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MDA demonstrated excellent discriminatory performance and may improve
biological risk stratification in African sickle cell patients.
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1. Introduction

Sickle Cell Disease is the most common monogenic disease worldwide and repre-
sents a major public health concern in sub-Saharan Africa, where nearly 240,000
affected children are born each year [1] [2]. Despite significant advances achieved
in high-income countries, mortality and morbidity associated with this disease
remain particularly high across the African continent due to delayed diagnosis,
limited access to specialized healthcare, and the lack of adequate biological mon-
itoring tools for disease progression [1].

The pathophysiology of sickle cell disease is now recognized as complex and
multifactorial. Beyond hemoglobin S polymerization, several biological mecha-
nisms contribute to the onset of vaso-occlusive crises, including oxidative stress,
chronic inflammation, and tissue hypoxia [3] [4]. These mechanisms contribute
to progressive endothelial dysfunction responsible for the acute and chronic com-
plications observed in sickle cell patients.

Oxidative stress plays a central role in this pathophysiology. Chronic hemolysis
observed in sickle cell disease promotes excessive production of reactive oxygen
species, leading to impairment of cellular antioxidant defense systems [5]. Several
recent African and international studies have demonstrated increased levels of li-
pid peroxidation markers such as malondialdehyde (MDA), associated with re-
duced antioxidant defenses in HbSS patients, particularly during vaso-occlusive
crises [5] [6].

In parallel, chronic systemic inflammation plays a major role in amplifying
vaso-occlusive processes. Increased levels of pro-inflammatory cytokines, particu-
larly interleukin-6 (IL-6), as well as C-reactive protein (CRP), contribute to worsen-
ing vascular injury and ischemia-reperfusion phenomena [7]. Several recent studies
have also reported markedly elevated levels of these inflammatory biomarkers dur-
ing painful sickle cell episodes [8].

Over recent years, increasing interest has been directed toward molecular bi-
omarkers involved in the regulation of oxidative stress. Among these, Forkhead
box O3 (FoxO3) transcription factor appears to be an essential regulator of cellu-
lar antioxidant response and redox homeostasis [9]. FoxO3 is involved in control-
ling cellular defense mechanisms against oxidative stress and may represent a po-
tential biomarker of severity in sickle cell disease. However, African data regard-

ing its involvement in vaso-occlusive crises remain limited.

DOI: 10.4236/jbm.2026.147013

138 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2026.147013

G. Loubano-Voumbi et al.

In sub-Saharan Africa, biological tools capable of improving biological charac-
terization and diagnosis of vaso-occlusive crises remain insufficiently developed
[2]. The identification of a biological profile combining oxidative, inflammatory,
and metabolic biomarkers could improve clinical risk stratification and optimize
the management of sickle cell patients [8] [10]. In this context, the development
of diagnostic models based on accessible biomarkers represents an innovative and
particularly relevant approach in resource-limited settings.

The present study therefore aimed to develop a diagnostic model for vaso-oc-
clusive crises in sickle cell patients based on biomarkers involved in oxidative
stress and inflammation, including FoxO3, IL-6, CRP, lactate, and malondialde-
hyde (MDA). This work could contribute to a better understanding of the patho-
physiological mechanisms of sickle cell disease in the African context and open

perspectives for biomarker-based diagnostic approaches adapted to local realities.

2. Patients and Methods
2.1. Study Design, Setting, and Study Period

This was a cross-sectional analytical study conducted between November 2024
and January 2026 among patients with sickle cell disease followed in Dolisie, Re-
public of the Congo. Biological analyses were performed at the Biomarkers and
Molecular Biology Laboratory of the National Institute of Biology and Health Sur-

veillance in Pointe-Noire.

2.2 Study Population

The study population consisted of subjects divided into four groups: healthy HbAA
controls, HbAS sickle cell trait carriers, HbSS patients in steady state, and HbSS
patients during vaso-occlusive crisis. For the main diagnostic model, only HbSS
patients were retained, using binary coding: HbSS in steady state = 0 and HbSS
during vaso-occlusive crisis = 1.

1) Inclusion Criteria

Subjects aged at least 5 years, with a hemoglobin profile documented by hemo-
globin electrophoresis, who agreed to participate in the study and had exploitable
clinical and biological data were included.

For HbSS patients in steady state, the steady-state condition was defined as a
period of at least 4 weeks without any acute painful episode, 3 months without
hospitalization related to sickle cell disease, and 2 weeks without any acute infec-
tion (fever >38.5°C) or use of analgesic or anti-inflammatory treatments for vaso-
occlusive pain. Patients in steady state were required to have been clinically stable
with no significant change in their baseline hemoglobin levels or symptoms dur-
ing the preceding 4 weeks.

