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Abstract: Inadequate perfusion and hypoxia constitute the primary characteristics of tumor vasculature and drive 
malignant progression. Strategies aiming at alleviating hypoxia and enhancing blood perfusion may potentiate che-
motherapy and immunotherapy, thereby restraining tumor growth. Vitamin B1 (VitB1), an essential coenzyme for 
multiple metabolic enzymes, plays a crucial role in cellular energy metabolism and in maintaining the balance 
between glycolysis and the tricarboxylic acid cycle. However, whether the tumor-suppressive effects of VitB1 are 
associated with modulation of tumor microcirculation remains unclear. This study aimed to evaluate the anti-tumor 
effects of VitB1 and to investigate the potential relationship with microcirculatory changes in liver cancer. VitB1 
inhibited tumor-cell proliferation in vitro, indicating a potential direct effect on tumor cells. In vivo, VitB1 suppressed 
liver cancer growth in a dose-dependent manner. High- and medium-dose VitB1 treatment increased microvascular 
blood perfusion and flow velocity assessed using a laser Doppler flowmetry (LDF) system and decreased tumor 
microvessel density, without affecting tumor microvascular red blood cell concentration. Moreover, high- and me-
dium-dose VitB1 significantly increased the amplitudes of the neurogenic and endothelial oscillatory components 
of blood perfusion and flow velocity. These findings suggest that the anti-tumor effects of VitB1 may involve the 
modulation of neurogenic and endothelial activity, which is associated with improved tumor microhemodynamics. 
Further studies are needed to elucidate the precise mechanisms and the interplay between direct tumor cell effects 
and microcirculatory changes.
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Introduction

Liver cancer is among the most prevalent and 
lethal malignancies worldwide, particularly in 
regions with a high burden of viral hepatitis [1]. 
It is characterized by aggressive behavior, fre-
quent recurrence, and resistance to conven-
tional therapies [2]. Within the tumor microen-
vironment (TME), an imbalance between pro- 
angiogenic and anti-angiogenic factors drives 
the rapid and disorganized formation of blood 
vessels [3]. These tumor-associated vessels 
display pathological features distinct from 
those of normal vasculature, including disrupt-
ed adherens and tight junctions between endo-
thelial cells. Additionally, reduced basement 
membrane integrity and insufficient coverage 
by pericytes and smooth muscle cells further 

compromise vascular stability [4]. This dysregu-
lated angiogenesis results in pronounced struc-
tural and functional heterogeneity, manifested 
by vessel rupture, increased permeability, and 
inadequate perfusion [5]. These vascular abnor- 
malities contribute to tumor progression thr- 
ough multiple mechanisms: they exacerbate 
local hypoxia, impair immune surveillance, facil-
itate tumor cell invasion and limit effective drug 
delivery [6].

The identification of vascular endothelial grow- 
th factor (VEGF) as a crucial mediator of tumor 
angiogenesis has driven extensive efforts to 
develop therapies targeting VEGF signaling. 
Their primary objective is to induce tumor 
regression by disrupting the tumor blood sup-
ply. However, anti-angiogenic strategies based 
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on growth factor inhibition have not consistent-
ly achieved the anticipated therapeutic bene-
fits, or improved survival outcomes [7]. Conse- 
quently, research focus has shifted from broa- 
dly suppressing angiogenesis to restoring the 
structural and functional integrity of aberrant 
tumor vasculature, generating increasing inter-
est in agents capable of promoting vascular 
normalization [8]. This normalization strategy 
seeks to improve the efficacy of chemotherapy 
and immunotherapy, thereby constraining tu- 
mor progression.

Vitamin B1 (VitB1), also known as thiamine, is 
an essential coenzyme for three key enzymes 
in glucose metabolism: transketolase, pyruvate 
dehydrogenase (PDH), and α-ketoglutarate de- 
hydrogenase. These enzymes catalyze the con-
version of intracellular glycolytic intermediates 
through critical steps in the citric acid cycle and 
the pentose phosphate pathway [9]. VitB1 has 
garnered increasing attention for its neuropro-
tective properties [10, 11]. VitB1 preserves 
neuronal function by regulating sodium chan-
nels in neuronal membranes and inhibiting ace-
tylcholinesterase, the enzyme responsible for 
acetylcholine degradation [12]. VitB1 deficien-
cy disrupts this balance, resulting in impaired 
signal transmission and neuronal degeneration 
[13]. Mechanistically, VitB1 exhibits anti-inflam-
matory effects, mitigates oxidative stress and 
promotes the expression of antioxidant enzy- 
mes. However, the impact of VitB1 on tumor 
growth, particularly on tumor vasculature, and 
the underlying mechanisms remain poorly de- 
fined [14, 15]. In this study, we investigated the 
effects of VitB1 on liver cancer growth, with a 
particular focus on tumor microvascular perfu-
sion in a mouse model.

