
ONCOLOGY LETTERS  27:  111,  2024

Abstract. Transarterial chemoembolization (TACE) may 
prolong the survival of patients with hepatocellular carcinoma 
(HCC); however, its efficacy is limited due to the high rate 
of incomplete embolization. Hypoxia after embolization can 
cause a series of changes in the tumor microenvironment, 
including lactate dehydrogenase A (LDHA) upregulation. 
Therefore, the current study assessed the antitumor effect and 
the underlying mechanism of the LDHA inhibitor, sodium 
oxamate (Ox), combined with TACE, using the rabbit VX2 
liver tumor model. VX2 liver tumor models were created in 
the left liver lobe of rabbits, and after 14 days of treatments, 
the rabbits were sacrificed for the collection of the tumor 
tissues and blood samples. The antitumor effects of Ox, 
and the combination of Ox and TACE, and changes in the 
tumor microenvironment after treatments were assessed by 
histopathological evaluation, and the safety of the treatments 
was analyzed by measuring changes in the serum levels of 
alanine aminotransferase, aspartate aminotransferase, blood 
urea nitrogen and creatinine. The results demonstrated that 
the combination of Ox and TACE notably improved antitumor 
effects compared with in the other groups, as it significantly 
inhibited tumor growth. Additionally, treatment with Ox + 
TACE downregulated vascular endothelial growth factor and 
matrix metalloproteinase‑9, and enhanced the infiltration of 
CD3+ and CD8+ T cells into tumor tissues, thus suggesting that 
Ox + TACE may have a synergistic effect on increasing the 
infiltration of immune cells in the tumor microenvironment. 
With a well‑tolerated and manageable impairment of hepa‑
torenal function, targeting metabolic reprogramming could 

promote the efficacy of TACE, thus providing novel avenues 
for the future clinical management of patients with advanced 
HCC.

Introduction

Hepatocellular carcinoma (HCC) is the second leading cause 
of cancer‑related mortality worldwide and the most common 
pathological subtype of liver cancer (1,2). The prognosis 
of HCC remains unsatisfactory, with a 5‑year survival rate 
of ~18% (3). A previous study suggested that transarterial 
chemoembolization (TACE) can control intermediate‑stage 
HCC and improve the 5‑year survival rate of patients (4). 
Therefore, TACE has been recommended by several authori‑
ties as a first‑line therapy for treating patients with HCC (5). 
However, due to the high rate of incomplete embolization, 
TACE remains inadequate in controlling HCC growth as a 
palliative treatment approach (6).

Several studies on tumor metabolism have highlighted 
the association between energy availability and cell prolif‑
eration, and the critical role of metabolic reprogramming in 
neoplastic cells (7). Metabolism is abnormal in solid tumors 
and is characterized by a higher glycolytic rate and glucose 
absorption, thus promoting the production of high concentra‑
tions of lactate; this process is widely known as the Warburg 
effect or aerobic glycolysis (8). Unlike normal cells, neoplastic 
cells display an enhanced metabolism to maintain a reduc‑
tion‑oxidation balance and provide enough energy for cancer 
cell proliferation and growth (9). The aforementioned features 
have been reported in several types of solid tumors, including 
HCC, colon cancer and breast cancer (10,11).

