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Abstract: Lymphoma is a disease that affects countless lives each year. In order to combat this disease, researchers 
have been exploring the potential of DNMTi and HDACi drugs. These drugs target the cellular processes that contrib-
ute to lymphomagenesis and treatment resistance. Our research evaluated the effectiveness of a combination of 
two such drugs, hydralazine (DNMTi) and valproate (HDACi), in B-cell and T-cell lymphoma cell lines. Here we show 
that the combination of hydralazine and valproate decreased the viability of cells over time, leading to the arrest 
of cell-cycle and apoptosis in both B and T-cells. This combination of drugs proved to be synergistic, with each drug 
showing significant growth inhibition individually. Microarray analyses of HuT 78 and Raji cells showed that the com-
bination of hydralazine and valproate resulted in the up-regulation of 562 and 850 genes, respectively, while down-
regulating 152 and 650 genes. Several proapoptotic and cell cycle-related genes were found to be up-regulated. 
Notably, three and five of the ten most up-regulated genes in HuT 78 and Raji cells, respectively, were related to 
immune function. In summary, our study suggests that the combination of hydralazine and valproate is an effective 
treatment option for both B- and T-lymphomas. These findings are highly encouraging, and we urge further clinical 
evaluation to validate our research and potentially improve lymphoma treatment.
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Introduction

Non-Hodgkin lymphoma (NHL) is a diverse 
group of lymphocyte-derived malignancies with 
heterogeneous molecular features and clinical 
manifestations. DNA hypermethylation and his-
tone deacetylation in B-cell and T-cell lympho-
mas are common, and these alterations con-
tribute to lymphomagenesis [1, 2]. Despite the 
strong rationale for using a combination of DNA 
methyltransferase (DNMTi) and histone deacet-
ylase (HDACi) inhibitors in NHL, no DNMTi has 
been FDA-approved, whereas among HDCAi 
vorinostat and romidepsin are approved for 
cutaneous T-cell lymphoma (CTCL), and panobi-

nostat for peripheral T-cell lymphoma respec-
tively [3].

The antihypertensive drug hydralazine (H) has 
been repositioned as a DNMTi, while valproate 
(V) is an antiepileptic drug repositioned as an 
HDACi. Phase I clinical trials of these agents, 
alone or in combination, have shown they are 
well tolerated [4-6]. These agents have clinical-
ly shown efficacy in myelodysplastic syndrome 
[7, 8] and cutaneous T-cell lymphoma [9]. On 
one hand, in NHL, the nucleoside analogs 
azacitidine and decitabine have limited clini- 
cal efficacy as single agents [10-12]. However,  
a DNMTi, combined with standard R-CHOP, 
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increases the response rate and is well-tolerat-
ed [13, 14]. Likewise, the HDACi vorinostat has 
modest efficacy as a single agent in relapsed 
NHL [15, 16]. Additionally, HDACi shows syner-
gistic activity when combined with anti-CD20 
monoclonal antibodies, proteasome inhibitors, 
or immunomodulatory agents [17, 18]. HDACi’s 
mixed efficacy and toxicity results are observed 
when these agents are combined with cytotoxic 
chemotherapy [19-21]. However, a more recent 
study, combining valproate with R-CHOP as 
first-line therapy in diffuse large B-cell lympho-
ma [DLBCL], resulted in higher efficacy than 
historical controls [22]. These findings hold 
promise for the potential of the hydralazine val-
proate combination in reducing cell viability, 
inducing cell cycle arrest and apoptosis, and 
showing the synergistic effect of the combina-
tion in inhibiting lymphoma cell growth.

DNMTi and HDACi synergize regarding antitu-
mor effects and gene expression [23, 24]. 
Hence, this has led to preclinical and clinical 
studies combining DNMTi, decitabine, or aza-
cytidine with vorinostat or other HDACIs. In 
MDS and AML, results are encouraging [25], 
and in NHL, Pera et al. reported that the vorino-
stat and azacitidine combination appears to 
have a delayed chemosensitization effect [26].

