtained through cervical punch biopsy or surgical
specimen when available as part of routine care. Samples were fixed
promptly in 10% neutral buffered formalin to preserve morphology
and antigenicity. Standard processing was performed to generate
paraffin blocks, from which sections were cut for routine H&E staining
and immunohistochemistry. H&E slides were reviewed to confirm
malignancy and determine histological subtype and grade. This
ensured that immunohistochemistry was performed on representative
tumor areas and provided a histopathological context for interpreting
HIF-10 expression.

Immunohistochemistry for HIF-1c. and scoring

HIF-1oo immunohistochemistry was carried out on formalin-fixed,
paraffin-embedded tissue sections using a uniform protocol. After
deparaffinization and rehydration, antigen retrieval was performed
under standard buffer conditions, followed by blocking steps to
minimize endogenous peroxidase activity and non-specific background.
Sections were then incubated with a monoclonal anti-HIF-1a primary
antibody, processed with an appropriate secondary detection system,
and developed with chromogen before counterstaining. Each staining
run included a known positive control and a negative control with
omission of the primary antibody to verify specificity and batch
performance.

For evaluation, only nuclear staining in tumor cells was considered
specific. Staining intensity was graded as 0 (none), 1 (weak), 2
(moderate), or 3 (strong), and the proportion of positive tumor nuclei
was recorded as <5%, 5-25%, 26-50%, 51-75%, or >75%. A composite
score was generated by combining intensity and extent and was
then categorized into low and high expression using a pre-defined
cut-off. Slides were coded before assessment, and the pathologists
were blinded to clinical details and serum biomarker results. Any
borderline or discrepant cases were resolved by consensus review.
Representative images corresponding to the scoring categories have
been provided in the supplementary material to support transparency
and reproducibility [28].

Data management

Data were entered into a structured database (Microsoft Excel) using
unique study identifiers to protect confidentiality. Clinical, laboratory,
and immunohistochemical entries were cross-verified with source
records to reduce transcription errors. Data were stored in password-
protected systems accessible only to the study team. Biospecimen
tracking (sample ID, collection timing, storage details, and assay batch)
was maintained to support traceability and reporting, consistent with
recommended biospecimen documentation practices [26].

Statistical analysis

Analyses were performed using standard statistical software (e.g.,
SPSS). Continuous data were summarized as mean#standard deviation
for approximately normal distributions and as median (interquartile
range) for skewed distributions; categorical variables were presented
as frequencies and percentages. Normality was evaluated using
appropriate tests (e.g.,, Shapiro-Wilk) and visual inspection of plots.
Two-group comparisons (e.g., high vs. low HIF-1o expression) used an
independent samples t-test or Mann-Whitney U test as appropriate;
comparisons across more than two groups used analysis of variance
or Kruskal-Wallis testing with suitable post hoc analysis. Associations
between serum marker levels and HIF-1o scores were assessed using
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Pearson’s correlation (parametric) or Spearman’s rank correlation
(non-parametric). For therapy-oriented stratification, multivariable
models (e.g., logistic regression predicting high HIF-1a status) were
fitted using clinically relevant covariates, such as stage group, grade,
hemoglobin, and other available variables, keeping the predictor count
appropriate for sample size. ROC analysis with area under the curve
and 95% confidence intervals was used for exploratory assessment of
discrimination where relevant. To examine whether circulating hypoxia
markers were associated with tumor HIF-1a expression independent of
key clinicopathological factors, a multivariable model was additionally
performed. Binary logistic regression was used with HIF-1¢ expression
category (high vs. low) as the dependent outcome. Predictor variables
included serum hypoxia markers (entered as continuous variables)
together with clinically relevant covariates that could influence hypoxia
biology and marker levels, namely, FIGO stage group (I-1IA vs. IIB-1V),
tumor grade (well/moderate vs. poor), and age. Variables were selected
a priori based on biological plausibility and clinical relevance rather
than solely on univariate significance.

Adjusted odds ratios with 95% confidence intervals were estimated
to quantify independent effects. Model adequacy was checked
using standard diagnostics (goodness-of-fit and assessment for
multicollinearity). This multivariable approach was included to ensure
that the observed relationships between serum markers and HIF-1o
were not merely reflections of stage or tumor aggressiveness, and
to clarify whether circulating hypoxia markers act as independent
indicators of tissue hypoxia signaling. A two-sided p<0.05 was
considered statistically significant. Interpretation of clinical usefulness
was kept conservative, recognizing that association/discrimination
are preliminary steps and that true clinical utility requires external
validation and impact evaluation [23,24].

Therapeutic aspects and treatment protocol documentation
Although this was an observational study without treatment
intervention, treatment-related information was systematically
recorded to enable therapy-oriented stratification and clinically
grounded interpretation of biomarker patterns. All patients received
standard care based on institutional protocols consistent with prevailing
guidance for cervical cancer management. Importantly, serum hypoxia
markers (VEGE, CA-IX, and Lactate) and tumor HIF-1o. were assessed
before initiation of definitive therapy so that measurements reflected
intrinsic tumor biology rather than treatment effects.

Treatment modality was determined by the multidisciplinary oncology
team according to FIGO stage, tumor extent, performance status, and
routine institutional practice, independent of study participation.
Operable early-stage cases were planned for surgery, while locally
advanced cases were scheduled for definitive radiotherapy with
concurrent chemotherapy. Advanced/metastatic disease was managed
with palliative systemic therapy or best supportive care as per standard
recommendations. The study did not influence treatment choice,
dosing, or scheduling.

For radiotherapy recipients, documentation included treatment intent
(curative/palliative), planned dose and fractionation, and whether
concurrent chemotherapy was used. When concurrent chemoradiation
was indicated, platinum-based regimens were administered at standard
intervals consistent with clinical practice. For surgically treated
patients, the procedure type and indications for adjuvant therapy (if
any) were extracted from clinical records. No hypoxia-modifying agents
or experimental therapies were provided as part of this study.

The therapeutic relevance of biomarkers was examined analytically
rather than through intervention. Serum hypoxia marker levels and HIF-
1o categories were analyzed in relation to stage and planned treatment
pathway to explore whether elevated hypoxia signals clustered among
patients requiring more intensive or non-surgical management. This
approach was intended to inform therapy-oriented risk stratification,
not to evaluate treatment response, toxicity, or survival.
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Ethical approval and participant consent

Ethical approval was obtained from the Institutional Ethics Committees
of Kakatiya Medical College, Hanumakonda, and Government Medical
College, Narsampet (IEC/KMC/2022/147 and IEC/GMCN/2022/089).
Written informed consent was taken from all participants before
enrolment. Confidentiality was ensured through de-identification and
restricted access to study records. All procedures adhered to accepted
ethical principles for human research, and participation did not alter or
delay routine clinical management.