For HbSS patients in crisis, vaso-occlusive crisis was defined as an acute painful
episode compatible with sickle cell disease, occurring without any other identified
cause, lasting at least 24 hours, and requiring medical management with analgesic

administration.
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2) Non-Inclusion Criteria

Subjects presenting with severe acute infection independent of sickle cell crisis,
recent blood transfusion (less than 3 months), chronic inflammatory disease un-
related to sickle cell disease, known severe hepatic or renal failure, or incomplete
biological data for the main model variables were not included. Patients who had
received systemic corticosteroid therapy or major anti-inflammatory treatments
likely to significantly interfere with inflammatory biomarkers within 24 hours

prior to sampling were also excluded.

2.3. Biological Sampling

Venous blood samples were collected from each participant under standardized
resting conditions after skin antisepsis using 70% isopropyl alcohol. Blood collec-
tion was performed from the cubital vein using a sterile vacuum blood collection
system, Vacutainer® (Becton Dickinson, Franklin Lakes, NJ, USA).

Approximately 10 to 12 mL of venous blood was collected from each partici-
pant. Samples were distributed into Vacutainer® tubes containing dipotassium
ethylenediaminetetraacetic acid (K2-EDTA) for hematological analyses and into
dry tubes with clot activator for serum preparation intended for biochemical and
immunological assays. Heparinized tubes were used when necessary for specific
metabolic analyses.

The K2-EDTA tubes were gently homogenized immediately after collection and
analyzed within a maximum of two hours for hematological parameters. Dry tubes
were left at room temperature for 20 to 30 minutes to allow clot formation and then
centrifuged at 3000 rpm for 10 minutes. The obtained serum was aliquoted into
sterile cryotubes and stored at —20°C. Samples were analyzed in weekly batches at
the end of each week and were not subjected to repeated freeze-thaw cycles before

analysis.

2.4. Biological Analyses

FoxQ3, interleukin-6 (IL-6), C-reactive protein (CRP), lactate, and malondialde-
hyde (MDA) biomarkers were assessed in all participants using standardized meth-
ods. FoxO3, IL-6, and MDA levels were measured using quantitative sandwich
ELISA methods with commercial kits from CUSABIO® and Wuhan Elabscience
Biotechnology Co., Ltd. (Wuhan, China), according to the manufacturers’ in-
structions. Analyses were performed using a BIOBASE® ELISA analyzer (BIOBASE
Group, Shandong, China).

FoxO3 assay detection ranged from 1.56 pg/mL to 100 pg/mL, with an analyti-
cal sensitivity of 0.39 pg/mL. Intra-assay and inter-assay coefficients of variation
were below 10% for all ELISA assays performed in this study.

CRP was measured by immunofluorescence using the Getein® analyzer (Getein
Biotech Inc., Nanjing, China). Lactate was quantified using a spectrophotometric
enzymatic method with Cypress Diagnostics® kits (Cypress Diagnostics, Belgium).

Biomarker results were expressed in ng/mL, pg/mL, mg/L, or pmol/L according
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to the analyzed parameter. Reference values used for biological interpretation

were based on manufacturers’ recommendations and international literature data.

2.5. Studied Variables

Pain intensity was assessed using a visual analogue scale (VAS) ranging from 0 to
10, where 0 corresponded to the absence of pain and 10 to the most severe pain

experienced by the patient.

2.6. Statistical Analysis

Data were entered into Microsoft Excel 2021 (USA) and analyzed using RStudio
software version 4.5. Quantitative variables were expressed as mean * standard
deviation or median with interquartile range depending on data distribution. Nor-
mality of distributions was assessed using the Shapiro-Wilk test. Comparisons be-
tween groups were performed using Student’s t-test or the Mann-Whitney test
according to variable distribution. Correlations between biomarkers were evalu-
ated using Spearman’s correlation coefficient.

A binary logistic regression model was subsequently constructed exclusively on
the 90 HbSS patients (45 in steady state and 45 during vaso-occlusive crisis) to
identify biomarkers associated with the occurrence of vaso-occlusive crises. Com-
plete data for all five biomarkers (FoxO3, IL-6, CRP, lactate, and MDA) were
available for all 90 HbSS patients, with no missing data for the main model varia-
bles. Therefore, the final sample size for the logistic regression analysis was 90
patients. The final model included FoxO3, IL-6, CRP, lactate, and MDA, which
showed the strongest associations with vaso-occlusive crises as well as major path-
ophysiological relevance in oxidative stress and inflammatory mechanisms. A var-
iable selection approach based on statistical significance and biological relevance
was used to reduce redundancy among highly correlated biomarkers.

To assess multicollinearity among the five correlated biomarkers, variance in-
flation factors (VIF) were calculated for the final model. The VIF values were 3.8
for FoxO3, 3.2 for IL-6, 2.9 for CRP, 3.5 for lactate, and 4.1 for MDA, all below
the conventional threshold of 5, indicating acceptable levels of collinearity that do
not compromise the stability of regression coefficients. All five biomarkers were
retained in the final model due to their complementary pathophysiological rele-
vance (oxidative stress: FoxO3, MDA; inflammation: IL-6, CRP; metabolism/tis-
sue hypoxia: lactate) and their independent statistical significance in multivariate
analysis.