While the HV combination has shown preclini-
cal and clinical efficacy in T-cell NHL [9, 27], its 
activity has not yet been evaluated in B-cell 
lymphoma. This study presents a novel evalua-
tion of the anti-lymphoma efficacy of the combi-
nation of hydralazine valproate (HV) in B lym-
phoma cell lines in vitro.

Materials and methods

Cell lines, culture, and drugs

We used the following cell lines: Non-Hodgkin’s 
B cell lymphoma Raji, Nawalma, SU-DHL-10, 
and CA46, as well as the cutaneous T-cell lym-
phoma HuT 78. Cells were obtained from the 
American Type Culture Collection (Manassas, 
VA, USA). Cells were cultured at 37°C in a 
humidified atmosphere containing 5% CO2  
with RPMI-1640 medium supplemented with 
10% fetal bovine serum (both Gibco BRL, 
Gaithersburg, MD) and 1% antibiotic-antimycot-
ic solution (10,000 U/ml penicillin, 10.000 µg/
ml streptomycin and 25 µg/ml de amphotericin 
B, Corning). Hydralazine was purchased from 

Sigma-Aldrich (Merck KGaA, Darmstadt, Ger- 
many), and magnesium valproate was pur-
chased from Psicofarma S.A. de CV, Mexico.

Cell viability after treatment with the hydrala-
zine valproate combination

In our study, we seeded a total of 7 × 105 Raji 
cells and 1 × 105 HuT 78, Nawalma, SU-DHL-10, 
or CA46 cells into 24-well plates. These cells 
were then treated with either hydralazine or val-
proate at escalating doses, with the fresh, com-
plete medium containing each drug changed 
every 24 hours. After 72 hours of treatment, we 
recovered and resuspended the pellets in 1 mL 
RPMI-1640 medium to assess cell viability 
using a trypan blue exclusion assay in a 
TC10TMAutomated Cell Counter (BioRad). 
Viable cells (%) = total number of viable cells 
per ml of aliquot/total number of cells per ml of 
aliquot × 100. The cytotoxic effect of each 
treatment was expressed as a percentage of 
cell viability relative to untreated control cells 
and is defined as treated cells/non-treated 
cells × 100.

The Inhibitory Concentration (IC) IC10 through 
IC50 values were obtained from the dose-
response curves at different concentrations 
per drug using the four-parameter logistic func-
tion classical in the SigmaPlot software 10.0.

The combined treatments were carried out with 
hydralazine and valproate. Cells were seeded in 
a complete medium and, after 24 hours of incu-
bation, treated with hydralazine 10 μM and val-
proate 1 mM for 168 hours with daily changes 
of drug-containing media. After 168 hours of 
treatment, cell viability was determined by try-
pan blue exclusion assay, as described above. 
This rigorous methodology ensures the reliabil-
ity and validity of our findings.

Flow cytometry analysis of cell cycle and 
apoptosis after treatment with the hydralazine 
valproate combination

Cells were seeded in 25-cm2 culture flasks 
(Corning Inc., Corning, NY, USA) at 2 × 105 cells/
mL density and treated with hydralazine 10  
μM and valproate 1 mM. After 72 h for HuT 78 
and 48 h for Raji, cells were stained with prop-
idium iodide (Sigma) and analyzed for DNA con-
tent on the flow cytometer BD FACSCantoTM II 
(BD Biosciences). Debris and aggregates were 
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gated out during data acquisition, and 20,000 
gated events were collected for each sample. 
Cell cycle analyses were performed employing 
the ModFit LT software (Verity Software House). 
For apoptosis, 1 × 106 cells were resuspended 
in binding buffer, and 100 μL of this solution 
was transferred into a 5 mL tube, adding 5 μL 
of FITC Annexin V and 5 μL of propidium iodide. 
According to the manufacturer’s instructions, 
apoptotic cells were detected by flow cytometry 
using the Annexin V-FITC Apoptosis Detection 
Kit (Sigma). Flow cytometric experiments were 
carried out using the BD FACSCantoTM II (BD 
Biosciences) flow cytometer.