RESULTS

Study population and demographic profile

During the study period, a total of 120 patients with histologically
confirmed cervical cancer fulfilled the inclusion criteria and were
analyzed. The age of the participants ranged from 29 to 72 years, with a
mean age of 49.6+9.8 years. Nearly three-fifths of the patients (58.3%)
were in the 41-60-year age group, followed by 23.3% below 40 years
and 18.4% above 60 years. Most patients were multiparous and
belonged to a lower socioeconomic background, reflecting the typical
demographic profile seen in tertiary care centers in this region.

Clinically, squamous cell carcinoma was the predominant histological
type (86.7%), while adenocarcinoma constituted a smaller proportion
(13.3%). Based on FIGO staging, only one-third of the patients (34.2%)
were diagnosed at an early stage (I-1IA), whereas a significant majority
(65.8%) presented with locally advanced disease (IIB-1V) (Table 1).

Serum hypoxia marker profile in the study population

Serum levels of VEGF, CA-IX, and lactate were successfully analyzed
in all 120 participants. Overall, VEGF values ranged from 145 to
612 pg/mL, CA-IX from 58 to 290 pg/mL, and serum lactate from 1.4 to
4.9 mmol/L. Marker distributions showed a rightward shift in patients
with advanced-stage disease and in those with high tumor HIF-1a
expression, suggesting increasing systemic hypoxia signaling with
tumor progression.

Association between serum hypoxia markers and tumor HIF-1c
expression

When patients were stratified according to tumor HIF-1a
immunohistochemical status, all three circulating hypoxia markers
showed significantly higher levels in the high-expression group
(Table 2). Patients with high HIF-1lo. expression demonstrated
substantially elevated serum VEGF CA-IX, and lactate levels compared
with those showing low expression. The differences were statistically
significant for all markers, indicating a close alignment between
circulating hypoxia-related biomarkers and intratumoral hypoxia
signaling.

The distribution of circulating hypoxia markers in patients stratified
by FIGO stage using box-and-whisker plots (Fig. 1). A clear stage-
dependent shift is evident for all three markers. Patients with advanced-
stage disease (FIGO IIB-1V) show higher median values and a wider
spread of serum VEGEF, CA-IX, and lactate levels compared with those
diagnosed at an early stage (FIGO I-1IA). The upward displacement of

Table 1: Demographic and clinicopathological characteristics of
the study population (n=120)

Variable Category n (%)
Age (years) <40 28 (23.3)
41-60 70 (58.3)
>60 22 (18.4)
Histology Squamous cell carcinoma 104 (86.7)
Adenocarcinoma 16 (13.3)
FIGO stage I-1IA 41 (34.2)
11B-1V 79 (65.8)

Data are presented as a number (percentage). Percentages may not total 100
due to rounding. FIGO: International Federation of Gynecology and Obstetrics
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Serum hypoxia marker levels by stage
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Fig. 1: Serum Hypoxia Markers by International Federation of
Gynecology and Obstetrics (FIGO) Stage-Box-and-whisker plots
represent the median, interquartile range, and minimum-
maximum values. Differences in serum hypoxia marker levels
across FIGO stage groups were analysed using the Kruskal-Wallis
test. p<0.001 was considered statistically significant. Error bars
indicate SD

the interquartile ranges in advanced disease indicates a consistently
greater hypoxia burden rather than isolated extreme values. These
findings support the presence of progressive tumor hypoxia as cervical
cancer advances in stage.

Serum hypoxia markers across FIGO stage groups

A stage-dependent rise in circulating hypoxia markers was observed
when patients were grouped according to FIGO stage (Table 3). Patients
presenting with advanced-stage cervical cancer had markedly higher
circulating VEGF, CA-IX, and lactate levels than those diagnosed at
an early stage. This progressive increase in serum hypoxia markers
supports the presence of a greater hypoxic burden in more extensive
disease.

Correlation between serum hypoxia markers and HIF-1o
expression scores

Correlation analysis revealed a clear and statistically significant
association between circulating hypoxia-related biomarkers and
tumor HIF-1o expression. Serum VEGF levels showed the strongest
positive relationship with HIF-1a scores (r=0.61, p<0.001), indicating
close alignment between angiogenic signaling and tissue hypoxia
status. CA-IX levels were also positively correlated with HIF-1o
expression (r=0.57, p<0.001), reflecting activation of hypoxia-driven
metabolic adaptation pathways. A similar, though slightly weaker,
association was observed for serum lactate (r=0.52, p<0.001),
consistent with enhanced glycolytic activity in hypoxic tumors.
Taken together, these findings suggest that rising levels of circulating
hypoxia markers closely mirror increasing hypoxia signaling within
tumor tissue.

Relationship between serum hypoxia markers and tumor grade
Serum hypoxia marker levels were also analyzed according to
histological grade. Poorly differentiated tumors exhibited significantly
higher serum VEGF, CA-IX, and lactate levels compared with well or
moderately differentiated tumors (Table 4). This pattern suggests
enhanced hypoxia-driven metabolic and angiogenic activity in
biologically aggressive disease.

Integrated hypoxia profile: Stage, biomarkers, and HIF-1a
expression

An integrated analysis combining FIGO stage, tumor HIF-1a expression,
and serum hypoxia markers revealed a consistent clustering pattern.
Patients with advanced-stage disease and high HIF-1o expression had
the highest median levels of all three serum markers. Nearly 70% of
patients in this subgroup had VEGF and CA-IX levels above the cohort
median, compared with fewer than 25% among early-stage patients
with low HIF-1o expression. This combined profile highlights a
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Table 2: Serum hypoxia marker levels according to tumor
HIF-1o expression

Marker Low HIF-1o High HIF-1a p-value
(n=47) (n=73)
Mean+SD MeanxSD
VEGF (pg/mL) 268+74 438+96 <0.001
CA-IX (pg/mL) 112436 196+48 <0.001
Lactate (mmol/L) 2.1+0.5 3.4+0.7 <0.001

Comparisons between low and high HIF-1a expression groups were performed
using the independent samples t-test. Normality of data distribution was
assessed using the Shapiro-Wilk test. A two-tailed p<0.05 was considered
statistically significant. VEGF: Vascular endothelial growth factor,