Materials and methods

Cell cultivation

The human liver cancer cell lines HepG2 and 
Huh7 were obtained from PriCells Biomedical 
Technology (Wuhan, China). HepG2 cells were 
cultured in MEM (NICR) supplemented with 
10% fetal bovine serum (FBS; Gibco, UK) and 
1× antibiotic-antimycotic solution (penicillin 
100 U/ml, streptomycin 100 μg/ml; NICR). All 
cell lines were authenticated by short tandem 
repeat (STR) profiling and maintained under 
standard conditions (37°C, 5% CO2).

Cell proliferation assay

The assay was performed by experienced re- 
searchers. HepG2 cells were seeded into 96- 
well plates at a density of 2×103 cells per well in 
50 μL MEM and treated with a range of VitB1 
concentrations (0, 500 μg/ml, 1 mg/ml, 2 mg/
ml, and 5 mg/ml) for 48 h. Cell proliferation 
was monitored using an IncuCyte Zoom Live-
Cell Imaging System (2015A, Essen Bioscience, 
Ann Arbor, MI, USA). Proliferation was quanti-
fied as relative confluence based on phase-
contrast images.

In vivo tumor formation assay

All animal procedures and experimental proto-
cols were conducted in accordance with the 
8th edition (2010) of the Guide for the Care  
and Use of Laboratory Animals (Institute for 
Laboratory Animal Research, National Acade- 
mies Press, Washington, DC) and were app- 
roved by the Institutional Animal Care and Use 
Committee of the Institute of Microcirculation, 
Chinese Academy of Medical Sciences (appro- 
val number: WXH-LL-2022-003). The xenograft 
model was established by trained personnel. 
Six-week-old female BALB/c nude mice were 
obtained from SPF (Beijing) Biotechnology Co., 
Ltd. (Beijing, China). Prior to cell implantation, 
mice were acclimated for 5 days under con-
trolled conditions (24 ± 1°C, 55 ± 5% rela- 
tive humidity) with a 12-hour light/dark cycle, 
housed at five per cage. During the study, mice 
had ad libitum access to a standard diet (Rat  
& Mouse Growth and Reproduction Formula 
Feed, Beijing Keao Xieli Feed Co., Ltd., Beijing, 
China) and drinking water.

For tumor induction, 5×106 exponentially grow-
ing cells were suspended in 100 μL phosphate-
buffered saline (PBS) and inoculated into the 
axillary region of each nude mouse. When tu- 
mor volumes reached approximately 50 mm3, 
mice were randomly assigned to four experi-
mental groups (n=5 per group): Control (Ctrl, 
100 μL PBS, daily peritumoral injections), VitB1 
high-dose (High, 125 mg/kg, daily peritumoral 
injection), VitB1 medium-dose (Medium, 62.5 
mg/kg, daily peritumoral injection), and VitB1 
low-dose (Low, 12.5 mg/kg, daily peritumoral 
injection). Body weight and tumor size were 
monitored every three days throughout the 
study. After three weeks of treatment, all mice 
were euthanized. Tumor volume was calculated 
using the modified ellipsoid formula:
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longest tumor diameter and width corresponds 
to the perpendicular shorter axis. In line with 
established ethical guidelines, mice were euth-
anized immediately if tumors met the criteria 
for humane endpoints: (I) Tumor volume ≥2× 
103 mm3, (II) Tumor diameter >20 mm, or (III) 
Abrupt or sustained body weight loss exceed- 
ing 20% within 72 hours. Due to the soft con- 
sistency of the tumors, minor inaccuracies may 
occur in both subcutaneous measurements 
and the visual representation of imaging data. 
At the end of the study, all experimental mice 
were sacrificed by cervical dislocation.

Measurement of the tumoral microhemody-
namics

Tumor microcirculatory parameters, including 
blood perfusion, RBC concentration, RBC 
speed, and blood oxygen saturation, were as- 
sessed using a laser Doppler flowmetry (LDF) 
system (VMS-LDF2, Moor Instruments, Axmin- 
ster, UK). LDF quantifies microvascular perfu-
sion by measuring the Doppler shift of coher- 
ent monochromatic light scattered by moving 
RBCs. The instrument output represents the 
product of relative RBC speed and concentra-
tion [16]. After a 10-minute acclimation period, 
mice were anaesthetized via inhalation of 2% 
(v/v) isoflurane (RWD Life Science Co., Shen- 
zhen, Guangdong, China) mixed with 50% oxy-
gen for induction, followed by 1-2% isoflurane 
for maintenance, delivered through a small-
animal anesthesia system (Matrix VMR; Mid- 
mark Corporation, OH, USA). Mice were placed 
supine on a heating pad, and the skin overlying 
the tumor was carefully removed to expose the 
tumor surface. The VP4 probe was then secu- 
rely positioned on the exposed tissue. Back- 
scattered light collected by the probe was pro-
cessed through analog and digital signals to 
generate data on tumor microhemodynamics. 
LDF signals of microvascular perfusion were 
analyzed using Moor software (moorVMS-PC 
3.1, Moor Instruments).