Pharmacological interaction

Increasing doses of hydralazine (IC10, IC20, IC30, 
IC40, and IC50) were combined with their respec-
tive increasing doses of valproate (IC10, IC20, 
IC30, IC40, and IC50). The resulting mixtures (HV 
IC10, HV IC20, HV IC30, HV IC40, HV IC50) were 
employed for viability curve assays. Cells were 
seeded into 24-well plates: 7 × 105 Raji cells, 1 
× 105 HuT 78, Nawalama, SU-DHL-10, or CA46 
cells in 1 mL of complete medium and then 
treated for 72 hours with the different combina-
tions of the ICs of HV, pellets were recovered 
and resuspended in 1 mL of culture medium to 
assess cell viability by trypan blue exclusion 
assay. HV interactions were determined using 
the combination index (CI) method from Chou 
and Talalay’s mathematical formula (CalcuSyn 
software, Biosoft). The CI is a numerical repre-
sentation of pharmacological interaction, which 
considers each drug’s dose-response curve 
and the drug combinations’ growth inhibition 
curve to determine synergism, addition, or inhi-
bition. This model uses the formula: fa/fu = [D/
Dm], where fa is the fraction of cells inhibited, 
fu = 1-fa, the unaffected fraction, D is the con-
centration of the drug, Dm is the potency of the 
drug, and m is the shape of the dose-effect 
curve.

Statistical analyses

Three independent experiments were carried 
out in triplicate, and data was expressed as the 
mean ± standard deviation. Data were statisti-
cally analyzed using GraphPad Prism V6 soft-
ware (GraphPad Software Inc., La Jolla, CA, 
USA). Significant differences were determined 
using one-way analysis of variance (ANOVA) fol-
lowed by Dunnett correction to determine sig-

nificant differences between each experimen-
tal group against its respective control. P<0.05 
was considered to be a statistically significant 
difference.

Microarrays and gene expression analysis

HuT 78 and Raji cells were treated as above, 
and then total RNA was isolated using TRIzol 
(Thermo Fisher Scientific, Inc.), according to  
the manufacturer’s protocols. RNA quality was 
evaluated by capillary electrophoresis (Agilent 
2100 Bioanalyzer, Agilent Technologies, Inc., 
Santa Clara, CA, USA); only RNA samples with 
an RNA integrity number >8.0 were further pro-
cessed for microarray analysis. 200 ng RNA 
from each experimental cell group was evalu-
ated using the Gene Chip Human Transcriptome 
Array 2.0 (Affymetrix; Thermo Fisher Scientific, 
Inc.) to determine the whole transcriptome 
expression profiles manufacturer’s protocols. 
Briefly, the synthesis and amplification of cDNA 
and gene expression profiling were conducted 
using the WT PLUS Reagent Kit for fresh sam-
ples (Affymetrix; Thermo Fisher Scientific, Inc.). 
The samples were washed and stained using 
the Gene Chip hybridization wash and stain kit 
in the Gene Chip Fluidics Station 450 system 
(Affymetrix; Thermo Fisher Scientific, Inc.). The 
probe arrays were scanned using The Gene 
Chip Scanner 30007G (Affymetrix; Thermo 
Fisher Scientific, Inc.). Signal intensities of  
the array were analyzed with Affymetrix 
Expression Console software (version 1.3). 
Briefly, raw data probes were normalized using 
Signal Space Transformation-Robust Multichip 
Analysis for background correction and to 
obtain the quantile algorithm. To define the dif-
ferent conditions’ differential expression pro-
files, two-way ANOVA was performed in the 
Affymetrix Transcriptome Analysis Console 
software (version 4.0). Genes with a fold 
change >1.4 or <-1.4 and an FDR<0.05 were 
considered significantly altered between the 
conditions. All data were uploaded in Gene 
Expression Omnibus: GSE168790.

Gene set enrichment analysis (GSEA)

GSEA was used to determine whether a priori-
defined set of genes derived from annotation  
or pathway databases exhibited statistically 
significant differential expression. The analysis 
used the Ingenuity® Pathway Analysis tool (IPA®, 
Qiagen, Inc., Valencia, CA, USA). We used the 
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following thresholds for pathways selec- 
tion: -log(P-value) >1.3 (P-value <0.05) and a 
|z-score| >1.