Lactate dehydrogenase A (LDHA) is a key enzyme in 
the aerobic glycolytic pathway, as it converts lactate to pyru‑
vate (12). During the Warburg effect, ATP generation is more 
rapid in cancer cells compared with that in normal cells (13). 
In addition, a study reported that cancer cells can secrete 
lactate into the extracellular matrix, thus enhancing cell 
motility, invasion and metastasis via upregulating metallopro‑
teases (14). Moreover, lactate has been reported to decrease the 
activation and differentiation of dendritic cells (15), and inhibit 
tumor surveillance via T and natural killer cells (16). It has also 
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been reported that hypoxia‑inducible factor‑1α (HIF‑1α), as a 
key factor in hypoxic adaptation, can activate the expression 
of glycolytic enzymes, including LDHA (17). Another study 
demonstrated that TACE can upregulate HIF‑1α due to the 
high rate of incomplete embolization, thus further increasing 
the expression of LDHA in residual tumors (18). Furthermore, 
LDHA overexpression has been reported to be associated 
with tumor development, particularly in disseminated types 
of cancer, including hypoxic carcinoma and metastatic cancer 
cells, thus leading to a poor prognosis (19). Additionally, a 
previous study indicated that LDHA inhibition can suppress 
tumor growth (20). Therefore, targeting metabolic reprogram‑
ming to directly inhibit glycolysis and ATP generation could 
be a feasible protocol for patients with HCC treated with 
TACE.

Sodium oxamate (Ox) is an analog of pyruvate, which 
acts as a competitive inhibitor. Emerging evidence has 
demonstrated that Ox can inhibit LDHA and the Warburg 
effect (21‑23). Therefore, the current study assessed the thera‑
peutic efficacy of a combination of Ox and TACE in a rabbit 
VX2 liver tumor model via the evaluation of tumor growth. 
To assess the mechanism underlying the antitumor effect of 
Ox + TACE therapy, immune responses, cell metastasis and 
angiogenesis were evaluated in the tumor microenvironment 
by immunohistochemical analysis. In addition, to assess 
the biocompatibility of the combination therapy, changes in 
hepatorenal function were measured.

Materials and methods

Materials. Ox (cat. no. sc‑215880) was purchased from Santa 
Cruz Biotechnology, Inc., whilst iohexol (Omnipaque™), 
ethiodized oil (Lipiodol®) and polyvinyl alcohol (PVA) foam 
embolization particles (Ivalon®; 180‑300 mm) were purchased 
from Guerbet Laboratories Ltd., B. Braun Melsungen AG and 
Cook Medical, respectively. All reagents were of chemical 
pure or analytical grade, and were used as purchased without 
any further purification.

New Zealand white rabbits (n=48; weight, 2.5‑3 kg; 24 
male and 24 female rabbits; age, 10‑12 weeks) were obtained 
from Liaoning Changsheng Biotechnology Co., Ltd. All 
animal experiments were carried out according to the Chinese 
National Animal Law on the use of laboratory animals. All 
animal welfare considerations were taken, including efforts 
to minimize suffering and distress, use of analgesics or 
anaesthetics and special housing conditions [20˚C; ventilation 
rate, 2‑3 m3/h; 14/10‑h light/dark cycle; humidity, 60‑65%; 
pellet feed, 150 g/day, twice a day; automatic water supply 
system (free access)]. All rabbits were euthanized by intra‑
peritoneal injection of 100 mg/kg pentobarbital sodium. At 
20 min after the injection, death was confirmed by checking 
respiration, heartbeat, pupil and nerve reflex. All procedures 
were approved by the Animal Care and Use Committee of 
Huazhong University of Science and Technology (Wuhan, 
China; 2023; approval no. 3380).

Establishment of the rabbit VX2 liver tumor model. All inter‑
ventional procedures were performed by a radiologist with 
≥15 years of experience. The rabbit VX2 liver tumor model 
was established as previously described (24). A 12‑week‑old 

tumor‑bearing male rabbit was purchased from the Animal 
Center of Huazhong University of Science and Technology; 
the VX2 tumor was collected at 14 days since xenograft 
implantation, and the tumor was collected after the rabbit 
was sacrificed by intraperitoneal injection of 100 mg/kg 
pentobarbital sodium. At 20 min after the injection, death was 
confirmed by checking respiration, heartbeat, pupil and nerve 
reflex. Then, the VX2 tumor was sliced into 1.0 mm3 pieces 
and, under gas anesthesia (3‑4% isoflurane used for induc‑
tion and 2% for maintenance), a piece of the VX2 tissue was 
implanted into the left liver lobe of the rabbits (24). To avoid 
infection, the wounds were topically treated with 2.0x104 IU 
gentamycin, while rabbits were also administered an intra‑
muscular injection of 1.0x104 IU ampicillin (25). No adverse 
effects were observed after injection of ampicillin.