Laser speckle contrast imaging of tumor mi-
crovascular blood flow

Tumor tissue perfusion was monitored using a 
laser speckle contrast imaging system (moor-
FLPI-2 blood flow imager, Moor Instruments). 
Following exposure of the tumor, blood flow was 

recorded under laser illumination. Acquired im- 
ages were analyzed using the manufacturer’s 
dedicated software, which automatically quan-
tified flow signals and calculated the average 
perfusion index within the region of interest.

Wavelet transform spectral analysis (WTSA)

Combining LDF with wavelet transform allows 
assessment of microcirculatory dynamics as- 
sociated with physiological processes. In this 
study, wavelet transform was applied to con-
vert microhemodynamic signals into the time-
frequency domain, enabling identification of 
the contributions of distinct biological oscilla-
tors to fluctuations in microcirculation.

The frequency spectrum was divided into mul-
tiple sub-bands, each corresponding to a spe-
cific biological oscillator: nitric oxide (NO)-in- 
dependent endothelial, NO-dependent endo-
thelial, neurogenic, myogenic, respiratory, and 
cardiac oscillators. These sub-bands were as- 
signed to the following frequency ranges: 
0.005-0.0095 Hz, 0.0095-0.02 Hz, 0.02-0.05 
Hz, 0.05-0.15 Hz, 0.15-2.0 Hz, and 2.0-8.0 Hz, 
respectively [17, 18].

Using the microhemodynamic spectrum as a 
reference, the Morlet wavelet was scaled to 
generate a Gaussian window, which was then 
shifted across both time and frequency do- 
mains. Spectral amplitudes were calculated by 
averaging the wavelet coefficients [19-21], pro-
ducing a three-dimensional amplitude spect- 
ral scalogram of the wavelet-transformed mi- 
crohemodynamic data. The scalogram coordi-
nates comprised time (seconds), frequency 
(Hz), and spectral amplitude (arbitrary units, 
AU). The amplitudes of the six oscillators were 
subsequently compared across the four expe- 
rimental groups. WTSA was performed using 
moorVMS-PC 3.1 software.

Immunohistochemical (IHC) and hematoxylin-
eosin (H&E) staining

For IHC and H&E analyses, 5 μm-thick paraffin-
embedded tumor sections were incubated at 
60°C for 60 minutes, followed by deparaffini- 
zation with xylene and rehydration through a 
graded ethanol series. H&E staining was per-
formed to evaluate tissue morphology. For IHC, 
antigen retrieval was performed by microwave 
heating in 10 mmol/L sodium citrate buffer (pH 
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6.0) for 20 minutes, and endogenous peroxi-
dase activity was blocked using 3% hydrogen 
peroxide. Sections were rinsed with PBS and 
incubated overnight at 4°C with primary anti-
bodies: anti-CD31 (ab281583, 1:2000, Ab- 
cam) and anti-Ki67 (ab15580, 5 μg/ml, Ab- 
cam). Quantitative analysis was performed 
using Image J software, with the proportion of 
positively stained cells assessed in represen-
tative tissue sections.

Statistical analysis

Data were presented as mean ± standard error 
of the mean (SEM). Statistical analyses were 
conducted using GraphPad Prism 10 (Graph- 
Pad Software Inc., San Diego, CA, USA). Com- 
parisons between two groups were performed 
using the unpaired Student’s t-test. For com-
parisons among multiple groups, one-way anal-
ysis of variance (ANOVA) was applied, followed 
by Tukey’s post hoc test for multiple compari-
sons. The tumor growth curves were analyzed 
using two-way repeated-measures ANOVA, fol-
lowed by Bonferroni’s post-test for multiple 
comparisons. A p-value <0.05 was considered 
statistically significant. Figures were generated 
using GraphPad Prism.

Data were presented as mean ± standard error 
of the mean (SEM). Statistical analyses were 
conducted using GraphPad Prism 10 (Graph- 
Pad Software Inc., San Diego, CA, USA). Com- 
parisons between two groups were performed 
using the Student’s t-test, while one-way analy-
sis of variance (ANOVA) was applied for com-
parisons among multiple groups. A p-value 
<0.05 was considered statistically significant. 
Figures were generated using GraphPad Prism.

Results

VitB1 suppressed tumor growth in tumor-
bearing mice

To evaluate the anti-tumor effects of VitB1, a 
HepG2 xenograft model in nude mice was 
established. Both high- and medium-dose 
VitB1 significantly reduced tumor burden in 
vivo. In the high-dose group, tumor volumes 
decreased by 38.3%, 46.8%, and 48.4% on 
days 16, 19, and 22 of treatment, respective- 
ly, compared with the control group (Figure 
1A-C). The cell proliferation marker Ki67 ex- 
pression was assessed in tumor tissues. VitB1 

treatment at all tested doses significantly 
reduced Ki67 expression, with the greatest 
reduction observed in the high-dose group 
(Figure 1D, 1E). H&E staining of liver and kidney 
tissues demonstrated no overt toxicity across 
the four groups (Figure 1F). Liver architecture 
was preserved, with clearly defined interlobu- 
lar bile ducts, veins, and arteries in portal 
areas, intact hepatic cords along central veins, 
and no evidence of hepatocyte degeneration, 
necrosis, sinusoidal dilation, or congestion. Re- 
nal structures, including glomeruli, tubules, and 
interstitium, appeared normal without detect-
able damage. These observations indicate that 
the VitB1 doses used were well tolerated and 
did not induce liver or kidney toxicity.