To assess whether hydroxyurea use confounded the associations between bi-
omarkers and vaso-occlusive crises, two sensitivity analyses were performed:

1) A fully adjusted multivariate logistic regression model including hydroxyurea
use (yes/no) and comorbidities (yes/no) as covariates, in addition to the five bi-
omarkers.

2) A subgroup analysis restricted to HbSS patients not receiving hydroxyurea
(n = 43: 16 steady-state, 27 crisis), to evaluate whether the associations between
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biomarkers and crisis status persisted independently of hydroxyurea treatment.
Model performance was evaluated using the ROC curve, area under the curve
(AUCQ), sensitivity, and specificity. Due to the lack of an external validation cohort
or internal validation procedure (e.g., bootstrap resampling or k-fold cross-vali-
dation), the reported AUC, sensitivity, and specificity represent apparent perfor-
mance estimates obtained on the development sample. These estimates may be
optimistic and should be interpreted cautiously. Future studies should validate
these findings in independent cohorts. The optimal probability threshold (cut-off)
for the diagnostic model was determined using the Youden index and set at 0.52.

Statistical significance was defined as p < 0.05.

2.7. Ethical Considerations

The study protocol was approved by the Institutional Ethics Committee of the
Institut National de Biologie et de Veille Sanitaire (Reference: INBVS-CE/2025-
P005). The study was conducted in accordance with the principles of the Declara-
tion of Helsinki. Written informed consent was obtained from all adult partici-
pants or from parents/legal guardians for minors prior to inclusion in the study.

Data were anonymized and treated confidentially.

3. Results
3.1. Sociodemographic and Clinical Characteristics

The sociodemographic and clinical characteristics of the participants are pre-
sented in Table 1. The mean age was 28.4 + 9.1 years among HbAA subjects, 26.9
+ 8.5 years among HbAS subjects, 24.8 £ 10.2 years among HbSS patients in steady
state, and 23.7 £ 9.8 years among HbSS patients during vaso-occlusive crisis (p =
0.18). The proportion of male subjects was 46.7%, 50.0%, 53.3%, and 57.8% across
the respective groups (p = 0.74). The median annual frequency of vaso-occlusive
crises was 2 [1 - 4] among HbSS patients in steady state compared with 6 [4 - 9]
among HbSS patients during vaso-occlusive crisis (p < 0.001). The median pain
score (VAS 0 - 10) was 1 [0 - 2] among HbSS patients in steady state compared
with 8 [7 - 10] among HbSS patients during vaso-occlusive crisis (p < 0.001). Hy-
droxyurea use was reported in 64.4% of HbSS patients in steady state and 40.0%
of HbSS patients during vaso-occlusive crisis (p = 0.012).

Table 1. Sociodemographic and clinical characteristics of participants according to study groups.

HbAA HbAS HbSS steady-state HDSS crisis

Variables (n = 30) (n = 30) (n = 45) (n = 45) p-value
Age (years) 284+9.1 269 +8.5 24.8 +10.2 23.7+9.8 0.18
Male sex, n (%) 14 (46.7) 15 (50.0) 24 (53.3) 26 (57.8) 0.74
Annual VOC frequency 0 0 2 [1-4] 6[4-9] <0.001
Pain score (VAS 0 - 10) 0 0 1[0-2] 8[7-10] <0.001
Hydroxyurea, n (%) 0(0) 0(0) 29 (64.4) 18 (40.0) 0.012
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Continued

Smoking, n (%)
Alcohol consumption, n (%)
Regular physical activity, n (%)

Comorbidities, n (%)

2(6.7) 3(10.0) 5(11.1) 7 (15.6) 0.48
4(13.3) 5(16.7) 8 (17.8) 10 (22.2) 0.39
18 (60.0) 16 (53.3) 14 (31.1) 6 (13.3) <0.001

1(3.3) 2(6.7) 8 (17.8) 13 (28.9) 0.021

3.2. Biomarker Profile

The concentrations of oxidative and inflammatory biomarkers are presented in
Table 2. Mean FoxO3 concentrations increased progressively across the study
groups, rising from 6.2 = 1.4 ng/mL in HbAA subjects to 8.5 + 1.8 ng/mL in HbAS
subjects, then to 11.9 + 2.7 ng/mL in HbSS patients in steady state, and reaching
16.8 * 3.5 ng/mL in HbSS patients during vaso-occlusive crisis (p < 0.001).

Median IL-6 concentrations were 1.9 [1.2 - 2.8] pg/mL, 3.4 [2.5 - 4.8] pg/mL,
8.6 [6.2 - 11.4] pg/mL, and 18.7 [14.5 - 26.9] pg/mL in the HbAA, HbAS, HbSS
steady-state, and HbSS vaso-occlusive crisis groups, respectively, showing a sig-
nificant increase in inflammation during the clinical progression of sickle cell dis-
ease (p < 0.001). Similarly, median CRP concentrations progressively increased
from 1.6 [0.8 - 2.3] mg/L in HbAA subjects to 29.6 [18.4 - 46.8] mg/L in HbSS
patients during vaso-occlusive crisis (p < 0.001).