A total of 24 VX2‑tumor‑bearing rabbits were randomly 
divided into the following four groups (n=6 rabbits/group; 
treatment duration, 14 days): Control group, normal saline was 
injected into the tumor‑feeding arteries (control group); TACE 
group, TACE was performed via delivering a mixture of 0.3 ml 
Lipiodol mixed with 6 mg doxorubicin into the tumor‑feeding 
arteries. The arteries were then occluded with PVA foam 
embolization particles; Ox group Ox, the tumor‑feeding 
arteries were injected with an intra‑arterial bolus of Ox saline 
(5 mg/kg; 5 min); and TACE + Ox group, the tumor‑feeding 
arteries were injected with an intra‑arterial bolus of Ox saline 
(5 mg/kg; 5 min), followed by TACE. When the VX2 tumor 
volume reached 1.61 cm3, TACE was performed in the TACE 
and TACE + Ox groups using a 2.7F microcatheter (Terumo 
Corporation), guided by digital subtraction angiography 
(Siemens Healthineers). The tumor‑feeding arteries were 
continuously monitored during TACE until the tumor blood 
supply was completely occluded (no delivery of contrast agent 
was visible in tumoral and peritumoral vessels), with the 
normal hepatic artery unobstructed; the contrast agent used 
for angiography was Iohexol.

Tumor growth and rabbit survival follow‑up. A 320‑row spiral 
computed tomography (CT; Siemens Healthineers) was used for 
plain scan and contrast‑enhanced CT. The contrast‑enhanced 
CT was performed to assess the therapeutic effects of different 
treatments at 14 days. CT was repeated at days 3, 7, 10 and 14 
to record the metastasis in the four groups. Tumor volume was 
calculated using CT (80 kV; 100 mA; 1‑mm slice thickness; 1.1 
pitch; 200x200‑mm2 field of view) with the following formula: 
V=a x b x c x π/6, where a, b and c indicate the anteroposterior, 
transverse and axial diameters, respectively. In addition, the 
survival of all treated rabbits (an additional 6 rabbits/group) 
was recorded. Animal health and behaviour were monitored 
every day and the rabbits were euthanized when the tumor 
weight reached ≤10% of their weight or when pain could not 
be effectively controlled during observation. The rabbits were 
considered to be in pain when they were abnormally vocal, or 
when they licked, bit, scratched or shook the painful area. The 
time of euthanasia or death was recorded, which was used to 
indicate mortality.

Sample collection. Blood samples were collected from the 
auricular vein of the rabbits under anesthesia (3‑4% isoflurane 
used for induction and 2% for maintenance) in each treatment 
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group (2 ml/collection; once daily on days 0, 1, 3, 7 and 14). 
The 14‑day blood samples were collected before euthanasia. 
Subsequently, the samples were centrifuged (4˚C, 1,000 x g, 
10 min) to obtain serum, which was then stored at ‑80˚C until 
use. The tumor and peritumoral tissues from each group were 
fixed in 4% formalin overnight at 25˚C and paraffin‑embedded 
at 52‑54˚C. The paraffin‑embedded tissues were then cut into 
5.0‑µm slices for histological analysis.

Biochemical analyses. To measure the levels of biochemical 
markers in serum in vivo, the blood samples from all four 
groups were collected and centrifuged at 1,000 x g for 10 min 
at 4˚C to collect serum. The levels of the biochemical markers 
alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), blood urea nitrogen (BUN) and creatinine (CRE) in 
serum were measured using a biochemical auto‑analyzer 
(Model DXC8000; Beckman Coulter, Inc.).

