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Abstract: Diffuse large B-cell lymphoma (DLBCL), the most prevalent form of lymphoma, is characterized by marked 
tumor heterogeneity. Treatment failure in DLBCL is often driven by drug resistance, particularly to doxorubicin, and 
our clinical observations suggest that comorbid type 2 diabetes further increases the incidence of such resistance. 
However, the intrinsic mechanisms by which altered glucose metabolism modulates doxorubicin resistance in DLBCL 
cells remain unclear. Here, we demonstrate that aberrant glucose metabolism activates the Protein Kinase B (AKT) 
signaling pathway, which in turn amplifies Nuclear Factor-kappa B (NF-κB) signaling, thereby promoting doxorubicin 
resistance. Comparative analyses of sensitive, primary-resistant, and acquired-resistant DLBCL cell lines revealed 
distinct functional and pathway alterations, notably in AKT and NF-κB signaling. Experimental validation confirmed 
that both pathways are critical mediators of resistance: enhanced AKT activity drives downstream NF-κB activation, 
which boosts glycolytic capacity and enables cancer cells to survive under chemotherapeutic stress. These findings 
not only elucidate a metabolic mechanism of drug resistance in DLBCL but also identify AKT and NF-κB as promising 
therapeutic targets for overcoming both primary and acquired doxorubicin resistance.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the 
most common subtype of non-Hodgkin’s lym-
phoma, accounting for approximately 30%- 
40% of all cases [1]. First-line therapy consists 
of R-CHOP immunochemotherapy - rituximab, 
cyclophosphamide, doxorubicin, vincristine, 
and prednisone - which achieves favorable 
responses in the majority of patients [2]. 
Nevertheless, up to 40% of individuals develop 
either primary or acquired resistance, driven by 
genetic alterations, adaptive signaling chang-
es, or extended exposure to the same regimen 
[3, 4]. Among R-CHOP components, resistance 
to doxorubicin is the chief contributor to tre- 
atment failure [5] and alternative strategies 
such as high-dose chemotherapy or autologous 

stem-cell transplantation have yielded only 
modest survival benefits [6].

The mechanisms underlying R-CHOP resistan- 
ce are highly complex, reflecting tumor hetero-
geneity, drug-induced genetic remodeling, and 
hyperactive signaling networks [7-9]. Emerging 
evidence implicates metabolic reprogramming 
- particularly enhanced glycolysis - in mediating 
chemoresistance [10-12]. For example, upregu-
lation of hexokinase 2 (HK2) augments glyco-
lytic flux and confers therapy resistance in 
DLBCL [13], while activation of the non-cano- 
nical Nuclear Factor-kappa B (NF-κB) pathway 
promotes resistance via glycolysis modula- 
tion [14]. Therapeutically, the monocarboxylate 
transporter inhibitor AZD3965 synergizes with 
doxorubicin to overcome resistance by disrupt-
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ing lactate export [15]. These studies under-
score the critical interplay between altered 
metabolism and drug resistance in DLBCL.

Type 2 diabetes mellitus (T2DM) - character-
ized by impaired insulin secretion or action and 
systemic hyperglycemia - affects hundreds of 
millions globally and exacerbates numerous 
comorbidities [16-19]. Epidemiological and pre-
clinical data link T2DM to increased tumor drug 
resistance [20-22], a finding that aligns with 
our observation of higher doxorubicin resis-
tance rates in DLBCL patients with concomi-
tant T2DM. Central metabolic regulators in 
T2DM include the Adenosine Monophosphate-
activated Protein Kinase (AMPK) and Protein 
Kinase B (AKT) pathways, whose modulation 
profoundly influences cellular energy homeo-
stasis [23-31]. Notably, AKT signaling interfac-
es with the NF-κB pathway to govern apoptosis 
and survival in cancer cells [32-34]. However, 
whether T2DM-associated metabolic altera-
tions drive chemoresistance in DLBCL via the 
AMPK/AKT axis has not been elucidated.

In this study, we retrospectively analyzed 235 
DLBCL patients - 69 with T2DM and 166 with-
out - and confirmed a significantly higher inci-
dence of doxorubicin resistance among those 
with T2DM. By generating primary-resistant 
and acquired-resistant DLBCL cell lines and 
performing transcriptomic profiling, we identi-
fied AKT-centered metabolic pathways as mark-
edly enriched in resistant cells. Functional 
assays, including Seahorse metabolic flux an- 
alysis, validated heightened glycolytic activity 
and confirmed AKT and NF-κB pathway activa-
tion in resistant lines. Pharmacological inhibi-
tion of AKT attenuated NF-κB signaling and 
restored doxorubicin sensitivity in vitro, and 
combined AKT/NF-κB blockade suppressed 
tumor growth in vivo. Together, our findings 
reveal a mechanistic link between glucose 
metabolism, AKT/NF-κB signaling, and doxoru-
bicin resistance in DLBCL, and suggest novel 
therapeutic targets to overcome both primary 
and acquired chemoresistance.