Mean lactate concentrations were 1.2 £ 0.3 mmol/L in HbAA subjects, 1.6 + 0.4
mmol/L in HbAS subjects, 2.8 £ 0.7 mmol/L in HbSS patients in steady state, and
5.1 £ 1.2 mmol/L in HbSS patients during vaso-occlusive crisis (p < 0.001). A sim-
ilar increase was observed for MDA, with mean concentrations rising from 1.9
0.5 pmol/L in HbAA subjects to 9.8 + 2.1 umol/L in HbSS patients during vaso-

occlusive crisis (p < 0.001).

Table 2. Comparison of oxidative and inflammatory biomarkers between the study groups.

. HbAA HbAS HbSS steady-state HDbSS crisis

Variables p-value
(n=30) (n=30) (n=45) (n=45)

FoxO3 (ng/mL) 6.2+1.4 85+1.8 11.9+£2.7 16.8 £3.5 <0.001
IL-6 (pg/mL) 1.9[1.2-2.8] 34[2.5-48] 8.6 [6.2 - 11.4] 18.7 [14.5 - 26.9] <0.001
CRP (mg/L) 1.6 [0.8 - 2.3] 2.4 [1.5-3.8] 8.2 [5.6 - 13.5] 29.6 [18.4 - 46.8] <0.001
Lactate (mmol/L) 1.2+03 1.6 +0.4 2.8+£0.7 51+1.2 <0.001
MDA (pmol/L) 1.9+0.5 2.8 +0.7 57+14 9.8 +2.1 <0.001

3.3. Biological Correlations

The correlations between FoxO3 and inflammatory and oxidative biomarkers are
presented in Figure 1. Spearman correlation coefficients between FoxO3 and IL-6,
CRP, lactate, and MDA were 0.57, 0.50, 0.74, and 0.81, respectively (all p < 0.001).
The strongest correlations were observed between FoxO3 and MDA, followed by
those between FoxO3 and lactate, suggesting a close association between increased

FoxO3 levels, oxidative stress, and metabolic disturbances during sickle cell disease.
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Linear regression analysis was further performed to quantify these associations
across all 150 participants. FoxO3 alone explained 66% of MDA variance (R* =
0.66, = 0.48, 95% CI: 0.43 - 0.53, p < 0.001), 55% of lactate variance (R* = 0.55,
£=0.20, 95% CI: 0.17 - 0.23, p < 0.001), 32% of IL-6 variance (R* = 0.32, f=1.45,
95% CI: 1.18 - 1.72, p < 0.001), and 25% of CRP variance (R*=0.25, f=1.80, 95%
CI: 1.40 - 2.20, p < 0.001). The strongest linear relationships were observed be-
tween FoxO3 and MDA, followed by lactate, confirming a close dose-dependent
association between increased FoxO3 levels, oxidative stress, and metabolic dis-

turbances during sickle cell disease.

FoxO3..ng.mL. 0.8
0.6
IL.6..pg.mL. r04
0.2
CRP.mg.l. 0
02
Lactate.. mmol L. r-0.4
06
MDA..umol L. 0.8

L4

Note: Legend: Heatmap showing the Spearman correlation coefficients between FoxO3, IL-
6, CRP, lactate, and MDA in subjects with sickle cell disease. Darker colors indicate
stronger positive correlations between the studied biomarkers.

Figure 1. Correlations between FoxO3 and inflammatory and oxidative stress biomarkers
in sickle cell subjects.

3.4. Logistic Regression

The results of the multivariate logistic regression analysis are presented in Table
3. The final model included FoxO3, IL-6, CRP, lactate, and MDA, which showed
the strongest associations with vaso-occlusive crises as well as major pathophysi-
ological relevance in oxidative stress and inflammatory mechanisms. FoxO3 was
significantly associated with the occurrence of vaso-occlusive crises, with an ad-
justed OR of 1.48 (95% CI: 1.19 - 1.92; p < 0.001), indicating that a 1 ng/mL in-
crease in FoxO3 was associated with a 48% increase in the odds of being in vaso-

occlusive crisis. IL-6 (pg/mL) was also significantly associated with vaso-occlusive
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crises, with an adjusted OR of 1.27 (95% CI: 1.10 - 1.51; p = 0.002). CRP (mg/L)
showed a significant but modest association, with an adjusted OR of 1.18 (95% CI:
1.06 - 1.34; p = 0.008). Lactate demonstrated a strong association with vaso-occlu-
sive crises, with an adjusted OR of 2.11 (95% CI: 1.42 - 3.37; p < 0.001). MDA also
remained significantly associated with the presence of vaso-occlusive crises, with
an adjusted OR of 1.74 (95% CI: 1.28 - 2.41; p < 0.001).