In vitro proliferation assays further confirmed 
the anti-tumor activity of VitB1 in human liver 
cancer cell lines HepG2 and Huh7. Over a 
48-hour treatment period, VitB1 inhibited cell 
proliferation in a dose-dependent manner, with 
high doses producing the most pronounced 
effects (Figure 1G and 1H). These results sug-
gest that VitB1 effectively suppresses liver can-
cer cell growth both in vitro and in vivo.

Effect of VitB1 on blood perfusion, oxygen 
saturation and microvessel density (MVD) in a 
liver cancer mouse model

It is established that vascular normalization 
improves vascular integrity and perfusion, lead-
ing to tissue normoxia, enhanced stromal syn-
thesis of pro-inflammatory chemokines, and 
increased tumor-infiltrating lymphocytes (TILs). 
It also alleviates hypoxia within the TME, there-
by reducing resistance to chemotherapy and 
reshaping the immune milieu of tumors [22]. In 
this study, we further evaluated the effects of 
VitB1 on blood perfusion, oxygen saturation, 
and MVD in a liver cancer mouse model. Tumor 
microvascular perfusion profiles are shown in 
Figure 2A and 2B. High- and medium-dose 
VitB1 significantly increased average microcir-
culatory perfusion, with the greatest enhance-
ment observed in the high-dose group (297.8 
PU ± 35.17 PU; PU, perfusion units) compared 
with controls (100.8 PU ± 12.91 PU). In con-
trast, low-dose VitB1 had no effect on tumor 
blood perfusion. Spectral analyses (Figure 2C, 
2D) deconvoluted the complex oscillatory dy- 
namics of tumor microcirculation and highlight-
ed the impact of VitB1 on six characteristic fre-
quency bands through two-dimensional spec-
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tral graphs and three-dimensional time-frequ- 
ency scalograms. High-dose VitB1 significantly 
increased the amplitudes of neurogenic (388.2 
AU ± 56.89 AU vs 116.9 AU ± 12.97 AU; 
P<0.001), NO-dependent endothelial (333.1 
AU ± 59.15 AU vs 90.20 AU ± 8.81 AU, P< 
0.01), and NO-independent endothelial oscilla-
tors (126.7 AU ± 16.63 AU vs 31.88 AU ± 4.43 
AU, P<0.0001) compared to the control group 
(Figure 2E). Medium- and low-dose VitB1 did 
not significantly affect these three frequency 
bands. None of the VitB1 doses altered the 
amplitudes of myogenic, respiratory, or cardiac 
oscillators. Together, these findings suggest 
that high-dose VitB1 is associated with enhan- 
ced tumor blood perfusion, alongside altera-
tions in neurogenic and endothelial oscillatory 
activity.

To further illustrate the effect of VitB1 on tu- 
mor blood perfusion, we employed the moor-

FLPI-2 blood flow image, which can provide 
intuitive visualization of blood perfusion differ-
ences among the four groups. As shown in 
Figure 3A and 3B, compared with the control 
group, high-dose VitB1 significantly increased 
tumor blood perfusion (P<0.001), consistent 
with the LDF results in Figure 2, confirming 
that high-dose VitB1 increases tumor blood 
perfusion. Medium- and low-dose VitB1, how-
ever, failed to show notable effects. Additi- 
onally, we evaluated the effect of VitB1 on 
tumor MVD. IHC analysis of CD31, a specific 
marker of microvessels, showed that high- and 
medium-dose VitB1 obviously reduced MVD in 
tumor tissues compared with the control gr- 
oup, whereas low-dose VitB1 showed no sig-
nificant difference (Figure 3C, 3D).

Tissue hemoglobin and oxygen saturation con-
stitute two key physiological parameters re- 
flecting tissue health at the microcirculatory 
level. Hypoxia, a hallmark of the TME, further 

Figure 1. VitB1 inhibits tumor growth in vivo and in vitro. (A-C) Tumor appearance (A), growth curve (B), and tumor 
weight (C) in HepG2 subcutaneous tumor-bearing mice during treatment. n=5 per group. **P<0.01; ***P<0.001; 
(D, E) Representative images of tumor tissue sections with Ki67 immunohistochemical staining (D) and quantita-
tive analysis using ImageJ software (E). Scale bar, 50 µm. n=9 per group, ****P<0.0001; (F) Representative H&E-
stained images of liver and kidney tissue sections; (G, H) Cell proliferation assay showing the effect of different 
doses of VitB1 on HepG2 (G) and Huh7 (H) cell proliferation.
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influences tumor blood perfusion and MVD. 
Tumor vessels, characterized by abnormal mor-
phology and marked dysfunction in both barrier 
and transport properties, are a major contribu-
tor to hypoxia within the TME. Strategies aim- 
ed at alleviating hypoxia and improving blood 
perfusion have been shown to enhance the 
therapeutic efficacy of anticancer drugs. In this 
study, we evaluated tumor microvascular oxy-
genation - including relative tissue hemoglobin 
concentrations (oxyHb, deoxyHb, and totalHb) 
and oxygen saturation - across the four experi-
mental groups using the moorVMS-OXY inte-
grated with the LDF system. As shown in  