Materials and methods

Patient recruitment and clinical study

A total of 235 DLBCL patients were retrospec-
tively collected from the First Hospital of 
Lanzhou University and the First Affiliated 

Hospital of Bengbu Medical College from 2016 
to 2022. All participants provided informed 
consent prior to the study. The main diagnos- 
es of these patients were whether DLBCL was 
associated with drug resistance. Patients over 
80 years old or less than 18 years old and 
those who did not meet the inclusion criteria 
were excluded. All patients received at least 3 
R-CHOP treatment courses. Response catego-
ries including Complete Response (CR), Partial 
Response (PR), Stable Disease (SD), and Pro- 
gression Disease (PD) were defined according 
to the Lugano 2014 classification. Resistance 
was categorized as primary if PD occurred dur-
ing or within 3 cycles after treatment, or sec-
ondary if PD emerged after initial CR/PR. All 
imaging assessments were performed by two 
independent radiologists blinded to clinical 
data. Their medical histories and blood test 
indicators, including gender, age, Body Mass 
Index (BMI), β2-microglobulin (β2MG), Interna- 
tional Prognostic Index score (IPI_score), cho-
lesterol (CHO), triglyceride (TG), C-reactive pro-
tein (CRP), Erythrocyte Sedimentation Rate 
(ESR), stage, molecular subtype, history of 
T2DM, were collected. Relevant hematoxylin 
and eosin (H&E) staining and immunohisto-
chemical staining were performed on archived 
specimens.

Reagents

Phosphorylated AKT, AKT, phosphorylated 
AMPK, and AMPK antibodies are from Abcam  
in the United States. The NF-κB antibody is 
from Biyuntian Company in China. Doxorubicin, 
MK2206 for the AKT pathway, and Bortezomib 
for the NF-κB pathway were purchased from 
Selleck.cn in Shanghai, China. The Cell Count 
Kit-8 reagent was purchased from Biyuntian 
Company. The apoptosis assay kit was pur-
chased from Biosharp Company. The glycolysis 
assay kit was purchased from Agilent in 
Shanghai, China. B-cell lymphoma 2 (Bcl-2), 
Myeloid cell leukemia 1 (Mcl-1), B-cell lympho-
ma-extra large (Bcl-xl) antibodies are from 
Biyuntian Company in China.

Cell proliferation assay

According to the manufacturer’s instructions, 
the cell proliferation assays were performed 
using Cell Counting Kit-8 (CCK-8; Beyotime 
Biotechnology, Shanghai, China). Briefly, cells 
were seeded into a 96-well plate at a density of 
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5×103 cells per well. After the cells were treat- 
ed or cultured for a certain period, 10 µL of 
CCK-8 solution was added and mixed well. After 
incubating for 1 hour at 37°C in a CO2 incuba-
tor, the absorbance at 450 nm was measured 
using Synergy H1 (Biotek, Agilent, California, 
USA). The drug inhibition rate of cancer cells 
and the corresponding half-inhibitory concen-
tration (IC50) value were calculated based on 
the absorbance reading.

Cell apoptosis assay

After processing, all cells were collected in EP 
tubes and washed with PBS before being added 
to the incubation fluid. Apoptosis was evaluat-
ed using the apoptosis detection kit (Biosharp, 
15900455, China) by staining the cells with 5 
µL of Annexin V-FITC/PI staining reagents for 
15 minutes. After staining, the cells were 
washed three times and analyzed for apoptosis 
using a flow cytometer. The apoptotic ratio of 
the cells was analyzed using FlowJo software.

High-throughput RNA-seq analysis

Tissue samples were subjected to high-through-
put RNA sequencing analysis at EnergyCorp. 
Total RNA was extracted using Trizol (Invitrogen, 
USA). The concentration and integrity of the 
RNA were assessed using Qubit® 2.0 (Life Te- 
chnologies, USA) and Agilent 2200 TapeStation 
(Agilent Technologies, USA), respectively. Fo- 
llowing the manufacturer’s instructions, small 
RNA libraries were prepared using the NEB- 
Next® Multiplex Small RNA Library Prep Set 
(NEB, USA) from 1 µg of total RNA from each 
sample. Subsequently, sequencing was per-
formed on the HiSeq 2500 platform (Illumina, 
USA) using the single-end 50 bp protocol pro-
vided by Generey (China), a subsidiary of 
EnergyCorp.