Sensitivity analyses were performed to assess the influence of hydroxyurea use
on these associations. After adjusting for hydroxyurea use and comorbidities in
the multivariate model, all five biomarkers remained significantly associated with
vaso-occlusive crises (Table 3). Hydroxyurea use was independently associated
with a reduced odds of vaso-occlusive crisis (adjusted OR = 0.42, 95% CI: 0.22 -
0.78, p = 0.006). Comorbidities showed a trend toward increased odds but did not
reach statistical significance (adjusted OR = 1.35, 95% CI: 0.89 - 2.04, p = 0.15).
In the subgroup analysis restricted to 43 HbSS patients not receiving hydroxyurea,
the associations between biomarkers and vaso-occlusive crises remained signifi-
cant: FoxO3 (OR = 1.52,95% CI: 1.15 - 2.01, p = 0.003), IL-6 (OR = 1.31, 95% CI:
1.08 - 1.59, p = 0.007), CRP (OR = 1.21, 95% CI: 1.04 - 1.41, p = 0.015), lactate
(OR =2.24,95% CI: 1.35 - 3.72, p = 0.002), and MDA (OR = 1.82, 95% CI: 1.22 -
2.71, p = 0.003). These findings confirm that the observed biomarker differences
are not solely attributable to hydroxyurea treatment but reflect intrinsic patho-

physiological differences between steady-state and crisis patients.

Table 3. Multivariate analysis of factors associated with vaso-occlusive crises.

Variables Adjusted OR 95% CI p-value
FoxO3 (ng/mL) 1.48 1.19 - 1.92 <0.001
IL-6 (pg/mL) 1.27 1.10 - 1.51 0.002
CRP (mg/L) 1.18 1.06 - 1.34 0.008
Lactate (mmol/L) 2.11 1.42 - 3.37 <0.001
MDA (pmol/L) 1.74 1.28 - 2.41 <0.001
Hydroxyurea use (yes/no) 0.42 0.22-0.78 0.006
Comorbidities (yes/no) 1.35 0.89 - 2.04 0.15

Note: OR = adjusted odds ratio; 95% CI = 95% confidence interval. The model was adjusted
for hydroxyurea use and comorbidities. In a sensitivity analysis restricted to 43 HbSS pa-
tients not receiving hydroxyurea, all five biomarkers remained significantly associated with
vaso-occlusive crises (see text for details).

3.5. Model Performance

The diagnostic performance of the combined model (including FoxO3, IL-6, CRP,
lactate, and MDA) is presented in Table 4 and Figure 2. The model demonstrated
excellent discriminatory ability to differentiate HbSS patients in vaso-occlusive
crisis from those in steady state, with an area under the ROC curve (AUC) of 0.91
(95% CI: 0.85 - 0.96). The sensitivity and specificity of the model were 88.9% (95%
CIL: 76.0 - 96.3) and 84.4% (95% CI: 70.5 - 93.5), respectively. The positive and
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negative predictive values were 85.1% (95% CI: 73.0 - 93.0) and 88.4% (95% CI:
75.0 - 96.0), respectively. The optimal probability threshold (cut-off) was 0.52, de-
termined using the Youden index (Youden’s J = sensitivity + specificity — 1) on
the development sample of 90 HbSS patients. The cut-off corresponds to the prob-
ability threshold that maximizes the sum of sensitivity and specificity.

Table 4. Diagnostic performance of the diagnostic model for discriminating vaso-occlusive

crises.
Parameter Value 95% CI
Area under the ROC curve (AUC) 0.91 0.85-0.96
Optimal probability threshold (cut-off) 0.52 --

Sensitivity (%) 88.9 76.0 - 96.3

Specificity (%) 84.4 70.5 - 93.5

Positive predictive value (PPV) (%) 85.1 73.0 - 93.0
Negative predictive value (NPV) (%) 88.4 75.0 - 96.0

Note: The optimal cut-off value of 0.52 was determined using the Youden index (Youden’s
] = sensitivity + specificity — 1) on the development sample of 90 HbSS patients. The cut-
off corresponds to the probability threshold that maximizes the sum of sensitivity and spec-
ificity. The model includes FoxO3, IL-6, CRP, lactate, and MDA as independent predictors.
95% confidence intervals for sensitivity and specificity were calculated using the Wilson
method; for AUC, using the DeLong method; and for PPV and NPV, using the standard
binomial proportion method.

1.0

0.8
|

0.6
1

Sensitivity

04

AUC =0.91

0.0

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity
Note: Legend: AUC = area under the ROC curve (0.91, 95% CI: 0.85 - 0.96). The optimal
probability threshold of 0.52 was determined using the Youden index. The model includes
FoxO3, IL-6, CRP, lactate, and MDA as independent predictors. Sensitivity = 88.9%, Spec-
ificity = 84.4%.

Figure 2. ROC curve of the diagnostic model for discriminating vaso-occlusive crises.
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4. Discussion

The aim of our study was to develop a biological model capable of discriminating
vaso-occlusive crises based on oxidative, inflammatory, and metabolic biomarkers
in Congolese sickle cell subjects. The main findings showed that HbSS patients ex-
periencing vaso-occlusive crises had significantly higher concentrations of FoxO3,
IL-6, CRP, lactate, and MDA compared with HbAA, HbAS, and HbSS patients in
steady state. The multivariate model developed from FoxO3, IL-6, CRP, lactate,
and MDA demonstrated excellent diagnostic performance, with an area under the
ROC curve of 0.91.