Figure 3E, both high- and medium-dose VitB1 
significantly increased blood oxygen saturation 
(55.36% ± 2.44% and 49.44% ± 2.83% vs 
31.42% ± 4.58%, P<0.01) and oxyhemoglobin 
content (108.3 AU ± 10.06 AU, and 102.7 AU ± 
14.90 AU vs 50.34 AU ± 4.69 AU both P<0.05), 
reduced deoxyhemoglobin levels (62.14 AU ± 
5.74 AU vs 106.1 AU ± 6.80 AU, P<0.01 for 
high-dose; 69.06 AU ± 10.19 AU, P<0.05 for 
medium-dose), and had no effect on total 
hemoglobin content (P>0.05) compared with 
controls. Low-dose VitB1 had no impact on 
blood oxygen saturation, oxyhemoglobin, or 
total hemoglobin (P>0.05), only slightly decrea- 

Figure 2. Comparative analysis of tumor microcirculatory blood perfusion and characteristic oscillatory amplitudes 
in mice treated with different doses of VitB1. (A) Microcirculatory blood perfusion patterns in mice from different 
groups. PU, perfusion unit; (B) Quantification of blood perfusion in (A); (C, D) Two-dimensional spectrogram (C) and 
three-dimensional time-frequency spectral scalogram (D) representing characteristic amplitudes of tumor microcir-
culatory blood perfusions; (E) Quantitative analysis of characteristic oscillatory amplitudes in tumor microcirculatory 
perfusion. n=5 per group. ns, not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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sing deoxyhemoglobin levels. These results 
indicate that both medium- and high-dose 
VitB1 effectively alleviate hypoxia in the TME. 

Effect of VitB1 on tumor microvascular blood 
flow speed

Relative tumor microvascular blood flow velo- 
city, an indicator of microvascular autoregula-
tory activity, was assessed in this study. Under 

physiological conditions in mice, the ratio of 
RBCs to other blood cells (leukocytes and  
platelets) is approximately 30-80:1 [23, 24]. 
Therefore, RBC speed and concentration clo- 
sely approximate whole-blood flow and cellu- 
lar density. Compared with the control group 
(21.68 AU ± 2.38 AU), mice treated with medi-
um- and high-dose VitB1 exhibited significantly 
increased microvascular blood flow velocities 

Figure 3. Visualization of tumor blood perfusion and comparative analysis of tumor oxygen saturation and MVD in 
mice treated with different doses of VitB1. (A) Visualization of tumor blood perfusion (left) and real-time monitoring 
using the moorFLPI-2 blood flow imager; (B) Quantification of blood perfusion in (A); (C) IHC staining for CD31 in 
tumor tissues. Scale bar = 500 μm; (D) Quantitative analysis of CD31-positive area percentage; (E) Comparative 
analysis of tumor microcirculatory SO2 measured using the moorVMS-OXY system integrated with LDF. ns, not sig-
nificant; *P<0.05; **P<0.01; ***P<0.001. MVD, microvessel density.



Vitamin B1 suppress liver cancer growth

2555	 Am J Cancer Res 2026;16(6):2548-2561

(38.64 AU ± 3.42 AU, and 36.48 AU ± 3.58 AU, 
both P<0.05; Figure 4A, 4B), whereas low-dose 
VitB1 showed no significant effect relative to 
controls.

Wavelet transform analysis revealed distinct 
patterns of peak velocities within the tumor 
blood velocity spectra across experimental 
groups. Although the largest peaks were pri-
marily observed in the respiratory frequen- 
cy range in all groups (Figure 4C), secondary 
peaks within the neurogenic and myogenic 
ranges were more prominent across all VitB1-

treated mice, particularly in the high- and medi-
um-dose groups. Three-dimensional time-fre-
quency mapping further illustrated temporal 
fluctuations of these velocity signals, showing 
more regular and coordinated variations in 
mice receiving medium- and high-dose VitB1 
(Figure 4D).