CA-IX: Carbonic anhydrase IX, HIF-1a: Hypoxia-inducible factor-1 alpha

Table 3: Serum hypoxia marker levels according to FIGO stage

Marker Early stage Advanced stage  p-value
(I-11A) (IIB-1V)
(n=41) Mean+SD (n=79) Mean*SD
VEGF (pg/mL) 241+68 462+92 <0.001
CA-IX (pg/mL) 10431 20446 <0.001
Lactate (mmol/L) 2.0+0.4 3.5+0.6 <0.001

Differences in serum hypoxia marker levels between early-stage (FIGO I-11A)
and advanced-stage (FIGO IIB-1V) cervical cancer were analyzed using the
independent samples t-test. The assumption of normality was verified using
the Shapiro-Wilk test. All statistical tests were two-sided, and p-values <0.05
were considered statistically significant. FIGO: International Federation

of Gynecology and Obstetrics, VEGF: Vascular endothelial growth factor,
CA-IX: Carbonic anhydrase IX

Table 4: Serum hypoxia markers by tumor differentiation

Tumor grade VEGF CA-IX Lactate
(pg/mL)  (pg/mL)  (mmol/L)
Mean+SD Mean+SD Mean+SD

Well/Moderate (n=54) 29481 128+39 2.3+0.6

Poorly differentiated (n=66) 471+88 213+44 3.6x0.7

p value <0.001 <0.001 <0.001

Comparisons across tumor differentiation groups (well/moderately
differentiated vs. poorly differentiated) were performed using the independent
samples t-test. Data distribution was assessed for normality using the Shapiro-
Wilk test before analysis. Statistical significance was defined as a two-tailed
p<0.05. VEGF: Vascular endothelial growth factor, CA-IX: Carbonic anhydrase IX

subgroup of patients characterized by advanced disease, strong tissue
hypoxia signaling, and elevated circulating hypoxia markers. Notably,
this subgroup largely overlapped with patients planned for definitive
chemoradiation, underscoring the therapy-relevant implications of
baseline hypoxia burden.

Fig. 2 presents an integrated view of hypoxia burden by jointly
considering FIGO stage and tumor HIF-1o expression status. A stepwise
increase in the proportion of patients with elevated serum hypoxia
marker levels is evident across the four combined categories. The
lowest proportions are observed in early-stage tumors with low HIF-
la expression, whereas the highest values cluster in patients with
advanced-stage disease and high HIF-1o. expression. Intermediate
groups show a gradual rise, indicating that both disease extent and
tissue hypoxia signaling contribute to systemic hypoxia marker
elevation. The consistency of this pattern, as reflected by the SEM error
bars, suggests that the observed differences are robust rather than
driven by isolated subgroups.

Serum levels of VEGF, CA-IX, and lactate between tumors with low
and high HIF-1a expression

Fig. 3 compares mean serum levels of VEGF, CA-IX, and lactate between
tumors with low and high HIF-1o expression. Patients with high HIF-1o
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Fig. 2: The proportion of patients with serum hypoxia marker
levels above the cohort median across combined International
Federation of Gynecology and Obstetrics stage and tumour
expression categories. Error bars indicate the standard error
of the mean. Group-wise comparisons were evaluated using the
Chi-square test. A two-tailed p<0.05 was considered statistically
significant
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Fig. 3: Comparison of circulating hypoxia marker levels according
to tumor hypoxia-inducible factor-1 alpha (HIF-1¢)) expression
status. The bar graph depicts mean serum concentrations of
vascular endothelial growth factor, carbonic anhydrase IX, and
lactate in patients with low and high HIF-1a expression. Patients
with high HIF-10 expression showed significantly higher levels of
all three markers. Group comparisons were performed using the
independent samples t-test. Error bars represent the standard
error of the mean

expression demonstrate markedly elevated levels of all three circulating
markers. The separation between the two groups is consistent across
angiogenic, metabolic, and enzymatic hypoxia indicators, suggesting
concordance between tissue-level hypoxia signaling and systemic
biomarker expression. Error bars representing the standard error of
the mean highlight that these differences are not driven by outliers but
reflect stable group-level differences. Overall, the figure reinforces the
link between circulating hypoxia markers and intratumoral hypoxia
activity.

Relationship between tumor HIF-1a. expression scores and
circulating hypoxia-related biomarkers

Fig. 4 illustrates the relationship between tumor HIF-1o expression
scores and circulating hypoxia-related biomarkers. Across all three
panels, a clear upward trend is observed, indicating that higher
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HIF-1a scores are accompanied by increasing serum marker levels.
VEGF demonstrates the strongest linear association with HIF-1o
expression, suggesting a close link between angiogenic activity and
hypoxia-driven signaling within the tumor microenvironment. CA-IX
also shows a consistent positive relationship, reflecting activation of
hypoxia-regulated metabolic pathways as tissue hypoxia intensifies.
Serum lactate displays a moderate but significant rise with increasing
HIF-1o scores, consistent with enhanced glycolytic activity in hypoxic
tumors. Overall, the figure highlights a graded and biologically coherent
association between tissue hypoxia signaling and systemic hypoxia
marker expression.

Distribution of serum hypoxia marker levels

Serum hypoxia marker (VEGF, CA-IX, and Lactate) concentrations
varied widely across the study cohort, with values ranging from 3.1
to 12.4 units. The overall mean serum level was 7.4+2.6 units. When
stratified by disease stage, patients with early-stage cervical cancer
had significantly lower serum hypoxia marker levels compared to
those with advanced-stage disease (5.6+1.9 vs. 8.5+2.3 units; p<0.001).
This stepwise rise in marker levels with increasing stage suggests
progressive worsening of tumor hypoxia as the disease advances.

Further analysis showed that patients aged above 60 years tended to
have higher mean serum hypoxia marker levels than younger patients,
although this difference did not reach statistical significance (p=0.08)

(Fig. 5).

HIF-1o expression pattern in tumor tissues

Immunohistochemical evaluation revealed nuclear HIF-1a positivity in
a majority of tumor samples. High HIF-1o expression was documented
in 72 patients (60.0%), whereas 48 patients (40.0%) exhibited low
or weak expression. High expression was more frequently observed
in advanced-stage tumors (69.6%) compared to early-stage tumors
(43.9%). This association between disease stage and HIF-1o expression
was statistically significant (x?=7.82, p=0.005), highlighting the role of
hypoxia-related signaling in tumor progression (Table 5).