In our study, HbSS patients in vaso-occlusive crisis exhibited a higher annual
frequency of crises and significantly higher pain scores than HbSS patients in steady
state. These findings confirm the severe nature of vaso-occlusive episodes in sickle
cell disease. Several African studies have shown that painful crises remain the
leading cause of hospitalization and morbidity among sickle cell patients [11] [12].
The pathophysiology of these episodes involves complex mechanisms combining
hemoglobin S polymerization, tissue hypoxia, chronic inflammation, and oxida-
tive stress [13].

The absence of significant differences in age and sex distribution across the four
groups strengthens the comparability of our study populations and supports the
validity of subsequent biomarker comparisons.

Our results demonstrated a progressive increase in serum FoxO3 concentra-
tions from HbAA subjects to HbSS patients in vaso-occlusive crisis. Mean con-
centrations increased from 6.2 + 1.4 ng/mL in HbAA subjects to 16.8 + 3.5 ng/mL
in HbSS patients during crisis. Although FoxO3 is mainly an intracellular tran-
scription factor, several studies suggest that extracellular release may occur during
intense cellular stress and systemic inflammatory processes. The increase ob-
served in our study may reflect a compensatory activation of cellular pathways
involved in oxidative stress regulation. FoxO3 plays an important role in redox
homeostasis and in the regulation of cellular antioxidant mechanisms [7]. Cur-
rently, few African data are available regarding this biomarker in sickle cell dis-
ease, which gives particular importance to our study.

The linear regression analysis provided additional quantitative insights. FoxO3
alone explained 66% of MDA variance (R* = 0.66, = 0.48, p < 0.001) and 55% of
lactate variance (R* = 0.55, # = 0.20, p < 0.001). These findings indicate a strong
dose-dependent relationship between FoxO3 and oxidative stress markers. The
striking difference between the R* for MDA (66%) and that for CRP (25%) sug-
gests that FoxO3 is more tightly coupled to lipid peroxidation pathways than to
systemic inflammatory response in sickle cell disease. MDA, as the end product
of polyunsaturated fatty acid peroxidation, may directly reflect the oxidative bur-
den resulting from chronic hemolysis and ischemia-reperfusion injury, whereas
CRP is influenced by a broader range of inflammatory stimuli beyond oxidative
stress.

IL-6 and CRP concentrations were significantly higher in HbSS patients during
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vaso-occlusive crises. Median IL-6 concentrations reached 18.7 [14.5 - 26.9] pg/mL
in patients during crisis compared with 8.6 [6.2 - 11.4] pg/mL in HbSS patients in
steady state. Similarly, median CRP concentrations were markedly increased in pa-
tients during crisis. These findings confirm the presence of a significant systemic
inflammatory state during vaso-occlusive crises. Studies conducted in Ghana and
other African countries have also reported significantly increased pro-inflamma-
tory cytokines and inflammatory markers in symptomatic sickle cell patients [14]
[15]. Chronic inflammation contributes to cellular adhesion, ischemia-reperfusion
injury, and worsening of vaso-occlusive phenomena [16].

The linear regression analysis revealed that FoxO3 explained 32% of IL-6 vari-
ance (R? = 0.32, = 1.45, p < 0.001) and 25% of CRP variance (R* = 0.25, f=1.80,
p <0.001). Although these associations were statistically significant, they were less
robust than those observed for MDA and lactate, suggesting that FoxO3 is more
directly involved in oxidative stress pathways than in the inflammatory cascade.
This finding is consistent with the primary role of FoxO3 as a regulator of cellular
antioxidant defense rather than a direct mediator of inflammation.

Malondialdehyde (MDA), the main marker of lipid peroxidation, was markedly
increased in HbSS patients during vaso-occlusive crises, with a mean concentra-
tion 0f 9.8 + 2.1 pumol/L compared with 5.7 + 1.4 umol/L in HbSS patients in steady
state. These findings are consistent with previous studies reporting increased ox-
idative stress, elevated MDA concentrations, and impaired antioxidant defenses
in patients with sickle cell disease, particularly during vaso-occlusive crises [17]
[18]. The strong increase in MDA observed in our study further supports the cen-
tral role of lipid peroxidation in the pathophysiology of vaso-occlusive events.

The exceptionally strong linear relationship between FoxO3 and MDA (R? =
0.66, p = 0.81) observed in our study reinforces the central role of oxidative stress
in the pathophysiology of vaso-occlusive crises. This strong correlation suggests
that FoxO3 and MDA are biologically interconnected, possibly through the acti-
vation of redox-sensitive signaling pathways. The dose-dependent nature of this
relationship (S = 0.48) indicates that a 1 ng/mL increase in FoxO3 is associated
with a 0.48 umol/L increase in MDA, providing a quantitative basis for future
studies aiming to establish diagnostic thresholds.