Cell culture

The DLBCL cell lines OCILY19, OCILY3, SUD- 
HL6, SUDHL8, DOHH2, and normal B cell line 
GM12878 have been confirmed to be free of 
mycoplasma contamination and are cultured in 
high-glucose medium containing serum. The 
cells exhibit suspension growth and are main-
tained in a 37°C incubator with 5% carbon diox-
ide. The culture medium is replaced every 2 
days, and when the cells reach 80% con- 

fluency, they are subcultured and further pro-
cessed for subsequent experiments.

Cultivation of acquired doxorubicin-resistant 
DLBCL cell lines

SUDHL8S cells, which are initially sensitive to 
doxorubicin and in a good state, were repeat-
edly cultured and gradually exposed to increas-
ing concentrations of doxorubicin. This process 
continued until the IC50 of doxorubicin reached 
0.2 µM, indicating the development of doxoru-
bicin-resistant SUDHL8R cells. The acquired 
doxorubicin resistance of SUDHL8R cells was 
subsequently confirmed through validation.

Western blot

The cell tissue was lysed using RIPA lysis buffer 
(Beyotime Biotechnology, China). The protein 
concentration was measured using the BCA 
protein assay kit (Beijing Biological Technology, 
China). Forty micrograms of protein were sepa-
rated on a 10% SDS-PAGE gel and then trans-
ferred onto an NC membrane (EMD Millipore). 
After transfer, the membrane was blocked with 
5% bovine serum albumin and washed three 
times with PBS. Subsequently, the membrane 
was incubated with the primary antibody over-
night at 4°C. After washing with PBS, the mem-
brane was incubated with the H&L secondary 
antibody for 1 hour at 25°C. Protein bands  
were visualized using an ECL substrate kit 
(Thermofisher). Semi-quantitative analysis of 
protein expression levels was performed using 
Image-Pro Plus software (version 6.0; Media 
Cybernetics).

Hematoxylin and eosin staining

The tissue was fixed in 4% paraformaldehyde, 
embedded in paraffin, and then sectioned into 
5 µm thick slices. Subsequently, these tissue 
sections were stained with H&E.

Immunohistochemistry

The paraffin sections of the tissue were depar-
affinized and rehydrated using xylene and etha-
nol, respectively. To block endogenous peroxi-
dase, the sections were then incubated with 
3% hydrogen peroxide solution. Antigen retriev-
al was performed using a 0.1 M sodium citrate 
buffer (pH 6.0) for 60 minutes. Subsequently, 
the sections were incubated with 5% BSA for 1 
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hour, followed by incubation with the primary 
antibody at room temperature for 4 hours. 
Then, a secondary antibody conjugated with 
horseradish peroxidase (HRP) from Abcam 
(Cambridge, UK) was applied and incubated at 
37°C for 1 hour. The sections were washed 
twice with PBS for 5 minutes each, followed by 
staining with 3,3’-Diaminobenzidine (DAB) and 
counterstained with hematoxylin. These imag-
es were captured using an optical microscope 
(Olympus-IX73-DP80, Japan). Positive staining 
appeared as brownish-yellow color.

Seahorse assay

According to the manufacturer’s guidelines,  
the Seahorse XF Glycolysis Stress Test Kit 
(Seahorse Bioscience, Cat #: 103020-100), 
Seahorse XF Cell Mito Stress Test Kit (Sea- 
horse Bioscience, Cat #: 103015-100) and 
Seahorse XF Real-Time ATP Rate Assay Kit 
(Seahorse Bioscience, Cat #: 103592-100) are 
used to evaluate extracellular acidification rate 
oxidative mitochondrial pressure and ATP pro-
duction rate of cells. Cells are seeded at a den-
sity of 8000 to 20000 cells per well in a 96- 
well Seahorse assay plate coated with poly-D-
lysine. After different treatments, the cells are 
incubated for 30 minutes at 37°C in an unbuf-
fered DMEM medium in a non-CO2 incubator. 
Then, at specified time points, the cells are 
treated with respective reagents. Glucose 
Uptake Assay Kit (Merck Life Sciences, Cat #: 
MAK542) was used to detect the glucose 
uptake of cells.

Animal experiments

Female BALB/c Nude mice were adaptively 
grown in cages for one week, followed by  
subcutaneous injection of tumor masses. 
SUDHL8R cells were diluted to a concentration 
of 5×107/ml. Then, 100 ul of cell suspension 
was mixed with matrix gel and injected into the 
armpit of the mice. After 3 weeks of growth, 
when the tumor volume reached approximately 
100 mm3, drug intervention was administered. 
The control group received physiological saline, 
while the Dox group received doxorubicin che-
motherapy. In the Dox + AKT inhibition group, 
AKT signaling pathway was inhibited along with 
doxorubicin chemotherapy based on body wei- 
ght. Similarly, in the Dox + NF-κB inhibition 
group, NF-κB signaling pathway was inhibited 
along with doxorubicin chemotherapy based on 

body weight. The treatment cycle lasted for 10 
days, during which the body weight and subcu-
taneous tumor volume of the mice were record-
ed. 10 days later, euthanize the mice by CO2 
inhalation followed by cervical dislocation, and 
collect the specimens. After 10 days, the mice 
were euthanized and specimens were collect-
ed.The specimens were either immersed in  
4% paraformaldehyde or placed in a -80°C 
refrigerator.