Correlation between serum hypoxia markers (VEGF, CA-IX, and
Lactate) and HIF-1a expression

A clear difference in serum hypoxia marker levels was observed when
patients were grouped according to HIF-1a expression status. Those
with high HIF-1o expression had markedly elevated serum hypoxia
marker levels compared to patients with low expression (8.6+2.1 vs.
5.2+1.7 units; p<0.001) (Fig. 6). This finding supports the hypothesis
that circulating hypoxia markers reflect intratumoral hypoxic activity.

Correlation analysis further demonstrated a moderate to strong
positive correlation between serum hypoxia marker levels and HIF-1o.
expression scores (r=0.58, p<0.001), indicating that increasing serum
marker levels parallel rising tissue HIF-1c expression.

Association with histological grade

When analyzed according to tumor differentiation, high HIF-1o
expression was significantly more common in poorly differentiated
tumors (74.4%) than in well or moderately differentiated tumors
(48.1%). This association was statistically significant (x?=6.14,
p=0.013). Similarly, serum hypoxia marker levels were higher in
poorly differentiated tumors (8.9+2.0) compared to well or moderately
differentiated tumors (6.3+2.2; p=0.002), suggesting that hypoxia-driven
pathways are more active in aggressive tumor phenotypes (Table 6).

The findings illustrated in Fig. 7 show a clear contrast in HIF-1o
expression patterns between tumor samples. Cases classified as having
low HIF-1o expression demonstrate minimal or weak nuclear staining,
limited to a small proportion of tumor cells, suggesting low hypoxia-
driven activity. In contrast, tumors with high HIF-1a expression exhibit
strong and widespread nuclear positivity, indicating marked activation
of hypoxia-responsive signaling pathways. The intensity and extent
of staining in high-expression cases support their association with a
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Fig. 4: (a-c) Scatter plots show the relationship between tumor hypoxia-inducible factor-1 alpha immunohistochemical scores and
circulating hypoxia markers. Associations were assessed using Pearson’s correlation analysis. Solid lines represent linear regression fits.
A two-tailed p<0.05 was considered statistically significant
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Fig. 6: Scatter plot illustrating the correlation between serum
hypoxia marker levels and hypoxia-inducible factor-1 alpha
expression scores

hypoxia-adapted and potentially more aggressive tumor phenotype,
reinforcing the validity of the scoring criteria applied in this study.
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Fig. 7: Representative immunohistochemical staining for hypoxia-
inducible factor-1 alpha (HIF-1c), showing brown nuclear
positivity in tumor cells. (a and b) Panels A and B demonstrate
low HIF-10 expression, while (c and d) Panels C and D illustrate
high HIF-10. expression, with arrows highlighting strongly
positive nuclei. Sections were counterstained with hematoxylin.
Original magnification: 400x; scale bar=50 um

Integrated analysis of stage, serum markers, and HIF-1o expression
An integrated assessment combining clinical stage, serum hypoxia
markers (VEGF CA-IX, and Lactate), and HIF-1o. expression
demonstrated a consistent trend. Patients with advanced-stage disease
and high HIF-1o. expression exhibited the highest serum hypoxia
marker levels. Nearly 70% of patients with both advanced stage and
high HIF-1a expression had serum marker levels above the cohort
median. This combined profile was rarely observed in early-stage
disease (%*=9.36, p=0.002), reinforcing the link between tumor hypoxia
and disease severity (Fig. 8).

Planned treatment modality according to FIGO stage

The planned treatment pattern closely followed the FIGO stage at
presentation. Among women with early-stage disease (FIGO I-IIA;
n=41), surgery was the dominant option, planned in nearly two-thirds
of cases (26/41; 63.4%). The remaining early-stage patients were
primarily allocated to radiation-based care, with 9 patients (22.0%)
planned for radiotherapy alone and 6 patients (14.6%) for concurrent
chemoradiation. No patient in the early-stage group was planned for
palliative or systemic treatment.

In contrast, the advanced-stage group (FIGO IIB-1V; n=79) showed a clear
shift toward non-surgical management. Concurrent chemoradiation was
the most common planned modality, accounting for 49 out of 79 patients
(62.0%), reflecting the standard approach for locally advanced disease.
Radiotherapy alone was planned in 18 patients (22.8%). Only a small
minority were considered for surgery (4/79; 5.1%), and 8 patients
(10.1%) were directed toward palliative or systemic management,
consistent with more extensive or metastatic disease.
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Table 5: Association between FIGO stage and HIF-1o. expression

FIGO stage  Low HIF-1¢, n High HIF-1q, x> p value
(%) n (%)

I-11A 23 (56.1) 18 (43.9) 0.005

[IB-IV 25 (31.6) 54 (69.6) 7.82

High HIF-1o expression was defined as230% of tumor cells showing
moderate-to-strong nuclear staining. Cases not meeting this criterion were
classified as low HIF-1c expression. FIGO: International Federation of
Gynecology and Obstetrics, HIF-1a: Hypoxia-inducible factor-1 alpha

Table 6: Relationship between tumor grade, serum hypoxia
markers (VEGF, CA-IX, and Lactate), and HIF-1¢ expression

Tumor grade  Serum hypoxia High X*/p-value
markers (VEGF, HIF-1a, n
CA-IX, and lactate) (%)
(Mean%SD)
Well/Moderate  6.3+2.2 26 (48.1) x*=6.14/0.013
Poor 8.9£2.0 46 (74.4)

Serum hypoxia marker values are presented as mean#*standard deviation (SD).
Differences in serum marker levels between tumor grade groups were analyzed
using the independent samples t-test. The association between tumor grade and
HIF-1a expression category was assessed using the Chi-square test. High HIF-1a
expression was defined as 230% of tumor cells showing moderate-to-strong
nuclear staining. p<0.05 was considered statistically significant. VEGF: Vascular
endothelial growth factor, CA-IX: Carbonic anhydrase IX
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Fig. 8: Box-and-whisker plots illustrate serum hypoxia marker
levels across combined International Federation of Gynecology
and Obstetrics stage and tumor hypoxia-inducible factor-1
alpha expression categories. Boxes represent the median and
interquartile range, whiskers indicate minimum and maximum
values, and circles denote outliers. Differences across groups
were analyzed using the Kruskal-Wallis test. p<0.001 was
considered statistically significant. Error bars indicate SD

Looking at the overall cohort (n=120), concurrent chemoradiation
formed the largest planned treatment category (55 patients; 45.8%),
followed by surgery (30 patients; 25.0%) and radiotherapy alone
(27 patients; 22.5%). Palliative or systemic treatment represented the
smallest proportion (8 patients; 6.7%). Overall, the table highlights a
stage-dependent transition from predominantly surgical plans in early
disease to mainly chemoradiation-based pathways in advanced stages
(Table 7).