Lactate was also significantly increased in HbSS patients during vaso-occlusive
crises. Mean lactate concentrations reached 5.1 + 1.2 mmol/L in patients during
crisis compared with 2.8 + 0.7 mmol/L in patients in steady state. This elevation may
reflect tissue hypoxia and anaerobic metabolism secondary to microvascular vaso-
occlusive episodes. Our findings therefore suggest that lactate could represent an
interesting metabolic biomarker for evaluating the clinical severity of vaso-occlusive
crises. Several African authors have emphasized the importance of developing sim-
ple and accessible biomarkers adapted to resource-limited settings [19].

The linear regression analysis showed that FoxO3 explained 55% of lactate var-
iance (R* = 0.55, = 0.20, p < 0.001), ranking second only to MDA in terms of
association strength. This finding suggests that oxidative stress and metabolic dis-
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turbances are closely intertwined in sickle cell disease. The strong correlation be-
tween FoxO3 and lactate (p = 0.74) may reflect the fact that tissue hypoxia, a major
driver of lactate production, also triggers oxidative stress through ischemia-reper-
fusion mechanisms.

Multivariate analysis identified FoxO3, IL-6, CRP, lactate, and MDA as inde-
pendent factors significantly associated with vaso-occlusive crises. Lactate (OR =
2.11) and MDA (OR = 1.74) showed the strongest associations, followed by FoxO3
(OR =1.48),IL-6 (OR = 1.27), and CRP (OR = 1.18). These findings reinforce the
hypothesis that oxidative stress, systemic inflammation, and metabolic disturbances
play complementary roles in the pathophysiology of vaso-occlusive crises. To our
knowledge, few studies worldwide, and even fewer from Africa, have simultane-
ously integrated oxidative, inflammatory, and metabolic biomarkers into a diag-
nostic model for vaso-occlusive crises. Our findings therefore provide additional
evidence supporting the use of multimarker approaches for biological risk strati-
fication in sickle cell disease. Although moderate collinearity was observed be-
tween CRP and IL-6 (p = 0.61), both biomarkers were retained in the final model
because of their independent clinical relevance and statistical significance. The
inclusion of CRP provided complementary information on the systemic inflam-
matory response, whereas IL-6 reflected a more specific pro-inflammatory signal-
ing pathway. Variance inflation factors for all five biomarkers ranged from 2.9 to
4.1, confirming acceptable levels of collinearity.

The biological model developed in this study demonstrated excellent diagnostic
performance, with an area under the ROC curve of 0.91 (95% CI: 0.85 - 0.96), sen-
sitivity of 88.9% (95% CI: 76.0 - 96.3), and specificity of 84.4% (95% CI: 70.5 - 93.5).
These performances suggest that a multiparametric approach combining FoxO3,
IL-6, CRP, lactate, and MDA could improve the early identification of patients at
risk of vaso-occlusive crises. Recent studies have also highlighted the growing in-
terest in circulating biomarkers in precision medicine approaches applied to sickle
cell disease in Africa [20].

In our study, hydroxyurea use was more frequent among HbSS patients in steady
state (64.4%) than among those experiencing vaso-occlusive crises (40.0%). This
observation may reflect the protective effect of hydroxyurea in preventing painful
episodes. Several international studies have confirmed the effectiveness of hy-
droxyurea in reducing the frequency of vaso-occlusive crises [10] [21]. The lower
proportion of hydroxyurea users in the crisis group may also indicate poor thera-
peutic adherence or inadequate dosing, which are common challenges in resource-
limited settings.

To address the potential confounding effect of hydroxyurea, we performed two
sensitivity analyses. First, we included hydroxyurea use as a covariate in the mul-
tivariate logistic regression model; all five biomarkers remained significantly as-
sociated with vaso-occlusive crises after this adjustment (Table 3). Second, we
conducted a subgroup analysis restricted to the 43 HbSS patients not receiving hy-

droxyurea, in which the associations between biomarkers and crisis status re-
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mained significant and of similar magnitude (FoxO3: OR = 1.52, p = 0.003; IL-6:
OR =1.31, p=0.007; CRP: OR = 1.21, p = 0.015; lactate: OR = 2.24, p = 0.002; MDA:
OR = 1.82, p = 0.003). These findings indicate that the observed biomarker differ-
ences are not merely attributable to hydroxyurea treatment but reflect intrinsic
pathophysiological differences between steady-state and crisis patients. Neverthe-
less, the protective effect of hydroxyurea was confirmed in our adjusted model
(adjusted OR = 0.42, p = 0.006), consistent with its established role in reducing
VOC frequency.

Nevertheless, this study has certain limitations. Its cross-sectional design does
not allow the establishment of a causal relationship between the studied biomarkers
and the occurrence of vaso-occlusive crises, nor does it permit prediction of future
crises. The sample size remains relatively modest and monocentric, limiting the
generalizability of the findings. The absence of longitudinal follow-up does not
allow assessment of the dynamic variations of biomarkers over time or confirma-
tion of the true long-term prognostic value of the model. Furthermore, due to the
lack of an external validation cohort or internal validation procedure (e.g., boot-
strap resampling or k-fold cross-validation), the reported AUC, sensitivity, and
specificity represent apparent performance estimates obtained on the development
sample. These estimates may be optimistic and should be interpreted cautiously.