Quantitative analysis of the wavelet-transfor- 
med data revealed that mice in the high-dose 
group exhibited significantly greater amplitudes 
in the neurogenic (17.49 AU ± 3.74 AU vs 5.708 
AU ± 1.07 AU, P<0.01), NO-dependent endothe-

Figure 4. Comparative analysis of tumor microcirculatory blood velocity and characteristic oscillatory amplitudes in 
mice treated with different doses of VitB1. (A) Microcirculatory blood velocity patterns in mice from different groups; 
(B) Quantification of blood velocity in (A); (C, D) Two-dimensional spectrogram (C) and three-dimensional time-fre-
quency spectral scalogram (D) representing characteristic amplitudes of tumor microcirculatory blood velocity; (E) 
Quantitative analysis of characteristic oscillatory amplitudes in tumor microcirculatory blood velocity. n=5 per group. 
ns, not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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lial (13.09 AU ± 1.87 AU vs 4.61 AU ± 0.39  
AU, P<0.001), and NO-independent endothelial 
spectra (7.89 AU ± 1.17 AU vs 1.9 AU ± 0.21 
AU, P<0.001) compared with the control group 
(Figure 4E). Medium- and low-dose VitB1 had 
no significant effects on these three frequency 
bands (Figure 4E). Furthermore, none of the 
VitB1 doses affected the amplitudes of the 
myogenic, respiratory, or cardiac spectra. Co- 
llectively, these results indicate that high-dose 
VitB1 enhances tumor microvascular blood flow 
velocities primarily through modulating neuro-
genic and endothelial activity.

Effect of VitB1 on tumor microcirculatory RBC 
concentration

Tumor microvascular hematocrit, a key indica-
tor of microhemodynamic function, reflects the 
proportion of RBCs in the bloodstream and pro-
vides important information regarding tissue 
oxygenation and nutrient delivery. No signifi-
cant differences in mean RBC concentration 
were observed among the four experimental 
groups (Figure 5A, 5B).

Wavelet transform analysis revealed a consis-
tent distribution pattern of peak velocities with-

Figure 5. Comparative analysis of tumor microcirculatory RBC concentration and characteristic oscillatory ampli-
tudes in mice treated with different doses of VitB1. (A) Microcirculatory RBC concentration patterns in mice from 
different groups; (B) Quantification of microcirculatory RBC concentration in (A); (C, D) Two-dimensional spectrogram 
(C) and three-dimensional time-frequency spectral scalogram (D) representing characteristic amplitudes of tumor 
microcirculatory RBC concentration; (E) Quantitative analysis of characteristic oscillatory amplitudes in tumor micro-
circulatory RBC concentration. n=5 per group. ns, not significant.
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in the tumor RBC concentration spectra across 
all groups. Two-dimensional spectrograms and 
three-dimensional time-frequency representa-
tions of RBC concentration signals demonstrat-
ed similar patterns in all four groups (Figure 5C, 
5D), showing the main peak primarily in the 
respiratory frequency range. Quantitative an- 
alysis of six characteristic frequency bands 
showed no significant differences between the 
control and VitB1-treated groups (Figure 5E), 
indicating that VitB1 did not affect tumor micro-
vascular RBC concentration. 

Discussion

Unlike many cancers that have shown impro- 
vements in survival over recent decades, the 
prognosis of liver cancer has remained largely 
unchanged prior to the advent of immunothera-
py. Most patients are diagnosed at advanced 
stages, when surgical interventions (resection, 
transplantation) or locoregional therapies (em- 
bolization, ablation) are either infeasible or 
ineffective. However, over two-thirds of cases 
present with advanced disease and limited 
curative options. Furthermore, chemotherapy 
and radiotherapy are often ineffective or con-
traindicated in patients with cirrhosis. These 
limitations highlight the urgent need to eluci-
date mechanisms of tumor metastasis and to 
develop novel therapeutic strategies with high 
efficacy and safety. VitB1, an essential, rate-
limiting cofactor for numerous enzymes invol- 
ved in carbohydrate metabolism and energy 
production, has received relatively little atten-
tion regarding its effects on tumor growth and 
progression. In this study, we demonstrated 
that high, medium, and low doses of VitB1 
effectively inhibited tumor growth both in vitro 
and in vivo. These findings were inconsistent 
with some previous reports. For example, 
Comín-Anduix et al. reported that thiamine su- 
pplementation sufficient to reverse pre-exist- 
ing deficiency can promote tumor proliferation 
[15]. Exogenous thiamine partially, but signifi-
cantly, rescues proliferation defects caused by 
knockdown of oncogenic miR-155 in human 
breast cancer cell lines [25]. Chang et al. ob- 
served that ultra-processed foods fortified with 
vitamins and minerals may potentially increase 
cancer susceptibility [26]. Collectively, these 
studies suggest that VitB1 can exert both tu- 
mor-promoting and tumor-suppressive effects, 
which are influenced by genomic and non-
genomic factors [14, 15]. The elevated meta-

bolic demands in neoplastic tissues may lead 
to VitB1 deficiency. A recent single-center pro-
spective cohort study reported a high preva-
lence of significant VitB1 deficiency among can-
cer patients [27]. More importantly, researchers 
caution that moderate thiamine supple- 
mentation intended to correct deficiency in 
oncology patients could facilitate tumor grow- 
th in some cases. Conversely, other studies 
have found no association between thiamine 
intake and an increased risk of common can-
cers in women, including breast, endometrial, 
ovarian, colorectal, and lung cancers [28]. Ta- 
ken together, these divergent findings under-
score the need for further investigation into  
the roles and underlying mechanisms of VitB1 
in the initiation and progression of diverse ma- 
lignancies. 