Statistical methods

Univariable logistic analysis or multivariate 
logistic analysis analyzed using R language. 
Statistical analysis was performed using SPSS 
21.0. Continuous variables are expressed as 
mean ± standard deviation (SD). Independent 
samples t-test was used to compare two in- 
dependent groups, and repeated measures 
ANOVA was applied to the repeated data. 
Categorical variables are presented as counts 
or percentages, with the χ2 test used for group 
comparisons. A p-value of less than 0.05 was 
considered statistically significant.

Result

Higher R-CHOP treatment resistance rate in 
DLBCL patients with T2DM

To analyze the interfering factors of resistance, 
this study conducted Univariable Logistic and 
Multivariate Logistic Analysis on the character-
istics of resistant and non-resistant groups. 
The results of the Univariable Logistic Analysis 
revealed that age, CRP, β2MG, ESR, IPI_score, 
Molecular Subtype, and the presence of a his-
tory of T2DM were significant confounding fac-
tors for R-CHOP resistance (all P<0.05, Table 
1). In the Multivariate Logistic Analysis, the 
presence of a history of T2DM was identified as 
one of the influencing factors for R-CHOP resis-
tance (P<0.001, Table 1). To determine wheth-
er T2DM-associated metabolic disturbances 
influence R-CHOP resistance in DLBCL, we per-
formed a retrospective analysis of 235 pa- 
tients, stratifying them into four cohorts by dia-
betic status and treatment response (Figure 
1A). Baseline characteristics - including sex, 
age, and BMI - were comparable across all 
groups (all P>0.05, Table 2). H&E and immu- 
nohistochemical staining of diagnostic biopsy 
specimens confirmed DLBCL in each cohort 
(Figures 1B, S1). When comparing diabetic ver-
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Figure 1. DLBCL patients with con-
comitant T2DM have a higher drug re-
sistance rate. A. Workflow diagram for 
clinical data collection. B. H&E staining 
results of tissue specimens from the 
four groups of patients (×200).

Table 1. Analysis of factors related to drug resistance and non-drug resistance

Characteristics
Univariable Logistic Analysis Multivariate Logistic Analysis
OR (95%) P OR (95%) P

Gender (n, %)
    Female ref
    Male 2.0 (1.11-3.62) 0.021 2.02 (0.97-4.22) 0.06
Age (year) 1.01 (0.99-1.04) 0.268
BMI 1.03 (1.00-1.06) 0.068
CRP (mg/L) 1.04 (1.03-1.06) <0.001 1.04 (1.02-1.06) <0.001
β2MG (mg/L) 1.22 (1.01-1.47) 0.039
ESR (mm/h) 1.05 (1.03-1.06) <0.001 1.03 (1.01-1.05) 0.001
CHO (nmol/L) 0.88 (0.63-1.22) 0.435
TG (nmol/L) 0.98 (0.71-1.34) 0.893
IPI_score (n, %)
    0-2 ref ref
    3-5 1.54 (1.02-2.33) 0.041 1.47 (0.88-2.45) 0.14
Stage (n, %)
    I ref
    II 1.48 (0.39-5.52) 0.563
    III 1.36 (0.33-5.67) 0.671
    IV 2.36 (0.59-9.39) 0.222
T2DM (n, %)
    No ref ref
    Yes 4.59 (2.47-8.53) <0.001 4.76 (2.24-10.11) <0.001
Molecular Subtype (n, %)
    GCB ref
    non_GCB 2.67 (1.49-4.80) 0.001
CRP, C-reactive protein; β2MG, β2-microglobulin; ESR, Erythrocyte Sedimentation Rate; CHO, cholesterol; TG, triglyceride; 
IPI_score, International Prognostic Index score; T2DM, Type 2 Diabetes Mellitus; GCB, germinal center B-cell-like.
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Table 2. The demographics and clinical characteristics of individuals
NonT2DM-Senstive

(n=137)
NonT2DM-Resistant

(n=29)
T2DM-Sensitive

(n=35)
T2DM-Resistant

(n=34) P Value

Female/Male 76/61 10/19 19/16 12/21 0.07
Mean age 57.24 ± 12.98 58.71 ± 13.41 56.63 ± 12.62 61.78 ± 12.60 0.13
BMI 24.69 ± 4.14 23.95 ± 3.75 25.63 ±3.80 24.10 ± 3.83 0.37

Table 3. The clinical treatment resistance rate
NonT2DM T2DM

Sensitive 137 35
Resistant 29 34
Drug resistance rate 17.47% 49.27%

sus non-diabetic patients, the T2DM group 
exhibited a significantly higher R-CHOP resis-
tance rate (49.27% vs. 17.47%; P<0.05, Table 
3). These results suggest that aberrant glu- 
cose metabolism in T2DM may contribute to 
increased R-CHOP treatment resistance in 
DLBCL.