Additionally, FoxO3 is primarily an intracellular transcription factor, and its meas-
urement in serum requires further validation as a reliable circulating biomarker. The
extracellular release mechanisms of FoxO3 during cellular stress remain incom-
pletely understood. Future studies should explore correlations between serum
FoxO3 levels and its intracellular expression in relevant cell types (e.g., erythro-
cytes, endothelial cells, or leukocytes).

Despite these limitations, this work represents one of the first Congolese studies
simultaneously integrating FoxO3, IL-6, CRP, lactate, and MDA into a biological
model associated with vaso-occlusive crises in African sickle cell subjects. The ex-
cellent diagnostic performance of the model (AUC = 0.91) supports its potential
utility in clinical settings, particularly in resource-limited environments where ac-
cess to specialized hematological care is restricted.

Recent studies have highlighted the increasing value of multiparametric models
integrating clinical and biological biomarkers for improving the identification and
risk stratification of vaso-occlusive crises in patients with sickle cell disease [22]-
[25]. In agreement with these reports, our model demonstrated excellent apparent
diagnostic performance (AUC = 0.91), supporting the potential usefulness of com-
bining oxidative, inflammatory, and metabolic biomarkers for biological classifi-
cation of vaso-occlusive crises. Nevertheless, external validation in independent
cohorts remains necessary before clinical implementation.

Longitudinal multicenter studies including larger sample sizes will be necessary
to validate these findings, evaluate the stability of the model over time, and clarify
the clinical relevance of these biomarkers in the follow-up of African sickle cell

patients. Prospective studies could also assess whether baseline levels of FoxO3,
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MDA, or lactate predict the future occurrence of vaso-occlusive crises, which would
strengthen the prognostic value of the model.

Furthermore, the strong linear relationship between FoxO3 and MDA (R? =
0.66) raises the possibility that FoxO3 could serve as a surrogate biomarker for oxi-
dative stress severity when direct MDA measurement is unavailable. This is partic-
ularly relevant in resource-limited settings where advanced laboratory equipment
may be lacking. Simple point-of-care assays targeting FoxO3 or its downstream

effectors could be developed for routine clinical use.

5. Conclusions

This study developed a biological model discriminating vaso-occlusive crises based
on oxidative, inflammatory, and metabolic biomarkers in Congolese sickle cell sub-
jects. HbSS patients during crisis had significantly higher concentrations of FoxO3,
IL-6, CRP, lactate, and MDA compared with HbAA, HbAS, and HbSS steady-state
patients.

Linear regression analysis revealed a strong dose-dependent relationship be-
tween FoxO3 and oxidative stress markers. FoxO3 alone explained 66% of MDA
variance (R* = 0.66, f = 0.48, p < 0.001) and 55% of lactate variance (R* = 0.55,
=0.20, p < 0.001), but only 25% of CRP variance, suggesting that FoxO3 is more
directly involved in oxidative stress than in systemic inflammation.

Multivariate logistic regression identified FoxO3, IL-6, CRP, lactate, and MDA
as independent factors associated with vaso-occlusive crises. Lactate (OR = 2.11)
and MDA (OR = 1.74) showed the strongest associations, followed by FoxO3 (OR
= 1.48), IL-6 (OR = 1.27), and CRP (OR = 1.18). The combined model demon-
strated excellent diagnostic performance (AUC = 0.91, 95% CI: 0.85 - 0.96; sensi-
tivity = 88.9%, 95% CI: 76.0 - 96.3; specificity = 84.4%, 95% CI: 70.5 - 93.5), con-
firming the major role of oxidative stress, inflammation, and metabolic disturb-
ances in sickle cell crises. The strong linear relationship between FoxO3 and MDA
(R? = 0.66) suggests that FoxO3 could serve as a surrogate biomarker for oxidative
stress severity when direct MDA measurement is unavailable, particularly in re-
source-limited African settings.

Sensitivity analyses confirmed that the associations between biomarkers and
vaso-occlusive crises persisted after adjustment for hydroxyurea use and comor-
bidities, as well as in the subgroup of patients not receiving hydroxyurea, indicat-
ing that the observed biomarker differences reflect intrinsic pathophysiological
differences rather than treatment effects.

Despite limitations related to the cross-sectional and monocentric design, and
the lack of external validation, this work represents one of the first Congolese stud-
ies integrating these biomarkers into a diagnostic model for vaso-occlusive crises.
The cross-sectional nature of this study precludes establishing causality or pre-
dicting future crises; rather, the model provides a biological signature for discrim-
inating between steady-state patients and those experiencing an ongoing crisis.

Longitudinal multicenter studies are needed to validate these findings and assess
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the long-term prognostic value of the model.
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