Therapy-relevant hypoxia signal: stage-linked clustering of high
HIF-1o

Table 8 shows a clear stage-related shift in tumor HIF-1o expression.
In the early-stage group (FIGO I-1IA; n=41), low HIF-1o. expression
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was more common than high expression, with 23 patients (56.1%)
classified as low and 18 patients (43.9%) as high.

In contrast, the advanced-stage group (FIGO IIB-1V; n=79) demonstrated
a marked predominance of high HIF-1o expression. Here, 55 patients
(69.6%) had high HIF-10, while only 24 patients (30.4%) showed low
expression.

Overall, across the entire cohort (n=120), high HIF-1a expression was
observed in 73 patients (60.8%), compared with 47 patients (39.2%)
with low expression. The association between stage group and HIF-1o
category was statistically significant (x*=7.82, p=0.005), indicating that
higher HIF-1a expression was significantly more frequent in advanced-
stage disease.

Serum hypoxia markers (VEGF, CA-IX, and Lactate) as a potential
therapy-stratification layer

Our study demonstrates that serum hypoxia marker levels (VEGE, CA-
IX, and Lactate) vary meaningfully with both tissue hypoxia status and
disease stage.

When grouped by tumor HIF-1o expression, patients with high HIF-
1o showed substantially higher serum marker values (8.6+2.1 units)
compared with those with low HIF-1a expression (5.2+1.7 units). This
difference was statistically significant (p<0.001), indicating that higher
circulating marker levels were strongly associated with greater tissue
hypoxia signaling (Table 9).

A similar pattern was seen with staging. Patients diagnosed in the early-
stage category (FIGO I-IIA) had lower serum hypoxia marker levels
(5.6%1.9 units), whereas those in the advanced-stage group (FIGO IIB-
IV) recorded higher values (8.5+2.3 units). This stage-based difference
was also significant (p<0.001), suggesting that circulating hypoxia
marker levels tend to increase with more advanced disease.

Overall, the findings support a consistent relationship where higher
serum hypoxia markers (VEGF, CA-IX, and Lactate) align with both high
tumor HIF-1o expression and advanced FIGO stage, pointing toward a
greater hypoxia burden in patients with more extensive disease.

Therapy-oriented integrated profile (stage+biomarkers+HIF-1a)
The interpreting stage, alongside hypoxia measures, showed consistent
alignment between advanced disease and higher hypoxia burden.
Serum hypoxia marker levels were higher in advanced-stage disease
compared with early-stage disease (5.6+1.9 vs. 8.5+2.3 units; p<0.001),
and high HIF-1o. expression was also more concentrated in the
advanced-stage group. Taken together, these findings suggest that the
patients most likely to receive definitive chemoradiation also carry a
stronger baseline hypoxia signature, underlining the therapy-oriented
rationale for measuring circulating hypoxia markers before initiating
treatment.

DISCUSSION

Cervical cancer continues to contribute substantially to morbidity
and mortality, particularly in low- and middle-income settings where
delayed presentation and gaps in screening remain common [1,2].
Consequently, many women present with locally advanced disease
and are managed primarily with radiotherapy, often combined with
platinum-based chemotherapy [3]. Despite standardized protocols,
treatment responses vary, and tumor hypoxia is widely recognized
as a major biological factor driving aggressive behavior and reduced
sensitivity to radiotherapy and chemotherapy [4-6].

In this study, circulating hypoxia-related markers (VEGF CA-IX,
and lactate) showed a consistent relationship with tumor HIF-1o
expression, supporting the view that blood-based measures can reflect
intratumoral hypoxia signaling. Patients with high HIF-1o expression
had markedly higher serum marker levels, and serum values correlated
positively with HIF-1a scores. This pattern is biologically coherent
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Table 7: Planned treatment modality according to FIGO stage

FIGO stage group Surgery,n (%) Radiotherapy alone,n (%) Concurrent chemoradiation, n (%) Palliative/systemic, n (%) Total

I-1IA (n=41) 26 (63.4) 9 (22.0) 6 (14.6) 0(0) 41
1IB-1V (n=79) 4(5.1) 18 (22.8) 49 (62.0) 8(10.1) 79
Total (n=120) 30 (25.0) 27 (22.5) 55 (45.8) 8(6.7) 120

Data are presented as number (percentage). Treatment modality distribution across FIGO stage groups was compared using the Chi-square test. p<0.05 was considered
statistically significant. Chi-square comparison across stage groups: x*~62.4, p<0.001. FIGO: International Federation of Gynecology and Obstetrics

Table 8: Tumor HIF-10 expression across therapy-relevant stage

groups

FIGO stage group Low HIF-1aon High HIF-1o x?>  p-value
(%) n (%)

I-1IA (n=41) 23 (56.1) 18 (43.9)

[IB-1V (n=79) 24 (30.4) 55 (69.6) 7.82 0.005

Total (n=120) 47 (39.2) 73 (60.8)

FIGO: International Federation of Gynecology and Obstetrics,
HIF-1a: Hypoxia-inducible factor-1 alpha

Table 9: Serum hypoxia marker levels in relation to tissue
hypoxia and stage

Variable Serum hypoxia marker p-value

(VEGF, CA-IX, and

Lactate)

(Mean#SD, units)
Low HIF-1o expression (n=47) 5.2+1.7 <0.001
High HIF-1a expression (n=73) 8.6+2.1
Early stage (I-11A) (n=41) 5.6x1.9 <0.001

Advanced stage (IIB-1V) (n=79) 8.5+2.3

VEGF: Vascular endothelial growth factor, CA-IX: Carbonic anhydrase IX,
HIF-1a: Hypoxia-inducible factor-1 alpha

because HIF-1a acts as a key regulator of cellular adaptation to low
oxygen, activating transcriptional programs linked to angiogenesis,
metabolic reprogramming, survival signaling, and resistance to
apoptosis [7-9]. Beyond the mechanistic plausibility, the direction
of our results aligns with the broader literature in which hypoxia-
responsive proteins - particularly VEGF - have been associated with
tumor aggressiveness and poorer radiotherapy response in cervical and
other solid cancers [10-12]. CA-IX, a stable hypoxia-inducible enzyme
often used as a marker of chronic hypoxia, has also been associated
with adverse tumor features and treatment resistance, and our findings
extend this hypoxia-marker concordance by demonstrating that
circulating CA-IX tracks with tissue HIF-1a expression in a clinically
relevant cervical cancer cohort [10-12,17].