Malfunctional tumor vasculature frequently le- 
ads to structural and functional abnormalities, 
including increased vascular permeability and 
inadequate blood perfusion. Poorly perfused 
tumor vessels impair the delivery of oxygen  
and nutrients to neoplastic tissues, exacer- 
bating hypoxia and promoting tumor dissemi-
nation. Numerous studies have demonstrated 
that novel agents, particularly natural compo- 
unds, can modulate tumor angiogenesis while 
simultaneously inhibiting tumor growth across 
various cancer types [29]. For instance, lnc- 
RNA ZNF667-AS1 suppresses proliferation, in- 
vasion, and angiogenesis in gastric cancer [30]. 
Astragali Radix-Curcumae Rhizoma normalizes 
tumor blood vessels, thereby reducing tumor 
growth and metastasis in colon cancer [31]. 
Panax notoginseng saponins promote tumor 
vascular normalization by improving the im- 
mune microenvironment in breast cancer, ulti-
mately inhibiting proliferation and metastasis 
[32]. Consistent with these findings, our re- 
sults showed that high- and medium-dose 
VitB1 markedly enhanced tumor microvascular 
perfusion and increased oxygen saturation in 
tumor-bearing mice, indicating that VitB1 may 
alleviate hypoxia in the TME.

Wavelet transform analysis was employed to 
decompose continuous blood flow signals, in- 
cluding perfusion, RBC speed, and RBC con-
centration, enabling a detailed investigation  
of vasomotion within tumor microvasculature. 
Tumors are thought to undergo a progressive 
reduction in the complexity of their physiologi-
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cal functions, resulting from impaired regulato-
ry elements and/or disrupted interactions am- 
ong these components, which diminishes their 
ability to respond to stress stimuli. Our results 
demonstrated that high-dose VitB1 positively 
modulated tumor microvascular blood flow, as 
evidenced by enhanced amplitudes of blood 
perfusion and velocity oscillations within the 
neurogenic, NO-dependent, and NO-indepen- 
dent endothelial frequency ranges. These find-
ings suggest that high-dose VitB1 may confer 
therapeutic benefits by restoring neurogenic 
and endothelial activity in tumor microva- 
sculature.

The nervous system is increasingly recogniz- 
ed as a critical regulator of cancer, influencing 
oncogenesis, malignant proliferation, and met-
astatic dissemination [33]. Preclinical studies 
across multiple malignancies have consistently 
shown that nervous system activity not only 
modulates cancer initiation but also profound- 
ly impacts tumor progression and metastasis 
[33, 34]. Within the TME, neurons and glial 
cells communicate directly with malignant cells 
via paracrine factors and, in certain contexts, 
through neuron-to-cancer cell synapses. In- 
direct interactions also occur remotely, medi-
ated by circulating signals and through the reg-
ulation of immune cell trafficking and function. 
Owing to its neuroprotective properties, VitB1 
has been reported to attenuate ethanol-in- 
duced cerebral blood flow dysregulation and 
neuronal damage by reducing reactive oxygen 
species, thereby alleviating headache-related 
symptoms [35]. Similarly, Mansoor Husn et al. 
demonstrated that VitB1 markedly mitigates 
neuroinflammation and improves cognitive per-
formance in a traumatic brain injury mouse 
model [36]. Consistent with these observa-
tions, our wavelet transform analysis of tu- 
mor blood flow signals revealed that high-dose 
VitB1 increased the contribution of neurogenic 
factors to tumor microhemodynamics. However, 
the precise mechanisms by which VitB1 modu-
lates neurogenic regulation, particularly with- 
in tumors, remain to be elucidated in further 
study.

As a key component of vascular structural 
abnormalities, endothelial disarray contribut- 
es to aberrant intra-tumoral perfusion and 
establishes a vicious cycle characterized by 
local hypoxia, impaired permeability, extracel-
lular matrix degradation, and cancer cell dis-

semination [37]. The role of endothelial cells  
in cancer is increasingly recognized as ex- 
tending beyond their structural function as the 
lining of tumor-perfusing vessels to acting as  
a stromal paracrine regulatory element. Dys- 
functionally activated endothelial cells can 
amplify pro-inflammatory signaling within the 
TME, thereby enhancing cancer cell invasive-
ness [38]. Previous studies have shown that 
VitB1 improves endothelium-dependent vaso-
dilatation under hyperglycemic conditions [39], 
and benfotiamine, a highly bioavailable thia-
mine prodrug, mitigates smoking-induced vas-
cular dysfunction in healthy smokers [40]. In 
the present study, high-dose VitB1 significantly 
increased endothelial oscillators in tumor mi- 
crovascular blood flow, suggesting potential 
restoration of endothelial function within the 
tumor microvasculature. However, the precise 
mechanism by which VitB1 regulates endothe-
lial cell function to improve tumor microcircu- 
lation, as well as whether this process involv- 
es neural regulation, remains to be further 
investigated.