Histological analysis. For rehydration, tissue sections were 
immersed in a descending ethanol series. Subsequently, 
antigen retrieval in 1 mM EDTA (pH 8.0) was performed at 
98˚C for 15 min followed by washing twice in PBS and distilled 
water. For permeabilization, the Permeabilization Wash 
Buffer (cat. no. 40403ES64; Shanghai Yeasen Biotechnology 
Co., Ltd.) was used, after which, tissues were blocked in 
10% normal goat serum (cat. no. C0265; Beyotime Institute 
of Biotechnology) for 20 min at 25˚C. H2O2 (3%, 50 µl) was 
used to block endogenous peroxidase. The tissue sections 
were then incubated with anti‑matrix metalloproteinase‑9 
(MMP‑9; 1:1,000; cat. no. GB12132‑100; Wuhan Servicebio 
Technology Co., Ltd.), anti‑CD3 (1:100; cat. no. GB12014‑100; 
Wuhan Servicebio Technology Co., Ltd.), anti‑CD8 (1:100; 
cat. no. GB12068‑100; Wuhan Servicebio Technology Co., 
Ltd.) and anti‑vascular endothelial growth factor (VEGF; 
1:150; cat. no. AB1876‑I; MilliporeSigma) primary antibodies 
at 4˚C overnight. Subsequently, the sections were incubated 
with an anti‑mouse HRP (IgG H&L) secondary antibody 
(cat. no. ab97040; Abcam; 1:1,000) at 37˚C for 1 h. DAB was 
used for chromogen detection. Tumor tissues also underwent 
hematoxylin and eosing (H&E) staining, as follows: Sections 
were stained with hematoxylin at 25˚C for 15 min and eosin 
at 25˚C for 5 min. In addition, the tumor necrosis ratio (TNR) 
was calculated using the following formula: TNR=N/(N + T), 
where N indicates the necrotic areas of the tumor and T indi‑
cates the living tumor areas of the tumor (detected by H&E 
assay). A total of six sections per tumor tissue were observed 
and the integrated optical density (IOD) sum in five randomly 
selected fields (magnification, x400; light microscope) was 
calculated using ImageJ version 22 (National Institutes of 
Health). The mean values from the five randomly selected 
fields were calculated and used for statistical analysis.

Immunofluorescence assay. Cell apoptosis was assessed using 
a Terminal Deoxynucleotidyl Transferase mediated dUTP 
Nick‑End Labeling (TUNEL) assay (cat. no. 12156792910; 
MilliporeSigma) according to the manufacturer's instruc‑
tions. In addition, a Ki67 assay (dilution, 1:200; Wuhan 
Servicebio Technology Co., Ltd.) was used to evaluate tumor 
cell proliferation according to the manufacturer's instruc‑
tions. Tumor cell nuclei were stained with DAPI at 25˚C for 

20 min. In both fluorescence assays, images were captured by 
excitation at 488 nm and emission at 560 nm (BX53; Olympus 
Corporation). A total of six sections were assessed per tumor 
sample. The IOD sum of the images was calculated using 
ImageJ. The mean results from five randomly selected fields 
were calculated and statistical analysis was performed.

Statistical analysis. All statistical analyses were performed 
using SPSS v24.0 (IBM Corp.) and GraphPad Prism (version 
8.0; Dotmatics) software. All data are expressed as the 
mean ± standard deviation. Kaplan‑Meier analysis was used to 
plot the overall survival curves, and the significance was calcu‑
lated using the log‑rank test. Comparisons among multiple 
groups were performed using one‑way ANOVA, followed by 
Tukey's Honest Significant Difference test to assess the differ‑
ences between groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Successful operations and establishment of the rabbit VX2 
liver tumor model. The liver tumor masses were clearly 
visible on CT images (Fig. 1A). Prior to treatment, tumor 
volumes were 1,628.5±20.3, 1,601.8±22.3, 1,608.9±29.8 and 
1,630.2±19.2 mm3 in the control, TACE, Ox and TACE + 
Ox groups, respectively. No statistically significant differ‑
ence in tumor volume was demonstrated among the different 
groups. The TACE procedure is shown in Fig. 1B and C. No 
rabbits were euthanized or found dead before the end of the 
experiment and all tumor tissues and serum samples were 
successfully collected.