A notable observation was the concentration of both high HIF-1a
expression and elevated serum hypoxia markers in advanced-stage
disease. Nearly two-thirds of FIGO IIB-1V tumors demonstrated high HIF-
1o expression, whereas early-stage tumors showed lower proportions.
This stage-linked distribution matches current understanding that
hypoxia intensifies as tumors enlarge, outgrow vascular supply and
develop disorganized microvasculature with increased diffusion
limitation and metabolic demand [4,10-12]. Importantly, hypoxia is not
simply a passive consequence of tumor growth; it can actively shape
progression through selection pressures and hypoxia-driven signaling
pathways that favor invasion and metastatic potential [14-16]. In this
context, the parallel increase in circulating VEGF, CA-IX, and lactate with
stage is consistent with a rising systemic signature of hypoxia-driven
angiogenic and metabolic adaptation.

The grade-related associations observed in our cohort further support
this interpretation. Poorly differentiated tumors were more likely
to show high HIF-lo. expression and higher serum marker levels
compared with well or moderately differentiated tumors. This is

plausible because poorly differentiated malignancies often proliferate
rapidly and form structurally abnormal vascular networks, creating
regions of metabolic stress and oxygen deprivation that stabilize HIF-
1o and promote downstream hypoxia-adaptive pathways [7,9]. Similar
links between hypoxia signaling and adverse histological features have
beenreported in cervical cancer and other solid tumors, reinforcing that
hypoxia-associated markers tend to cluster in biologically aggressive
disease [10-12].

A clinically important aspect of this work is its therapy-oriented
interpretation. Most patients with advanced-stage disease were planned
for radiotherapy or concurrent chemoradiation - the very settings where
hypoxia has well-established effects on treatment efficacy. Hypoxic
tumor cells respond less effectively to ionizing radiation because
oxygen is required to stabilize radiation-induced DNA damage, and
hypoxia-associated molecular adaptations can also reduce susceptibility
to cytotoxic drugs [4,5,18]. Therefore, the clustering of high HIF-1o
expression and elevated circulating hypoxia markers among patients
entering radiation-based treatment pathways is clinically meaningful
and supports the rationale for considering baseline hypoxia burden
when interpreting variability in therapeutic response.

From a translational standpoint, these findings suggest that serum
VEGF, CA-IX, and lactate may serve as practical, minimally invasive
indicators of a hypoxia-driven tumor phenotype. Tissue-based
assessment, although informative, requires invasive sampling and can
be limited by spatial heterogeneity of hypoxia within tumors, leading
to potential sampling bias [13]. Blood-based markers offer a more
feasible approach for baseline stratification, particularly in resource-
constrained settings where advanced imaging or repeated biopsies
may not be easily accessible. At the same time, earlier reports on
circulating hypoxia markers in cervical cancer have shown variability,
often due to differences in marker panels, assay methods, and small or
heterogeneous cohorts [17]. By demonstrating concordance between
circulating markers and tissue HIF-1o. expression, our study adds
biological support to the use of serum measures as surrogates of tumor
hypoxia signaling.

The implications of identifying hypoxia extend beyond prognostic
discussion, as several approaches - hypoxia modification, altered
radiotherapy scheduling, dose intensification, and therapies targeting
hypoxia-related pathways - have been explored to counter treatment
resistance [18-20]. Although treatment response and survival
outcomes were not evaluated here, the associations observed provide
a basis for future prospective work integrating hypoxia biomarkers
into treatment-personalization strategies, including serial monitoring
during therapy to understand whether dynamic changes in marker
levels track response or residual disease.

This study has limitations that should be acknowledged. Its
observational design does not allow causal inference, and outcomes,
such as response, recurrence, and survival, were not assessed. Serum
markers were measured only at baseline, so treatment-related changes
and their relationship to response could not be examined. Further,
while HIF-1o immunohistochemistry captures a key hypoxia signaling
axis, it cannot fully represent the spatial and temporal complexity of
tumor hypoxia. Despite these limitations, the consistency of patterns
across stage, grade, circulating markers, and tissue expression supports
the overall interpretation.
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Overall, our results show that higher serum hypoxia marker levels
are closely associated with increased tumor HIF-1a expression and
with advanced cervical cancer. The agreement between circulating
biomarkers and tissue hypoxia signaling, together with therapy-
relevant clinical clustering, suggests that serum VEGF, CA-IX, and lactate
may have value as a pre-treatment stratification layer. Longitudinal
studies linking baseline and on-treatment biomarker trajectories to
radiotherapy/chemoradiation outcomes are needed to define clinically
useful cut-offs and to validate their role in biology-informed treatment
planning [18-20].

Limitations

Several additional limitations of this study should be acknowledged to
provide a balanced interpretation of the findings. First, although strict
inclusion and exclusion criteria were applied, residual confounding
cannot be completely excluded. Circulating hypoxia markers, such as
VEGF, CA-IX, and lactate may be influenced by systemic inflammation,
metabolic status, or underlying comorbidities, which were not
exhaustively characterized beyond routine clinical assessment. These
factors could partially affect serum marker levels independent of tumor
hypoxia.

Second, the study was conducted at two centers within a single
geographic region, which may limit the generalizability of the results
to other populations with different demographic, genetic, or healthcare
characteristics. Multicenter studies involving more diverse patient
cohorts would be valuable to confirm the applicability of these findings
across broader clinical settings.

Third, while multiple correlations and group-wise comparisons were
performed to explore associations between serum markers, tumor HIF-
1o expression, and clinicopathological variables, formal adjustment for
multiple testing was not applied. The analyses were hypothesis-driven
and biologically guided; however, the possibility of type I error cannot
be entirely excluded, and the results should therefore be interpreted
with appropriate caution.

Finally, as noted earlier, serum hypoxia markers were measured
at a single pre-treatment time point, and outcome measures, such
as treatment response, recurrence, or survival were not assessed.
Longitudinal sampling and outcome-linked analyses would be required
to determine the temporal stability, prognostic value, and clinical utility
of these biomarkers.

Taken together, these considerations highlight the need for larger,
prospective, multicenter studies with comprehensive clinical
characterization, longitudinal biomarker assessment, and outcome-
based endpoints to validate and extend the present findings.