RT-qPCR

HuT 78 and Raji cells were treated as above, 
and total RNA was isolated when cells attained 
~70% confluence, using TRIzol reagent accord-
ing to the manufacturer’s protocols. RNA purity 
and integrity were assessed via spectrophoto-
metric analysis using a NanoDrop 2000c spec-
trophotometer (NanoDrop Technologies; Ther- 
mo Fisher Scientific, Inc.) using a MiniBIS Pro 
D-Transilluminator (DNR Bio-Imaging Systems 
Ltd., Neve Yamin, Israel). A total of 1 μg RNA 
was used for cDNA synthesis with the GeneAmp 
RNA PCR Core kit (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). iQ SYBR Green SuperMix 
(Bio-Rad Laboratories, Inc.) was used accord-
ing to the manufacturer’s protocols. qPCR reac-
tions were triplicated using an ABI Prism 7000 
(Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The thermocycling conditions for qPCR 
were as follows: 10 min at 95°C, 40 cycles of 
30 sec at 95°C, and 30 sec at 60°C. Data were 
analyzed using the 2-ΔΔCq method [12] and 
reported as the fold-change in gene expression 
normalized to the endogenous control gene 
hypoxanthine phosphoribosyltransferase 1 
(HPRT1) and relative to untreated cells. The 
primers used were: HPRT1 forward, 5’-GAA CCT 
CTC GGC TTT CCC G-3’ and reverse, 3’-CAC TAA 
TCA CGA CGC CAG GG-5’; STAT-1 forward, 5’-ATG 
CTG GCA CCA GAA CGA AT-3’ and reverse, 
3’-GCT GGC TGA CGT TGG AGA TC-5’; and SCD 
forward, 5’-GGG ATC CTT CAG CAC AGG AA-3’ 
and reverse, 3’-CAC CGC TTC TCC AAT GGA 
TT-5’; FASN forward, 5’-GTT CTG GGA CAA CCT 
CAT C-3’ and reverse, 5’-CGA AGA AGG AGG CAT 
CAA-3. Annealing temperatures were 60°C for 
all reactions. Three independent triplicates 
were conducted. P-values were calculated 
using a two-tailed t-test.

Results

Cell viability analysis of the combination

The results from the HV combination treatment 
on cell viability are shown in Figure 1. In HuT 78 
cells, maximal inhibition of 68% was observed 
at 168 hours, whereas in all B-cell lymphoma 
cell lines, almost complete inhibition occurred 
between 72 and 120 hours.

Cell cytometry analysis

Cells were analyzed by flow cytometry to evalu-
ate the effect of hydralazine and valproate on 
the cell cycle and apoptosis. HuT 78 cells were 
mainly arrested in G2/M, whereas in Raji cells, 
the most significant effect was an arrest in the 
G1 phase. There was a statistically significant 
increase in apoptosis in both cell lines com-
pared to controls, around 20% in both HuT 78 
and Raji cells (Figure 2).

Cell viability analysis of individual drugs

To demonstrate that the epigenetic agents, 
hydralazine and valproate, individually decrease 
the cellular viability of the lymphoma cell lines, 
cells were treated with increasing doses of 
hydralazine and valproate. As shown in Figure 
3, hydralazine promotes inhibition of cell viabil-
ity at all doses in HuT 78, with maximal inhibi-
tion at 50 μM. Raji cells were significantly inhib-
ited at all doses with maximal inhibition at 50 
μM. In Nawalma cells, inhibition was observed 
only with 40 μM and 50 μM. Significant inhibi-
tion starting at 20 μM and a higher inhibition at 
50 μM was observed in SU-DHL-10 and CA46 
cell lines. Valproate inhibited cell viability at all 
tested doses in a dose-dependent manner. At a 
dose between 1 and 3 mM, the inhibition was 
nearly complete in all B-cell lymphoma cell 
lines. The T-cell lymphoma cells showed lower 
inhibition than B-cells. Nevertheless, inhibition 
was close to 70% at 2 mM and 3 mM.