Tumor response and survival of treated rabbits. A repre‑
sentative CT image from each treatment group at 14 days 
after the operation is shown in Fig. 2A. Tumor growth rate 
was notably reduced in the TACE (202.7±46.23%) and Ox 
(203.0±54.47%) groups, and significantly reduced in the TACE 
+ Ox (96.8±20.31%) group compared with that of the control 
group (248.2±45.50%; Fig. 2B). Rabbits in the TACE + Ox 
group demonstrated a significantly improved tumor response 
compared with those in the TACE (P<0.001) and Ox (P<0.001) 
groups. No statistically significant difference was observed 
between the TACE and Ox groups (P>0.999; Fig. 2B). 
Representative tumor tissues of each group after treatment for 
14 days are presented in Fig. 2C. The majority (94.7%) of tumor 
tissues in the TACE + Ox group were necrotic. Furthermore, 
compared with in the control group (28.12±8.91%), TNR 
was significantly enhanced in the TACE (60.25±12.25%; 
P<0.001), Ox (62.23±9.32%; P<0.001) and TACE + Ox 
(90.62±4.96%; P<0.001) groups. Notably, the combination 
demonstrated a significantly better TNR than that of the Ox 
group; the combination group demonstrated the greatest TNR 
(Fig. 2D and E). Subsequently, to assess the survival benefits 
of TACE, Ox and TACE + Ox therapy in VX2‑bearing rabbits, 
the ability of the different treatments to promote survival 
was compared. Significant survival benefits were observed 
in rabbits in the combination group compared with those in 
the control (P<0.001), TACE (P<0.001) and Ox (P<0.001) 
groups (Fig. 2F). The number of metastases during follow‑up 
is demonstrated in Fig. 2G. The metastases occurred at day 
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Figure 1. (A) Tumor shown using computed tomography prior to the operation. Arterial angiography of the VX2 liver tumor in the rabbits (B) prior to and 
(C) immediately after transarterial chemoembolization, in which tumor staining disappeared after embolization. The red circle indicates the location of the 
tumor.

Figure 2. (A) Representative computed tomography images of the four groups after 14 days of treatment. (B) Tumor growth rates in each group of rabbits after 
therapy. (C) Representative images of liver tumor tissue in each treatment group. (D) Hematoxylin and eosin staining of tumor necrosis in the four groups. 
(E) Quantitative analysis of the proportion of tumor necrosis, (F) survival rates and (G) number of metastases in each treatment group. ***P<0.001. TACE, 
transarterial chemoembolization; Ox, sodium oxamate; ns, not significant.
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7 and gradually increased in the control and TACE groups. 
Conversely, Ox exhibited an inhibition of metastasis. The 
volume of metastasized tumors was 263.7±44.4, 342.1±32.2, 
52.1±23.8 and 51.6±18.9 mm3 in the control, TACE, Ox and 
TACE + Ox groups after 14 days of treatments (P<0.001), 
repectively.

Changes in tumor microenvironment after treatment. 
Semi‑quantitative analysis of IHC staining revealed that the 
administration of Ox significantly enhanced the infiltration 
of CD3+ and CD8+ cells in tumor tissues compared with that 
in the control group. Although TACE alone also significantly 
increased the infiltration of the aforementioned cells compared 
with that in the control group, its capacity was notably attenu‑
ated compared with the Ox and TACE + Ox groups (Fig. 3A‑C). 