CONCLUSION

This study shows a consistent link between circulating hypoxia-related
biomarkers - VEGF, CA-IX, and serum lactate - and tumor HIF-1a
expression in cervical cancer. Higher serum marker levels were seen
alongside stronger HIF-1a positivity and were more common in patients
with advanced FIGO stage and poorly differentiated tumors, suggesting
that an increased systemic hypoxia signal accompanies biologically
aggressive disease. The agreement between serum biomarkers and
tissue HIF-1a also supports the potential use of blood-based markers
as a practical, minimally invasive reflection of hypoxia-driven tumor
activity.

A clinically relevant observation was the clustering of elevated serum
markers and high HIF-1o. expression in advanced-stage cases, where
radiotherapy or concurrent chemoradiation is typically the main
treatment approach. Although treatment response and survival were
not evaluated, these findings indicate that baseline serum hypoxia
markers may help flag patients with a hypoxia-associated tumor
phenotype that could be more prone to therapeutic resistance.
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Overall, the results add support to incorporating minimally invasive
biomarker assessment into pre-treatment risk stratification. With
further validation, VEGF, CA-IX, and lactate could complement routine
staging and histopathology and contribute to more biology-informed
treatment planning. Prospective, multicenter studies with serial
biomarker measurements and outcome-based endpoints are needed to
confirm clinical cut-offs and establish prognostic and predictive utility.

FUNDING STATEMENT

This work did not receive any external funding from public, commercial,
or non-profit organizations. The study was conducted using routine
institutional facilities and resources available at the participating
centers.

CONFLICT OF INTEREST

The author declares no conflict of interest. The work was undertaken
independently, with no financial or personal relationships influencing
the study design, data acquisition, analysis, interpretation, or
preparation of the manuscript.

AUTHORS’ CONTRIBUTIONS (TO ADD IN THE REVISED
MANUSCRIPT)

Mani Anand contributed to study conceptualization and design,
coordinated pathology workflow, performed/oversaw histopathological
review and HIF-loo immunohistochemistry interpretation, and
contributed to manuscript drafting and critical revision. Loganathan
Thangavel supported participant coordination, data acquisition, and
clinical data compilation, and assisted in manuscript editing. Senthil
Kumar S. contributed to data curation, statistical analysis, results
presentation (tables/figures), and interpretation of findings, and
revised the manuscript for analytical clarity. Ramesh Kandimalla
provided overall supervision and project administration, contributed to
methodology planning (biochemical assays and analytical framework),
critically revised the manuscript for intellectual content, and served
as corresponding author. Prashanth Kumar Patnaik contributed to
clinical oversight, staging/treatment-pathway documentation and
interpretation, and reviewed the discussion for clinical relevance.
Blessy Niharika Mede contributed to methodology and laboratory
coordination for serum biomarker estimation/quality control and
supported interpretation of biomarker findings, along with manuscript
review and editing.

ACKNOWLEDGMENTS

The authors would like to thank the patients who consented to
participate in this study. We acknowledge the support of the clinical
and technical staff of Government Medical College, Narsampet, and
Kakatiya Medical College, Hanumakonda, for their assistance in patient
coordination, sample collection, and histopathology processing. The
authors also appreciate the cooperation of the Department of Pathology
and laboratory personnel involved in immunohistochemistry and
biochemical analyses. Their contributions were essential to the
completion of this work.

DATA AVAILABILITY STATEMENT

The datasets generated and analyzed during the current study are
available from the corresponding author on reasonable request. Due
to ethical considerations and patient confidentiality requirements, the
data are not publicly available but can be shared in a de-identified form
for academic and research purposes.

REFERENCES

1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I,
et al. Global cancer statistics 2022: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J Clin. 2024 May-Jun;74(3):229-63. doi: 10.3322/caac.21834, PMID
38572751

129



10.

11.

12.

13.

14.

Anand et al.

Caruso G, Wagar MK, Hsu HC, Hoegl J, Rey Valzacchi GM,
Fernandes A, et al. Cervical cancer: A new era. Int J Gynecol
Cancer. 2024 Dec 2;34(12):1946-70. doi: 10.1136/ijgc-2024-005579,
PMID 39117381

McCormack M, Eminowicz G, Gallardo D, Diez P, Farrelly L,
Kent C, et al. Induction chemotherapy followed by standard
chemoradiotherapy  versus standard chemoradiotherapy alone
in patients with locally advanced cervical cancer (GCIG
INTERLACE): An international, multicentre, randomised phase 3
trial. Lancet. 2024 Oct 19;404(10462):1525-35. doi: 10.1016/S0140-
6736(24)01438-7. Erratum in: Lancet. 2025 Feb 8;405(10477):468.
doi: 10.1016/S0140-6736(25)00207-7, PMID 39419054

Beckers C, Pruschy M, Vetrugno 1. Tumor hypoxia and radiotherapy:
A major driver of resistance even for novel radiotherapy
modalities. Semin Cancer Biol. 2024 Jan;98:19-30. doi: 10.1016/j.
semcancer.2023.11.006, PMID 38040401

Li C, Wiseman L, Okoh E, Lind M, Roy R, Beavis AW, et al. Exploring
hypoxic biology to improve radiotherapy outcomes. Expert Rev Mol
Med. 2022 Apr 27;24:e21. doi: 10.1017/erm.2022.14, PMID 35586915
Chen Z, Han F, Du Y, Shi H, Zhou W. Hypoxic microenvironment in
cancer: Molecular mechanisms and therapeutic interventions. Signal
Transduct Target Ther. 2023 Feb 17;8(1):70. doi: 10.1038/s41392-023-
01332-8, PMID 36797231, PMCID PM(C9935926

Lee KE. Hypoxia as a regulator of tumor stroma and metastasis.
Am ] Physiol Cell Physiol. 2023 Jan 1;324(1):C10-3. doi: 10.1152/
ajpcell.00158.2022, PMID 36409179

Zhuang Y, Liu K, He Q, Gu X, Jiang C, Wu J. Hypoxia signaling in cancer:
Implications for therapeutic interventions. Med Comm. 2023 Jan;4(1):¢203.
doi: 10.1002/mc02.203, PMID 36703877, PMCID PMC9870816
Qannita RA, Alalami AI, Harb AA, Aleidi SM, Taneera J, Abu-
Gharbieh E, et al. Targeting hypoxia-inducible factor-1 (HIF-1) in
cancer: Emerging therapeutic strategies and pathway regulation.
Pharmaceuticals (Basel). 2024 Feb 1;17(2):195. doi: 10.3390/
ph17020195, PMID 38399410, PMCID PMC10892333

