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ABSTRACT 

Breast cancer remains the leading cause of cancer-related death among women 

worldwidely. Sodium pentobarbital was found to play an inhibitory role in glioma 

growth in rats. In this study, we aimed to evaluate the effects of sodium pentobarbital 

on breast cancer growth both in vitro and in vivo, and its impacts on the 

microcirculatory changes both on skin and tumor surface in mice bearing 

subcutaneous xenograft. Cell counting assay was used to assess the anti-proliferative 

effect of sodium pentobarbital on MDA-MB-231 breast cancer cells. Subcutaneous 

xenograft model was established to study the role of sodium pentobarbital on in vivo 

tumor growth. Speed-resolved blood perfusion, hemoglobin oxygen saturation 

(SO2, %), total hemoglobin tissue concentration (THb, µM), and red blood cell (RBC) 

tissue fraction (%) were examined simultaneously by using EPOS system, to 

investigate the effects of sodium pentobarbital on microcirculatory hemodynamics 

and oxygenation. Sodium pentobarbital suppressed breast tumor growth both in vitro 

and in vivo. Cutaneous blood flux in nutritive capillaries with low-speed flow was 

significantly increased in tumor-bearing mice, and high dose sodium pentobarbital 

treatment cause a reduction in this low-speed blood flux, whereas sodium 

pentobarbital therapy caused an elevated blood flux in larger microvessels with mid- 

and high-speed in a dose-dependent manner. Different doses of sodium pentobarbital 

exerted different actions on SO2, ctTHb and RBC tissue fraction. Collectively, the 

inhibitory effect of sodium pentobarbital on breast tumor growth was at least partly 

associated with its ability to normalize microcirculatory hemodynamics and 
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oxygenation in tumors. 

Significance Statement: This study is the first to demonstrate the inhibiting effect of 

sodium pentobarbital on breast cancer growth both in vitro and in vivo, and such an 

inhibition was at least partly associated with its ability to normalize microcirculatory 

hemodynamics and oxygenation in tumors. 
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Introduction 

Breast cancer is the most common cancer among women accounting for 24% of total 

new diagnosis and is the leading cause of cancer-related death among women 

worldwide (Sung et al., 2021). The standard of treatment of breast cancer involves a 

combination of surgery, chemotherapy, radiation therapy and targeted therapy. 

However, breast cancer surgery can affect quality of life, fatigue and cognition in 

patients over the age of 65 years (Harrison et al., 2021). After breast-conserving 

surgery of hormone receptor-positive (HR+) breast cancer, standard treatments such as 

radiation therapy and endocrine therapy is easy to cause treatment-related toxicities 

and non-cancer related death for old patients (Savard et al., 2021). Chemotherapy 

drug such as taxanes can cause polyneuropathy (Ciruelos et al., 2019; Ilhan et al., 

2017; Park et al., 2013). Effect of targeted drugs for triple-negative breast cancer are 

limited, and lapatinib showed drug resistance for HER2-positive breast cancer therapy 

(Sang et al., 2021). There is an urgent need to continue to explore new drugs with 

anti-tumor potential for breast cancer. 

Sodium pentobarbital (P. Barbital) is a fast-acting central depressant acting via 

γ-aminobutyric acid (GABA) receptors (Mohamed et al., 2020), which is mostly used 

as an anesthetic agent in animal experiments (Barry et al., 2021; Matsuura and 

Downie, 2000; Tanioka et al., 2020; Xu et al., 2020). Oral pentobarbital has also been 

the preferred sedative in pediatric echocardiography in several pediatric departments 

(Miller et al., 2018; Warden et al., 2010). Notably, some studies reported that 

phenobarbital exerted inhibitory effects on the development of gliomas in WF rats 
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treated neonatally with N-ethyl-N-nitrosourea (Naito et al., 1985). Consistently, an in 

vitro study demonstrated that pentobarbital is capable of inhibiting proliferation and 

migration of malignant glioma cells by arresting cell cycle and interfering 

microtubule (Xie et al., 2009). However, little is known about the effect of 

pentobarbital on other types of tumors including breast cancer.  

Blood flow is a major driving factor for metabolism and oxygenation in tumor tissues, 

which, in turn, may have an impact on the effectiveness of some cancer therapies. 