Primitive resistant cells possess unique ge-
nomic traits that contribute to their differential 
drug resistance

We next evaluated doxorubicin sensitivity ac- 
ross a panel of DLBCL cell lines and the nor- 
mal B-cell line GM12878. Based on IC50 values, 
OCI-LY19, DOHH2, and SUDHL8 were classified 
as sensitive, whereas OCI-LY3 and SUDHL6 
were designated resistant (P<0.05, Figures  
2A, 2B, S2A). Flow cytometric analysis of apop-
tosis following doxorubicin treatment corrobo-
rated these classifications (*P<0.05, Figures 
2C, S2B), and immunoblotting of apoptosis 
markers showed markedly higher expression in 
resistant lines (OCI-LY3, SUDHL6) compared to 
sensitive lines (OCI-LY19, DOHH2, SUDHL8).

To uncover transcriptional programs underly- 
ing resistance, we performed RNA-seq on the 
sensitive SUDHL8 and resistant OCI-LY3 lin- 
es, confirming high-quality RNA inputs (Figure 
S3A). Differential expression analysis identified 
5,283 genes (Figure 2D, 2E), many of which 
clustered within common gene families (Figure 
S3B, S3C). Gene Ontology enrichment high-
lighted pronounced alterations in metabolic 
processes, cellular components, and molecular 
functions (Figure 2F). KEGG pathway analysis 
further revealed significant enrichment of the 
AKT and NF-κB signaling axes in resistant cells 

(Figure 2G). These data implicate metabolic 
and pro-survival pathways, particularly AKT  
and NF-κB, in doxorubicin resistance in DLBCL.

Cells with acquired resistance to Doxorubi-
cin exhibit partially overlapping but distinct 
mechanisms of resistance

To explore the mechanisms underpinning 
acquired doxorubicin resistance, we generated 
a resistant derivative of the sensitive SUDHL8 
line (termed SUDHL8R) by stepwise escalation 
of doxorubicin exposure until cells proliferated 
robustly at 200 nM (Figure 3A). SUDHL8R dis-
played a 6-7-fold increase in IC50 relative to 
parental SUDHL8 (SUDHL8S) (Figure 3B), and 
flow cytometry confirmed a markedly lower 
apoptosis rate in SUDHL8R following doxoru- 
bicin treatment (*P<0.05, Figure S4A). Con- 
sistently, apoptotic marker expression was  
substantially elevated in SUDHL8R versus 
SUDHL8S after drug exposure (Figure S4B), 
validating successful induction of resistance.

Transcriptomic profiling of SUDHL8S and SU- 
DHL8R (QC metrics in Figure S5A) identified 
2,628 differentially expressed genes (560 
downregulated, 2,068 upregulated; Figure 3C, 
3D), which clustered into functional gene fami-
lies (Figure S5B, S5C). Gene Ontology enrich-
ment revealed significant involvement of im- 
mune response, vesicle localization, and DNA 
damage processes - the latter correlating with 
doxorubicin sensitivity (Figure 3E). KEGG path-
way analysis highlighted pronounced activation 
of both AKT and NF-κB signaling in SUDHL8R 
(Figure 3F), implicating these axes as common 
drivers of primary and acquired resistance in 
DLBCL.

Abnormal glycolysis induced by AKT-mediated 
activation of the NF-κB pathway leads to the 
development of drug resistance