Given that VitB1 participates in numerous es- 
sential biochemical processes, including the 
pentose phosphate pathway and the tricar- 
boxylic acid (TCA) cycle, both central to carbo-
hydrate metabolism, its deficiency has been 
reported to induce hyperphosphorylation of 
PDH via overexpression of pyruvate dehydro- 
genase kinases (PDKs), thereby promoting aero-
bic glycolysis to compensate for energy pro- 
duction in the TCA cycle [41]. Therefore, the 
inhibitory effects of VitB1 on liver cancer ob- 
served in the present study may be linked to  
its regulation of aerobic glycolysis. Future stud-
ies will focus on elucidating the underlying 
molecular mechanisms, particularly the impact 
of VitB1 on aerobic glycolytic pathways.

Several limitations of this study should be 
acknowledged. Firstly, the sample size of this  
in vivo study warrant careful consideration. The 
experiment included four groups with five nu- 
de mice per group, which limited our ability to 
detect subtle inter-group differences in tumor 
volume, tumor weight, and associated protein 
expression. The constraints on sample size 
were primarily due to two factors: (1) The 
Animal Ethics Committee strictly regulates the 
use of immunodeficient nude mice, given the 
ethical considerations associated with immu-
nocompromised animal models; (2) Subcuta- 
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neous tumor formation in nude mice exhibits 
high individual variability, with a risk of acciden-
tal death or tumor formation failure during the 
experiment. Expanding the sample size beyond 
ethical limits would not only would violate these 
regulations but also compromise experimental 
feasibility. It should be emphasized that the 
findings of this study are preliminary and ex- 
ploratory, demonstrating only the potential in- 
hibitory effect of the intervention on subcuta-
neous tumor growth in nude mice. These re- 
sults cannot be directly extrapolated to clini- 
cal settings or interpreted as definitive conclu-
sions. Future studies should optimize tumor 
cell inoculation methods to reduce individual 
variability, obtain ethical approval to expand 
sample size, and further validate the stability 
and reproducibility of the experimental out- 
comes. 

Secondly, while this approach effectively dem-
onstrates the biological activity of high-dose 
VitB1 in modulating the tumor microcirculation, 
the subcutaneous model does not fully reca-
pitulate the complex anatomical and physiolog-
ical microenvironments of spontaneous human 
tumors. Furthermore, the peritumoral injection 
route is a localized intervention that differs  
significantly from the systemic administration 
(e.g., intravenous or oral) typically required in 
clinical oncology practice. However, it is impor-
tant to note that this experimental design was 
primarily chosen as a proof-of-concept strate-
gy. By administering the drug directly around 
the tumor, we aimed to ensure a high local con-
centration to robustly validate the therapeutic 
mechanism - specifically the improvement of 
tumor microcirculation - in this initial study. 
Looking ahead, future investigations should 
focus on evaluating the efficacy of VitB1 via 
systemic delivery routes. Additionally, utilizing 
orthotopic tumor models or genetically engi-
neered mouse models would provide a more 
clinically relevant context for assessing the  
true translational potential of this therapeutic 
strategy. 

Thirdly, in this study, we observed that VitB1 
treatment led to increased tumor perfusion 
and oxygenation alongside a reduction in CD31-
positive MVD. While these findings suggest 
improved vascular function, we acknowledge 
that additional markers are required to fully 
characterize vascular normalization. Due to the 

constraints of the current study, we did not per-
form direct assessments of vessel maturity 
(e.g., pericyte coverage using α-SMA or NG2 
staining) or vessel integrity (e.g., basement 
membrane components or permeability as- 
says). These are important aspects that we 
plan to investigate in our future research.

In addition, it is important to acknowledge that 
the current investigation primarily establishes 
a correlative relationship between the improve-
ment of microcirculation and the efficacy of 
VitB1. While our data strongly suggest that 
enhanced perfusion contributes to the thera-
peutic outcome, we have not yet provided di- 
rect experimental evidence to confirm that 
these vascular alterations are strictly indis-
pensable for the mechanism of action. How- 
ever, we propose that the observed the im- 
proved amplitude of blood perfusion oscillation 
- specifically a significant increase in the ampli-
tude of neurogenic and endothelial oscillators - 
are likely causes of improved oxygen and nutri-
ent delivery in tumor microcirculation. To move 
beyond correlation to causation, further stud-
ies should explore the mechanism by which 
VitB1 improves tumor blood perfusion through 
modulation of neural and endothelial function, 
and consequently affects tumor growth. 

Conclusion

In conclusion, our findings demonstrate that 
VitB1 administration is associated with the 
suppression of liver cancer growth, alongside 
the amelioration of pathological changes in 
tumor microcirculation and alterations in neu-
rogenic and endothelial oscillatory components 
within tumor blood perfusion signals. While 
these physiological findings suggest a poten- 
tial link between microcirculatory dynamics and 
tumor growth inhibition, they represent indirect 
correlates rather than direct evidence of spe-
cific neuronal or endothelial mechanisms. Fur- 
ther studies employing direct measurements  
of neuronal and endothelial function are war-
ranted to validate these observations and to 
elucidate the precise mechanisms through 
which VitB1 may exert its anti-tumor effects.
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