Tumor blood vessels usually exhibit anomalous morphology characterized by 

irregular diameters, immature vessel walls and increased vessel tortuosity and 

permeability, which lead to abnormal microcirculatory blood flow (MBF) (Andleeb et 

al., 2021). Thus, tumor tissue oxygenation and microcirculatory blood flow are crucial 

indices for detecting tumor growth and can be used to monitor alterations within the 

tumor microenvironment and predict neoadjuvant chemotherapy response in both 

pre-clinical and clinical research (Jing et al., 2019; Koch et al., 2020; Tromberg et al., 

2016). There are numerous techniques to measure blood blow and microcirculatory 

oxygen profiles within tumors, respectively. With regard to blood flow, conventional 

laser Doppler flowmetry (LDF) is a standard technique for monitoring blood flow 

noninvasively. LDF provides an indicator of the concentration and velocity of moving 

blood cells within a region of limited depth, presented in arbitrary units (Smith et al., 

2019). Although this technique is of great value in physiological and medicine 

research, it has not been capable of giving microvascular perfusion in absolute units 

(Roustit and Cracowski, 2012). In this study, we employed a newly-developed 
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equipment called EPOS (Enhanced Perfusion and Oxygen Saturation) system, which 

integrates diffuse reflectance spectroscopy (DRS) and LDF to simultaneously provide 

absolute measures of both microcirculatory hemodynamics such as velocity-resolved 

perfusion separated into three speed regions: 0–1 mm/s, 1–10 mm/s and above 10 

mm/s (% mm/s) and microcirculatory oxygen profiles including hemoglobin oxygen 

saturation (SO2, %), red blood cell (RBC) tissue fraction (%) and oxygenized and 

reduced hemoglobin tissue concentration (µM) (Fredriksson et al., 2013; Jonasson et 

al., 2015). Owing to its accessibility, cutaneous microcirculation has emerged as a 

typical vascular bed for the evaluation of systemic microvascular function and 

dysfunction (Deegan and Wang, 2019) under various pathological conditions such as 

diabetes (Feng et al., 2018), hypertension (Concistre et al., 2020), Raynaud’s 

phenomenon (Anderson et al., 2004), and cardiovascular diseases (Agarwal et al., 

2012; Shamim-Uzzaman et al., 2002), suggesting the importance of the assessment 

cutaneous microcirculation in patients to elaborate the underlying pathophysiological 

mechanisms or to be used as a predictor of treatment response. There are few studies 

focused on the changes of cutaneous microcirculation in cancer patients (Hsiu et al., 

2018; Pedanekar et al., 2019). 

Thus, in the present study, we aimed to investigate the potential effects of sodium 

pentobarbital on the growth of breast cancer both in vitro and in vivo, and to measure 

sodium pentobarbital-induced microcirculatory hemodynamics and oxygenation 

changes in tumor. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 5, 2022 as DOI: 10.1124/jpet.121.001058

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


8 
 

Materials and methods 

Cell culture and treatment 

MDA-MB-231 breast cancer cell line was obtained from National Infrastructure of 

Cell Line Resource (NICR) (Institute of Basic Medical Science, Chinese Academy of 

Medical Science and Peking Union Medical College, Beijing, China). The 

authentication of MDA-MB-231 cell line was performed by using short tandem repeat 

(STR) typing test (Shanghai Biowing Biotechnology Co. Ltd, China). STR typing 

profiles showed that 100% matched cell line was found in DSMZ data bank, the name 

of cell line was MDA-MB-231, and no multiple alleles were found. Cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA) 

supplemented with 10% fetal bovine serum (Gibco) in a humidified incubator with 5% 

CO2 at 37˚C. For cell treatment, MDA-MB-231 cells were plated in a 12-well plate at 

a density of with 60% confluence were treated with 0.15, 0.3, 0.6, 1.5 and 3.0 mg/ml 

sodium pentobarbital (cat# P3761-5G, Sigma-Aldrich; St. Louis, MO, USA) for 40 

hours. 