Bakleh MZ, Al Haj Zen A. The distinct role of HIF-1o and HIF-2¢: in
hypoxia and angiogenesis. Cells. 2025 May 4;14(9):673. doi: 10.3390/
cells14090673, PMID 40358197, PMCID PMC12071368

Ronca R, Supuran CT. Carbonic anhydrase IX: An atypical target for
innovative therapies in cancer. Biochim Biophys Acta Rev Cancer.
2024 Jul;1879(4):189120.  doi:  10.1016/j.bbcan.2024.189120,
PMID 38801961

Piskur 1, Topolovec Z, Bakula M, Zagorac I, Mili¢ Vranje§ I,
Vidosavljevi¢ D. Expression of vascular endothelial growth factor-A
(VEGEF-A) in adenocarcinoma and squamous cell cervical cancer and its
impact on disease progression: Single institution experience. Medicina
(Kaunas). 2023 Jun 23;59(7):1189. doi: 10.3390/medicina59071189,
PMID 37512001, PMCID PMC10385297

Yildirim HC, Anik H, Ozdemir DA, Ismayilov R, Akyildiz A,
Cayiroz K, et al. Effect of hypoxia-inducible factor-1 alpha expression
on survival in patients with metastatic cervical squamous cell carcinoma
treated with first-line chemotherapy and bevacizumab. Biomol
Biomed. 2024 Mar 5;24(4):998-1003. doi: 10.17305/bb.2024.10255,
PMID 38447002, PMCID PMC11293214

Thomson DJ, Slevin NJ, Baines H, Betts G, Bolton S, Evans M,
et al. Randomized Phase 3 trial of the hypoxia modifier nimorazole
added to radiation therapy with benefit assessed in hypoxic head
and neck cancers determined using a gene signature (NIMRAD). Int
J Radiat Oncol Biol Phys. 2024 Jul 1;119(3):771-82. doi: 10.1016/j.
ijrobp.2023.11.055, PMID 38072326

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Asian ] Pharm Clin Res, Vol 19, Issue 3, 2026, 120-130

. Guo Z, Lei L, Zhang Z, Du M, Chen Z. The potential of vascular
normalization  for  sensitization to radiotherapy.  Heliyon.
2024 Jun 8;10(12):¢32598. doi: 10.1016/j.heliyon.2024.e32598,
PMID 38952362, PMCID PMC11215263

Gouel P, Decazes P, Vera P, Gardin I, Thureau S, Bohn P. Advances
in PET and MRI imaging of tumor hypoxia. Front Med (Lausanne).
2023  Feb  9;10:1055062. doi:  10.3389/fmed.2023.1055062,
PMID 36844199, PMCID PM(C9947663

. Perez RC, Kim D, Maxwell AW, Camacho JC. Functional imaging of
hypoxia: PET and MRI. Cancers (Basel). 2023 Jun 25;15(13):3336. doi:
10.3390/cancers15133336, PMID 37444446, PMCID PMC10340779
Cai M, Wan J, Cai K, Song H, Wang Y, Sun W, et al. Understanding
the contribution of lactate metabolism in cancer progress: A perspective
from isomers. Cancers (Basel). 2022 Dec 23;15(1):87. doi: 10.3390/
cancers15010087, PMID 36612084, PMCID PMC9817756

Chen J, Huang Z, Chen Y, Tian H, Chai P, Shen Y, er al
Lactate and lactylation in cancer. Signal Transduct Target Ther.
2025 Feb  12;10(1):38.  doi:  10.1038/s41392-024-02082-x,
PMID 39934144, PMCID PMC11814237

Basheeruddin M, Qausain S. Hypoxia-inducible factor 1-alpha (HIF-1o)
and cancer: mechanisms of tumor hypoxia and therapeutic targeting.
Cureus. 2024 Oct 2;16(10):¢70700. doi: 10.7759/cureus.70700,
PMID 39493156, PMCID PMC11529905

Naudet F, Patel CJ, DeVito NJ, Le Goff G, Cristea IA, Braillon A, et al.
Improving the transparency and reliability of observational studies
through registration. BMJ. 2024 Jan 9;384:¢076123. doi: 10.1136/bmj-
2023-076123, PMID 38195116

Bhatla N, Aoki D, Sharma DN, Sankaranarayanan R. Cancer
of the cervix uteri: 2025 wupdate. Int J Gynaecol Obstet.
2025 Sep;171 Suppl 1(Suppl 1):87-108. doi: 10.1002/ijgo.70277,
PMID 40908766, PMCID PMC12411820

Hayes DF, Sauerbrei W, McShane LM. REMARK guidelines for
tumour biomarker study reporting: A remarkable history. Br J
Cancer. 2023 Feb;128(3):443-5. doi: 10.1038/s41416-022-02046-4,
PMID 36476656, PMCID PMC9938190

Paez DR, Rowe DJ, Deppen SA, Grogan EL, Kaizer A, Bornhop DJ,
et al. Assessing the clinical utility of biomarkers using the intervention
probability curve (IPC). Cancer Biomark. 2025;42(1):CBM230054.
doi: 10.3233/cbm-230054, PMID 38073376

Bujang MA. An elaboration on sample size determination for
correlations based on effect sizes and confidence interval width:
A guide for researchers. Restor Dent Endod. 2024 May 2;49(2):e21. doi:
10.5395/rde.2024.49.¢21, PMID 38841381, PMCID PMC11148401
Snapes E, Astrin JJ, Bertheussen Kriiger N, Grossman GH,
Hendrickson E, Miller N, et al. Updating International Society for
biological and environmental repositories best practices, fifth edition:
A new process for relevance in an evolving landscape. Biopreserv
Biobank. 2023 Dec;21(6):537-46. doi: 10.1089/bi0.2023.0140, PMID
38149936

Mikkelsen G, Thorstensen K, Lian IA, Lefblad L, Hov GG, Asberg A.
Sample stability of forty-two analytes in plasma or serum pools after
one to four repeated —80°C freeze-thaw cycles. Scand J Clin Lab
Investig. 2025;85(8):695-701. doi: 10.1080/00365513.2025.2605637,
PMID 41428452

Sauerbrei W, Haeussler T, Balmford J, Huebner M. Structured reporting
to improve transparency of analyses in prognostic marker studies. BMC
Med. 2022 May 12;20(1):184. doi: 10.1186/s12916-022-02304-5,
PMID 35546237, PMCID PMC9095054

130