Pharmacological interaction for synergy

The pharmacological interaction analyses 
showed that treatment of HuT 78 and Raji cells 
showed higher synergy, observed at all ICs test-
ed (CI<1). In the CA46 cell line, synergy was 
observed with IC10 and IC20, whereas at IC50, the 
synergy was borderline (close to CI 1). Borderline 
synergy was observed with IC40 and IC50 in 
SU-DHL-10 cells. No synergy was observed in 
Nawalma. However, the lower bars at IC30, IC40, 
and IC50 suggest that the combination main-
tained its inhibitory effect (Figure 4).

Gene expression analysis

562 and 152 genes were up- and down-regulat-
ed, respectively, in HuT 78 cells. Treatment of 
Raji cells showed 850 up-regulated and 650 
down-regulated genes. Volcano plots show the 
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differentially expressed genes with an FDR< 
0.05 and a fold change >1.4 or <-1.4. The red 
and green points in the plot indicate >1.4-fold 
upregulation and downregulation of expression 
with statistical significance (Figure 5).

Table 1 lists the top ten up-regulated genes in 
HuT 78 and Raji cells. In HuT 78 cells, three 

were genes related to antigen processing 
(TLR6), innate immunity, and gamma interferon 
signaling (LAIR2 and GBP2). Similarly, five out 
of the top ten up-regulated genes in Raji cells 
are related to immune function (chemokine, 
CXCL10; IF16, IFN-gamma and innate immuni-
ty; Immunoglobulin heavy chain, IGHV1-24; and 
Interferon-induced proteins IFIT1, IFI4). Several 

Figure 1. Cell viability after treatment with the 
combination of hydralazine and valproate. Dose-
response curves of the combined treatment with 
hydralazine 10 μM and valproate 1 mM. Cell viabil-
ity was evaluated in (A) Raji, (B) Nawalma, (C) SU-
DHL-10, (D) CA46 and (E) HuT 78 cell lines after 168 
h of treatment. Statistically significant difference in 
percentage of treated cells, compared against the 
respective control, were determined by ANOVA, with 
a significance of **P<0.01, ****P<0.0001.  
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Figure 2. Cell cycle and apoptosis after treatment with combined hydralazine and valproate. The hydralazine and valproate combination induces cell cycle cell ar-
rest and increased apoptosis. A. Cell cycle phase of HuT 78 cells was determined after treatment with hydralazine (10 μM) and valproate (1 mM) for 72 h and 48 
h, respectively. Statistically significant differences in the percentage of cells in each phase of cell cycle (**, P = 0.0024) were determined by unpaired t test with 
a significance level of P<0.05. B. Cell cycle phase of Raji cells was determined after treatment with hydralazine (10 μM) and valproate (1 mM) for 72 h and 48 h, 
respectively. Statistically significant differences in the percentage of cells in each phase of cell cycle (****, P = 0.0001) were determined by unpaired t test with a 
significance level of P<0.05. C. Apoptotic cells were analyzed using Annexin-V and propidium iodide. Statistically significant percentages of apoptotic cells in HuT 78 
(*, P = 0.0264) and Raji (***, P = 0.0004) cell lines were determined by an unpaired t test with a significance level of (P<0.05).
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Figure 3. Cell viability after individual treatment with hydralazine and val-
proate. Cells were treated with either hydralazine or valproate at increas-
ing concentrations in (A) Raji, (B) Nawalma, (C) SU-DHL-10, (D) CA46 and 
(E) HuT 78 for 72 hours. Statistically significant differences in percent-
age of treated cells compared against their respective control were de-
termined by ANOVA test with a significance level of *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. 
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Figure 4. Pharmacological interaction of hydralazine and valproate. The 
combination of hydralazine and valproate was used at increasing IC con-
centrations, from IC10 to IC50, and cell viability was evaluated after 72 h of 
treatment in the (A) Raji, (B) Nawalma, (C) SU-DHL-10, (D) CA46 and (E) 
HuT 78 cell lines. Each concentration was compared against its respec-
tive control and significant differences were determined by ANOVA, with a 
significant level of **P<0.01, ***P<0.001, ****P<0.0001.  
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Figure 5. Volcano plot of differentially expressed genes with the hydralazine and valproate combination. Volcano plots show the differentially expressed genes in (A) 
Raji and (B) HuT 78 cell lines. Differentially expressed genes were selected by FDR<0.05 and a fold change >1.4 or <-1.4. 