To uncover shared drivers of primary and 
acquired doxorubicin resistance, we intersect-
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Figure 2. Omics results indicate significant differences in biological functions and pathway enrichment between the 
original resistant and sensitive cells. A. Differential sensitivity to Doxorubicin in different DLBCL cell lines. B. Cells 
were divided into Doxorubicin-resistant and Doxorubicin-sensitive cells based on an IC50 of 200 nM. C. Apoptosis 
rate of sensitive cell line SUDHL8 and resistant cell line OCILY3 after 24 h of Doxorubicin treatment, *P<0.05. D. 
Heatmap of differentially expressed genes identified in SUDHL8 and OCILY3 cells. E. Volcano plot of differentially 
expressed genes identified in SUDHL8 and OCILY3 cells. F. Analysis of biological functions of differentially expressed 
genes using GO Terms. G. Pathway enrichment (KEGG) analysis of differentially expressed genes.
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Figure 3. Omics results indicate significant enrichment differences in biological functions and pathways between 
induced resistant and sensitive cells. A. Induction pattern of resistant cells SUDHL8R. B. IC50 detection of induced 
resistant cells SUDHL8R and sensitive cells SUDHL8S. C. Heatmap of differential genes obtained from omics analy-
sis of sensitive cells SUDHL8 and induced resistant cells SUDHL8R. D. Volcano plot of differential genes. E. Gene 
ontology (GO) plot of differential genes. F. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
plot of differential genes.
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Figure 4. The AKT and NF-κB signaling pathways are abnormally activated in drug-resistant cells. A. Venn diagram 
showing the intersection of differentially expressed genes in two groups. B. Functional analysis of gene ontology (GO 
terms) for the intersecting genes. C. Enrichment pathway (KEGG) analysis of the intersecting genes. D. Abnormal 
activation of the internal AKT, AMPK, and NF-κB signaling pathways in the original drug-resistant cell line OCILY3 
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and the induced drug-resistant cell line SUDHL8R compared to the sensitive cell line SUDHL8S. Compared to the 
SUDHL8S group, *P<0.05. E. Increased glycolysis stress ECAR in the original drug-resistant cell line OCILY3 and 
the induced drug-resistant cell line SUDHL8R compared to the sensitive cell line SUDHL8S, indicating enhanced 
glycolytic capacity, *P<0.05. ECAR (Extracellular Acidification Rate). F. Decreased cell mitochondrial stress OCR in 
the original drug-resistant cell line OCILY3 and the induced drug-resistant cell line SUDHL8R compared to the sensi-
tive cell line SUDHL8S, indicating lower cellular mitochondrial stress, *P<0.05. OCR (Oxygen Consumption Rate). G. 
Increased Real-Time ATP Rate OCR in the original drug-resistant cell line OCILY3 and the induced drug-resistant cell 
line SUDHL8R compared to the sensitive cell line SUDHL8S, indicating enhanced rate of ATP generation, *P<0.05. 
H. SUDHL8R and OCI-LY3 drug-resistant cells exhibit higher glucose uptake capacity compared to the sensitive cell 
SUDHL8S. *P<0.05.

ed the differentially expressed genes from both 
transcriptomic analyses, yielding 2,332 com-
mon candidates (Figure 4A). Functional anno-
tation revealed enrichment in processes such 
as cell adhesion, DNA-binding transcription fac-
tor activity, and RNA polymerase II - specific 
functions (Figure 4B), all of which may con- 
tribute to chemoresistance. Pathway analysis 
again highlighted the AKT and NF-κB axes 
(Figure 4C), supporting the hypothesis that AKT 
signaling regulates NF-κB in this context.

We next validated activation of the AKT, AMPK, 
and NF-κB pathways in the sensitive line 
(SUDHL8S), a primary-resistant line (OCI-LY3), 
and the acquired-resistant derivative (SU- 
DHL8R). Both resistant lines exhibited incre- 
ased phosphorylation of AKT and AMPK along-
side elevated NF-κB protein levels, confirm- 
ing pathway activation (*P<0.05, Figure 4D). 
Moreover, Seahorse metabolic flux analysis 
showed that extracellular acidification rates 
(ECAR) - a proxy for glycolytic capacity - were 
significantly higher in OCI-LY3 and SUDHL8R 
compared to SUDHL8S (*P<0.05, Figures 4E, 
S6A). Meanwhile, the mitochondrial stress cell 
oxygen consumption rate (OCR) was lower in 
OCI-LY3 and SUDHL8R cells (*P<0.05, Figures 
4F, S6B), while their ATP production rate  
OCR values were higher during ATP generation 
demands (*P<0.05, Figures 4G, S6C). Further 
studies determined the glucose uptake capac-
ity of the three groups of cells, and it was found 
that the drug-resistant OCI-LY3 and SUDHL8R 
cells took up more glucose compared to the 
sensitive SUDHL8S cells (*P<0.05, Figure 4H). 
Therefore, both primary and acquired drug 
resistance are associated with the synergistic 
activation of the AKT/AMPK-NF-κB signaling 
pathway, leading to enhanced cellular glycoly- 
tic capacity, lower oxygen consumption under 
stress conditions, and increased rate of ATP 
production during ATP demands.

Inhibition of the AKT/NF-κB signaling pathway 
axis transforms drug-resistant cells into sensi-
tive cells

Treatment of the acquired-resistant SUDHL8R 
cells with an AKT-specific inhibitor markedly 
reduced phospho-AKT levels (*P<0.05, Figures 
5A, S7A, lane 4 vs. 3), confirming effective 
pathway blockade. Similarly, NF-κB inhibition 
suppressed downstream NF-κB signaling (*P< 
0.05, **P<0.01, lane 5 vs. 3). Notably, doxorubi-
cin exposure alone elevated AMPK phosphory-
lation in SUDHL8R cells (lane 3 vs. 1), suggest-
ing a metabolic stress response, whereas NF- 
κB inhibition had no appreciable effect on 
either AKT or AMPK activation.