In addition, although the application of TACE significantaly 
upregulated MMP‑9 in the tumor tissues, treatment with 
Ox significantly decreased the expression of MMP‑9 in the 
combination group compared with that in the control group 
(Fig. 3A and D). Moreover, the results indicated that Ox signifi‑
cantly decreased the expression of VEGF compared with that 
in the control group, and VEGF expression was significantly 
reduced in the TACE + Ox group compared with that in the 
control group (Fig. 3A and E). Furthermore, the immunofluores‑
cence staining results demonstrated that the protein expression 
of Ki67 was significantly decreased in tumors in the TACE + 
Ox group compared with that in the control, TACE and Ox 
groups (Fig. 4A and C). Finally, the number of TUNEL+ cells 
was markedly increased in the TACE + Ox group compared 
with that in the other groups (Fig. 4A and D).

Figure 3. (A) Immunohistochemical staining was performed to determine the number of CD3+ and CD8+ T‑lymphocytes, and the protein expression levels 
of MMP‑9 and VEGF in VX2 tumor‑bearing rabbits at 14 days after treatment. Scale bar, 100 µm. Semi‑quantitative analysis of (B) CD3+, (C) CD8+, 
(D) MMP‑9+ and (E) VEGF+ cells. *P<0.05; ***P<0.001. TACE, transarterial chemoembolization; Ox, sodium oxamate; MMP‑9, matrix metalloproteinase‑9; 
VEGF, vascular endothelial growth factor; IOD, integrated optical density.
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Changes of hepatorenal function. The changes in hepatorenal 
function are demonstrated in Fig. 5. Except from in the control 
group, rabbits in the TACE and combination groups had tran‑
sient liver function impairment; the levels of AST and ALT were 
significantly higher than control on days 1, 3 and 7, and they then 
returned to normal levels at day 14 (Fig. 5A and B). However, 
kidney function was only slightly affected (Fig. 5C and D). The 
levels of ALT, AST, BUN and CRE reached their peaks on day 
1 after treatment and gradually recovered (Fig. 5). These find‑
ings indicated that combination therapy may cause a transient 
impairment in hepatorenal function.

Discussion

It has been reported that the efficacy of TACE is associated 
with local ischemic necrosis caused by embolic material and 
the anticancer effects mediated by chemotherapy (26). However, 
hypoxia caused by incomplete TACE may cause LDHA 

upregulation in tumors, which is the key enzyme in aerobic 
glycolysis (27). Furthermore, the enhancement of aerobic 
glycolysis in tumor tissues may promote tumor growth due to 
the following reasons: i) Enhanced anaerobic glycolysis may 
counteract the sharp oxygen fluctuation, which could be fatal 
for cells that rely on oxygen or anaerobic glycolysis for ATP 
production (28); ii) lactic acid generated via the anaerobic glyco‑
lytic pathway could promote the invasion of tumor cells via the 
upregulation of the monocarboxylate transporter (MCT)1 and 
MCT2 (29); and iii) tumor cells could simultaneously activate 
the pentose phosphate pathway to satisfy their anabolic demands 
and combat oxidative stress (30,31). Therefore, targeting meta‑
bolic reprogramming after TACE may be key for the inhibition 
of tumor growth, thus improving the therapeutic effect of TACE.

In the present study, the improvement of the antitumor 
effect of TACE combined with the LDHA inhibitor, Ox, and its 
underlying mechanism were assessed. Firstly, the results demon‑
strated that the combination therapy enhanced the infiltration of 