Table 1. List of the top ten up-regulated genes in HuT 78 and Raji cells, identified by volcano maps
Up-regulated Down-regulated
PMAIP1, JUN, CD69, SLAMF7, TPMT, MIR21, CAMSAP2, WIPI1, SYT11, ABHD4, CLEC7A, ABCA5, 
ADAMTS6, MAML2, ZSWIM6, PPP4R4, TANC2, DPYD, ARID5B, LAMC1, SLC9A9, FMNL2, RGS9, 
LINC00936, PAIP2B, BBS9, CTTNBP2NL, ARRDC3, LOC105371220, PLEKHH2, LIMA1, SGCB, 
NPC2, ATP8B2, DOCK4, RALGAPA2, ILDR2, DYNC2H1, LOC154761, SRGN, RRAGD, FMO4, BCL2A1, 
CLEC2B, TSPAN33, FAM102B, GRAMD1C, EXOC6B, ST3GAL5, INPP4B, SRGAP2, CEP126, CPEB4, 
RGS1, NEO1, KLF6, FIG4, DZIP3, NABP1, ADGRL1, SLC30A4, REPS2, LINC01268, PAPSS1, YPEL5, 
MYO1D, SAMD9L, ATXN1, RPS6KC1, GLIPR1, IL18RAP, MBNL2, SLC12A6, IFI6, LYST, IFI44, OAS1, 
SLAMF6, NCF2, LMBRD2, TMEM154, HIVEP3, HIP1, SLC46A3, ATP1B1, DNAJC1, ERO1B, NRN1, 
ARHGAP18, PGM2L1, NFE2L3, ID: 16748202

RPS25, AVEN, GEMIN4, ACACA, USE1, SLC5A6, FAM136A, 
GTF3C6, LOC100506458, ID: 17122436
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cell cycle and apoptosis genes were also  
differentially expressed in both cell lines 
(Supplementary Tables 1, 2, 3 and 4). Table 2 
and Figure 6 show the 92 genes up-regulated 
in both cell lines, whereas the 10 were down-
regulated. The results show the complete list of 
up and down-regulated genes in both cell lines 
(Supplementary Tables 1, 2, 3 and 4). The qRT-

PCR validation of FASN and SCD for HuT 78 and 
STAT1 for Raji cells confirmed the expression 
changes observed in the microarray (Figure 7).

Discussion

This study’s findings, demonstrating the signifi-
cant reduction in cell viability in lymphoma cell 

Table 2. Genes expressed in both cell lines, HuT 78 and Raji, 92 genes up-regulated and 10 genes 
down-regulated using Affymetrix Transcriptome Analysis Console software (version 4.0)

Cell line Up-regulated  
genes

Expression fold-change 
value

Down-regulated 
genes

Expression fold-change 
value

Raji CXCL10 8.180 NEIL1 -3.445
IFI6 7.307 CEP152 -2.769

DDX60 6.958 SNHG1 -2.690
CD69 5.468 HSPA9 -2.441

SAMD9L 5.311 mir-590 -2.325
IFIT1 4.999 mir-573 -2.309
IFI44 4.708 TRIP13 -2.272

FAM49A 4.440 RPS25 -2.255
DNAJC5B 4.303 CDC20 -2.213

STAT1 4.282 LOC101928323 -2.178
HuT 78 SUCNR1 7.069 MUC1 -3.357

CYP1A1 4.455 CXCR3 -2.953
TLR6 4.168 NKG7 -2.450

WASF1 4.156 NSMF -2.264
KIAA0408 3.939 COL6A1 -2.264
SLCO4C1 3.868 SUSD4 -2.189

LAIR2 3.520 PRSS57 -2.186
NLRP1 3.297 TLR5 -2.118
GBP2 3.102 GZMK -2.088

SLAMF7 3.015 LGMN -2.064

Figure 6. Venn diagram of the differentially regulated genes. The diagram illustrates the number of genes (A) upreg-
ulated and (B) downregulated in HuT 78 and Raji cell lines. The intersection in light color represents the expression 
of common genes between the two datasets.