Functionally, combining either AKT or NF-κB 
inhibitors with doxorubicin abrogated anti-
apoptotic protein expression and significantly 
increased apoptosis in SUDHL8R cells, as  
measured by flow cytometry (Figures 5B, S7B, 
S7C). Concordantly, Seahorse XF analysis sh- 
owed that both drugs significantly reduced the 
extracellular acidification rate - an indicator of 
glycolytic flux - in SUDHL8R cells (*P<0.05, 
Figures 5C, S6D), while enhancing the oxygen 
consumption under mitochondrial stress con- 
ditions and inhibiting the rate of ATP produc- 
tion (*P<0.05, Figures 5D, 5E, S6E, S6F). 
Importantly, further research revealed that 
both drugs blocked the rapid glucose uptake 
capacity in SUDHL8R cells due to drug resis-
tance, thereby reducing the sugar absorption  
in drug-resistant cells (*P<0.05, Figure 5F).

Together, these results demonstrate that tar-
geting AKT and NF-κB signaling not only im- 
pairs survival pathways but also suppresses 
the enhanced glycolysis, reduction in oxygen 
consumption under stress conditions and en- 
hancement of ATP generation rate characteris-
tic of doxorubicin-resistant DLBCL cells, there-
by reversing chemoresistance.
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Figure 5. Inhibition of the AKT/NF-κB signaling pathway axis can reverse drug resistance in DLBCL cells. (A) Western 
Blot detection of the protein expression levels of AKT, AMPK, and NF-κB signaling pathways after the addition of 
different inhibitor. After the addition of inhibitor for AKT, the downstream NF-κB signaling pathway is inhibited, while 
the AMPK pathway is activated. After the addition of inhibitor for the NF-κB signaling pathway, the NF-κB signaling 
pathway is suppressed, and there are no changes in the upstream AKT signaling pathway and AMPK signaling path-
way. (B) Western Blot detection of the expression of anti-apoptotic molecules after the addition of different drugs. 
(C) Seahorse XF energy detector to measure the glycolysis stress ECAR values, cell mitochondrial stress OCR (D) and 
ATP Rate OCR (E) of cells after the addition of different drugs. Compared to other groups, *P<0.05. (F) Difference in 
glucose uptake capacity of cells after treatment with different drugs, *P<0.05.

The role of the AKT/NF-κB signaling pathway 
axis in resistance to doxorubicin in vivo

In vivo validation was performed using a subcu-
taneous xenograft model in BALB/c nude mice. 
SUDHL8R cells were mixed with Matrigel and 
implanted, and once tumors reached\~100 
mm3 (three weeks post-implantation), mice 
were treated for 10 days as follows: saline (con-
trol), doxorubicin alone (Dox), doxorubicin plus 
AKT inhibitor (Dox + AKT in), or doxorubicin plus 
NF-κB inhibitor (Dox + NF-κB in), with dosages 

adjusted to body weight (Figure 6A). Body 
weight remained stable in controls but de- 
clined modestly in all treatment groups, mirror-
ing clinical chemotherapy effects. Tumor vol-
ume increased progressively in controls but 
showed only a slight reduction with Dox alone; 
in contrast, both Dox + AKT in and Dox + NF-κB 
in groups exhibited robust tumor growth inhibi-
tion (Figure 6B). Final tumor weights confirmed 
significant suppression by combination therapy 
(*P<0.05, Figure 6C), and H&E staining verified 
tumor integrity (Figure 6D). Western blotting 
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Figure 6. Validation of the regulatory effect of the AKT/NF-κB signaling pathway axis on cell resistance in vivo. A. 
Diagram of the animal experimental model. B. Graph showing changes in body weight and tumor volume of mice 
after treatment. C. Comparative image of tumors extracted from euthanized nude mice. Compared to Control and 
Dox groups, *P<0.05. D. H&E staining of tumor samples (×400). E. Western Blot analysis of key proteins in the AKT, 
AMPK, and NF-κB signaling pathways in tumor tissues.
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revealed that AKT inhibition not only reduced 
phospho-AKT levels but also decreased AMPK 
phosphorylation and downstream NF-κB ac- 
tivation, whereas NF-κB inhibition selectively 
blocked NF-κB without affecting upstream AKT 
or AMPK (Figure 6E). These results corroborate 
that dysregulated AKT/AMPK-NF-κB signaling 
drives doxorubicin resistance in DLBCL and 
that dual targeting of these pathways can effec-
tively reverse chemoresistance.