Figure 4. (A) Tumor cell proliferation was assessed using Ki67 staining. Scale bar, 100 µm. (B) Tumor cell apoptosis was determined via TUNEL staining. 
Scale bar, 100 µm. Semi‑quantitative analysis of the percentage of (C) Ki67+ and (D) TUNEL+ cells. ***P<0.001. TACE, transarterial chemoembolization; Ox, 
sodium oxamate; ns, not significant.
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CD8+ cells. The increase in hypoxic necrosis may be associ‑
ated with the significantly greater infiltration rate of CD8+ T 
cells, which is consistent with previous reports (32,33). The 
findings from a previous study may indicate why Ox increased 
the infiltration of CD8+ T cells. This previous study indicated 
that a decrease in lactic acid may downregulate the expres‑
sion of programmed death‑ligand 1, leading to an elevation of 
pro‑inflammatory antitumor responses, such as increased infil‑
tration and activity of CD8+ cytotoxic cells (34). Another study 
reported that targeting lactic acid metabolism can reduce the 
production of the angiogenic factor VEGF by downregulating 
HIF‑1α, which contributes to the normalization of tumor blood 
vessels, and thus increases the infiltration of CD8+ T cells (35). 
The specific reason for this is worth exploring in‑depth in 
future studies. Furthermore, a previous study reported that 
the efficacy of immunotherapy was positively associated with 
the CD8+ T cell to tumor burden ratio (36). Therefore, TACE 
combined with immunotherapy may be considered as a novel 
treatment strategy. In the present study, Ox administration 
downregulated MMP‑9; notably, MMP‑9 can degrade extra‑
cellular matrix components and serves a significant role in 
several pathophysiological processes, including metastasis, 
invasion and migration (37). Previous studies have reported 
that MMP‑9 overexpression and dysregulation are associated 
with the onset of several diseases (38,39). The aforementioned 
finding may be associated with the reduced lactic acid levels 
reported in a previous study (40). Furthermore, the administra‑
tion of Ox could also downregulate VEGF after embolization, 

which serves a significant role in angiogenesis and tumor cell 
immune escape (41,42). Lastly, the results of the present study 
demonstrated that Ox inhibited cell proliferation and promoted 
apoptosis, which may be associated with a decrease in energy 
supply to tumor cells and in lactic acid production. The afore‑
mentioned mechanisms could result in an improved regulation 
of the local tumor and increased survival of patients with HCC.

In the present study, although the tumor grew by 202.7±46.23% 
in the TACE group, the necrosis rate and survival benefits were 
still greater than that of the control, which is also consistent 
with the treatment of human liver cancer (43). Moreover, group 
C (Ox) and B (TACE) demonstrated similar therapeutic results. 
However, the therapeutic effect in group D was not simply the 
additive effect of both components. The results demonstrated 
that the increase in CD8+ T cells and TUNEL+ cells was more 
than the sum of the other two groups, which may indicate that the 
protocol had a synergistic therapeutic effect.

In terms of safety, the impairment of hepatorenal function 
reached its peak at day 1 after treatment and then gradually 
reduced to normal levels, mimicking TACE. Moreover, Ox 
monotherapy demonstrated a similar effect to TACE alone 
without damage to hepatorenal function, indicating that targeting 
metabolism may be beneficial for patients with HCC. Overall, 
the results suggested that the combination of Ox and TACE was 
safe and may only lead to transient and reversable injuries.

However, the present study has certain limitations. The 
assessment of changes in the tumor immune microenviron‑
ment after treatment was insufficient due to the lack of 

Figure 5. Serum levels of (A) ALT, (B) AST, (C) BUN and (D) CRE, measured at 0, 1, 3, 7 and 14 days after treatment. ***P<0.001. ALT, alanine aminotrans‑
ferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CRE, creatinine; TACE, transarterial chemoembolization; Ox, sodium oxamate.
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antibody reagents for rabbits, which is the most suitable model 
for investigating TACE. Furthermore, the underlying mecha‑
nisms of the effects of combination therapy need to be further 
investigated.

The current study demonstrated that the combination of 
TACE and the LDHA inhibitor, Ox, resulted in a stronger 
antitumor immune response than that of the control, TACE 
and Ox groups inhibited angiogenesis and promoted increased 
survival in a rabbit VX2 liver tumor model. These findings 
indicated that targeting metabolic reprogramming could 
promote the efficacy of TACE, thus providing novel insights 
into the future application of a new treatment strategy in 
clinical practice for patients with advanced HCC.
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