http://www.ajcr.us/files/ajcr0156241suppltab1.xlsx
http://www.ajcr.us/files/ajcr0156241suppltab2.xlsx
http://www.ajcr.us/files/ajcr0156241suppltab3.xlsx
http://www.ajcr.us/files/ajcr0156241suppltab4.xlsx
http://www.ajcr.us/files/ajcr0156241suppltab1.xlsx
http://www.ajcr.us/files/ajcr0156241suppltab2.xlsx
http://www.ajcr.us/files/ajcr0156241suppltab3.xlsx
http://www.ajcr.us/files/ajcr0156241suppltab4.xlsx
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lines and the induction of cell cycle arrest and 
apoptosis through the combination of HV, hold 
promising potential for your work. Individually, 
these drugs exhibit cell viability inhibition, and 
their synergy can potentiate this effect. The 
microarray analysis revealed differential gene 
expression of 1.5% and 3.3% of the total genes, 
with the majority being up-regulated, 562 and 
850, in HuT 78 and Raji cells, respectively. 
Three and five of the 10 most up-regulated 
genes in HuT 78 and Raji cells were related to 
immune function, further emphasizing the rele-
vance of these findings for immunotherapy of 
lymphomas.

The current evidence underscores the preva-
lence of epigenetic derangements in both B-cell 
and T-cell lymphomas. These derangements 
not only contribute to lymphomagenesis but 
also play a role in treatment resistance. Given 
the common observation of alterations in DNA 
methylation and histone acetylation patterns in 
lymphomas, numerous preclinical and clinical 
studies have explored combinations of DNMTi 
with HDACi. Preclinical studies have shown that 
the combination of vorinostat with decitabine is 
not only cytotoxic in resistant lymphoma cells 
but also exhibits a synergistic effect [26]. This 
has been observed in various lymphoma mod-
els, including DLBCL and CTCL [28, 29].

In the clinical setting, there are at least 21 
planned and ongoing phase I and II clinical 

studies that have evaluated the combination of 
a DNMTi (decitabine or azacitidine) or HDACi 
plus chemotherapy, showing variable efficacy, 
but with an increase in hematological toxicity 
[30]. Given the synergy between these two 
types of agents, a phase I study in patients with 
refractory solid tumors and lymphomas report-
ed that the combination of decitabine with vori-
nostat is feasible and led to stable disease for 
four cycles in more than 11 (29%) out of 38 
evaluable patients [31]. Double epigenetic 
modulation with vorinostat and azacitidine with 
the high-dose regimen gemcitabine/busulfan/
melphalan was successfully tested in 60 
patients, including 26 DLBCL (10 double hit/
double expression), 21 with Hodgkin lympho-
ma, 8 with T-cell lymphoma, and 5 with other 
B-cell lymphomas. The toxicity profile was man-
ageable, and neutrophils and platelets engraft-
ed promptly. At a median follow-up of 15 
months (range, 8-27 months), the event-free 
and overall survival rates were 65% and 77%, 
respectively [29]. These results are encourag-
ing and warrant further testing of double epi-
genetic modulation.

Though we have reported preclinical and clini-
cal activity of combined hydralazine valproate 
treatment in HuT 78 and CTCL patients [9, 27], 
there has been no evidence of its activity for 
B-cell lymphomas until now. Notably, cell viabil-
ity was inhibited in the B-cells at seven days of 
treatment. In contrast, inhibition of T-cells was 
only 68%, suggesting that the combination 
could be even more active in B-cell lymphomas. 
However, this requires further studies. The 
apoptotic effects observed are in line with the 
treatment-induced up-regulation in Raji cells  
of TNFSF10, FAS, TP63, PMAIP1, XAF1, and 
TP53INP1, as well as the down-regulation of 
BIRC5, which is a member of the IAP family that 
interacts with BIRC4 and DIABLO to inactivate 
caspases 3 and 9 [32-36]. Additionally, the pro-
apoptotic genes APAF1, TP53I11, and PMAIP1 
were up-regulated in HuT 78, while the expres-
sion of BCL3 was decreased [37-39]. Further- 
more, the cell cycle arrest observed for Raji’s 
and HuT 78 cells could be related to the up-
regulation of CDKN1B and CDKN1A, respec-
tively. Interestingly, among the 92 genes that 
shared up-regulation in both cell lines, JUN is  
a transcription factor of the AP-1 family. 
Accordingly, activating the signaling pathway 
JNK-AP-1 induces proapoptotic genes such as 
TNF-alfa, FAS-L, and Bak [40, 41]. Conversely, 