Discussion

Resistance to doxorubicin in DLBCL arises from 
tumor cell subpopulations that possess intrin-
sic or acquired defenses against chemothera-
peutic stress. Upon exposure to doxorubicin, 
these resistant cells mount a unique transcrip-
tional program that dysregulates key metabolic 
pathways - most notably the AKT and down-
stream NF-κB signaling axes - ultimately repro-
gramming glucose metabolism to support sur- 
vival.

Numerous studies across cancer types have 
implicated NF-κB as a central mediator of che-
moresistance [35, 36], and aberrant NF-κB 
activation is especially prevalent in refractory 
DLBCL patients [37]. However, the upstream 
metabolic drivers of NF-κB in DLBCL remain 
poorly defined. Here, we introduce AKT - a mas-
ter regulator of glucose uptake and glycolysis - 
as a critical modulator of NF-κB signaling. Re- 
cent work in prostate cancer demonstrates 
that hyperactive AKT enhances NF-κB-driven 
drug resistance [38], suggesting a conserved 
mechanism worthy of investigation in DLBCL.

Consistent with this model, we observed that 
doxorubicin-resistant DLBCL cells display mark-
edly increased glycolytic capacity. This shift 
mirrors a broader phenomenon in which cancer 
cells, under prolonged chemotherapeutic pres-
sure, rewire their metabolism - particularly glu-
cose metabolism - to rapidly generate ATP and 
biosynthetic precursors for survival [39]. In- 
deed, elevated lactate production has been 
reported in drug-resistant DLBCL lines, further 
linking glycolysis to chemoresistance [14].

While our data highlight the AKT/NF-κB axis, 
other oncogenic pathways - such as Wnt signal-
ing - may also contribute. Doxorubicin-induced 
upregulation of FZD1 and WNT10A can estab-
lish an autocrine Wnt loop, which not only sus-

tains cancer stem-like properties but also in- 
tersects with NF-κB to drive metabolic adapta-
tion and therapy resistance [40-42]. Whether 
Wnt activity converges on AKT to reinforce gly-
colytic reprogramming deserves future study. 
Likewise, our preliminary observations of AMPK 
activation in resistant cells raise intriguing 
questions about cross-talk between energy 
sensing and survival signaling.

In summary, we demonstrate that aberrant  
AKT activity reprograms glucose metabolism 
and amplifies NF-κB signaling to promote doxo-
rubicin resistance in DLBCL. These findings not 
only elucidate a metabolic basis for chemore-
sistance but also suggest that targeting the 
AKT/NF-κB axis - or its metabolic circuitry - may 
offer novel therapeutic strategies for refractory 
DLBCL.
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Figure S1. Immunohistochemical images of four groups of patients with confirmed diagnosis (PAX-5, CD3, CD20, 
Ki-67) (×200).
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Figure S2. A. Expression levels of anti-apoptotic proteins Mcl-1, Bcl-2, and Bcl-xl in different cell lines exposed to 0, 
10, and 100 nM Dox for 24 h. B. Apoptosis rate of sensitive cell line OCILY19, DOHH2, and resistant cell line SUDHL6, 
as well as normal B cell GM128 after 24 h of Doxorubicin treatment. Compared to SUDHL6 group, *P<0.05.
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Figure S3. A. Quality control of proteomics samples for submission. B. Enrichment pathways of differential genes. C. 
Enriched gene families generated by gene enrichment pathways.
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Figure S4. A. Apoptosis rate of cell line SUDHL8S and SUDHL8R after 24 h of Doxorubicin treatment. Compared to 
SUDHLR group, *P<0.05. B. Expression levels of anti-apoptotic proteins Mcl-1, Bcl-2, and Bcl-xl in SUDHL8S and 
SUDHL8R exposed to 0, 10, and 100 nM Dox for 24 h.
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Figure S5. A. Quality control of proteomics samples for submission. B. Enrichment pathways of differential genes. C. 
Enriched gene families generated by gene enrichment pathways.
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Figure S6. The values of glycolysis stress ECAR (A), cell mitochondrial stress OCR (B), and Real-Time ATP Rate OCR 
(C) detected in real-time for drug-resistant cells SUDHL8R, OCILY3, and sensitive cells SUDHL8S. The values of gly-
colysis stress ECAR (D), cell mitochondrial stress OCR (E), and Real-Time ATP Rate OCR (F) detected in real-time for 
six groups of cells under different drug treatments.
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Figure S7. A. Quantitative analysis of the expression of AKT, AMPK, and NF-κB signaling pathway proteins after us-
ing inhibitors. B. Quantitative analysis of the expression of anti-apoptotic molecules after using inhibitors. C. Flow 
cytometry analysis to detect the differences in cell apoptosis after the addition of different drugs.