Figure 7. Validation of gene expression by qRT-PCR. 
The analysis of FASN and SCD for HuT 78 (bars black 
and white), and STAT1 for Raji cells (bars with pat-
terns) confirmed the expression changes observed 
in the microarray. Statistically significant differences 
were determined for FASN (**, P = 0.0032) and 
SCD (*, P = 0.0256), as well as for STAT1 (***, P = 
0.0001) as determined by an unpaired t test with a 
significance level of (P<0.05).
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the ACACA gene was down-regulated in both 
cell lines. This gene codes for the Acetyl-Co-A 
carboxylase alfa enzyme, the limiting step in 
malonyl-CoA synthesis for de novo fatty acid 
synthesis.

Although there are no reports on the expres-
sion of ACACA in lymphoma, inhibitors of this 
enzyme are being evaluated as antitumor 
agents [42]. Particularly in lymphoma, lipids’ 
role in lymphomagenesis proves significant 
[43]. Additionally, inhibiting FASN, another limit-
ing enzyme for de novo fatty acid synthesis, 
induces apoptosis in lymphoma [44]. Beyond 
the changes in gene expression that could 
explain the inhibitory effects on viability, mainly 
the increased apoptosis observed, it is note-
worthy that 3 and 5 of the ten most up-regulat-
ed genes in HuT 78 and Raji cell lines, respec-
tively, participate in immune function (antigen 
processing, innate immunity, and interferon 
signaling). Recognizing that in vitro treatment 
with these drugs is not a good model for estab-
lishing potential immunological mechanisms, it 
is known that in vivo epigenetic modifications 
may be partly responsible for immune evasion 
in lymphomas [45]. A current treatment strate-
gy is the combination of epigenetic agents with 
checkpoint inhibitors, as they have been shown 
to synergize in vivo [46].

Hydralazine valproate combined is well-tolerat-
ed and comes with no or minimal myelosup-
pression [6-9]. This is of crucial relevance 
because it can be combined with chemothera-
py. Moreover, the combination of hydralazine 
valproate seems more effective in HuT 78 cells 
and less toxic to peripheral blood lymphocytes 
than vorinostat decitabine [27]. In a recent 
study, the regimen of valproate with R-CHOP 
was found to be more effective than historical 
controls in the first-line therapy of DLBCL [22].

In summary, this study underscores the poten-
tial of the hydralazine and valproate combina-
tion to significantly enhance the armamentari-
um of lymphoma therapy. The study demon- 
strates that this combination effectively treats 
T-lymphoma and B-cell lymphoma, with B-cell 
lymphoma being the most common type of 
non-Hodgkin’s lymphoma. The concentrations 
of hydralazine and valproate used in the study, 
10 μM and 1 mM, respectively, are achievable 
in clinical practice. In a pharmacokinetic study 
involving healthy volunteers who received a 

single dose of hydralazine and magnesium val-
proate, we found that the area under the curve 
concentration (AUC) for hydralazine was 8 μM/h 
and 8.6 μM/h (for slow and fast acetylators, 
respectively). In contrast, the AUC for valproate 
was 13.7 mM/h, which is much higher than the 
tested concentration in vitro [47]. These find-
ings highlight the need to further investigate 
the HV combination in T and B-cell lymphoma, 
either alone or in combination with cytotoxic 
and targeted therapies. The fact that these 
drugs are widely used in clinics for non-cancer 
conditions, have no patent, are cost-effective, 
and save lives, further emphasizes their poten-
tial to enrich the lymphoma therapy arsenal.
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