 

Cell counting assay 

Cell counting assay was conducted by experienced researchers. Briefly, 

MDA-MB-231 cells were seeded into 96-well plates at a density of 5 × 103 cells/well 

in 50 μL DMEM for 24h until 60% confluence. Cells were treated with a series of 

concentrations of P. Barbital (0.15, 0.3, 0.6, 1.5 and 3.0 mg /ml) for 8, 16, 24, 32, and 

40 hours, and then were counted using an IncuCyte Zoom Live-Cell Imaging System 
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(2015A, Essen Bioscience, Ann Arbor, MI, USA).  

 

In vivo tumor formation assay 

Animal care and experimental protocols were in accordance with the Institute for 

Laboratory Animal Research Guide for Care and Use of Laboratory Animals 8th 

edition, 2010, National Academies Press, Washington DC, and approved by the 

Institutional Animal Care and Use Committee at the Institute of Microcirculation, 

Chinese Academy of Medical Sciences (CAMS). Xenograft model was established by 

experienced laboratory technicians. Six‑week‑old female BALB/c nude mice 

(CAnN.Cg-Foxn1nu/Crl, the 1bp (G) deletion of exon 3 of Foxn1 gene on 

chromosome 11 causes frameshift mutation and the introduction of a stop codon 

before extraction, leading to premature termination of protein translation) were 

provided by SPF (Beijing) Biotechnology Co., Ltd. (Beijing, China) and were housed 

five per cage for 5 days before injection at 24 ± 1°C in a 55 ± 5% humidified 

atmosphere under a 12h-12h light/dark cycle, and mice are free access to regular diet 

(Rat & Mouse Growth and Reproduction Formula Feed, Beijing Keao Xieli Feed Co., 

Ltd, Beijing, China) and drinking water. Approximately 5×106 cells at exponential 

growth stage suspended in 100 μL Matrigel (BD, USA) were inoculated into armpit of 

each nude mouse. Further, all mice were randomly divided into 4 groups when tumor 

volume reached 80-100 mm3: control, 5, 25 and 50mg/kg/day of P. Barbital group. 

Each group had 6 mice. Control or test P. Barbital (5, 25 or 50mg/kg/day) were 

injected subcutaneously around the tumor for two consecutive weeks. Calipers were 
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used to measure the length and width of tumor and tumor volumes were calculated 

according to the following formula: tumor volume = (length × width2)/2.  

 

Equipment for measuring microcirculatory hemodynamics and oxygen profiles 

in tumor 

In the present study, we used the PeriFlux 6000 EPOS system (Perimed AB, Järfälla, 

Stockholm, Sweden), which successfully integrates laser Doppler flowmetry (LDF) 

and diffuse reflectance spectroscopy (DRS), to accurately measure blood perfusion 

and oxygen saturation in the microcirculation. The principal advantage of this new 

technique is that it measures blood perfusion in absolute units, not only qualitatively 

as when using a standard laser Doppler (Jonasson et al., 2017; Jonasson et al., 2015). 

Furthermore, it separates different velocity regions within the blood flow termed 

speed-resolved perfusion. For instance, it is in capacity to distinguish slow nutritive 

blood flow, which is of great importance for all living cells in the body, from faster 

flow that is only responsible for transportation (Jonasson et al., 2019). Additionally, it 

can be used to evaluate the association between flow speed and red blood cell (RBC) 

oxygen saturation, revealing information about oxygen delivery and uptake into the 

surrounding tissue. To estimate the microcirculatory parameters, a unique 

model-based analysis of multimodal measurements is employed. The multilayered 

tissue model is adapted to the measured signals in real time and the following 

parameters are obtained from the adapted model: oxygen saturation (SO2, %); red 

blood cell (RBC) tissue fraction: gram RBC/100-gram tissue (%); Oxygenized, 
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reduced and total hemoglobin tissue concentration (µM); Speed-resolved perfusion: 

gram RBC/100-gram tissue× mm/seconds (% RBC × mm/second). Three different 

speed regions: < 1 mm/second, 1 to 10 mm/second, and > 10 mm/second. 

 

Measurement protocols 

After acclimatizing for 15 min in an experimental room with an ambient temperature 

of 24 ± 1°C [mean ± standard deviation (SD)] and 50-70% humidity, the 

tumor-bearing mice were anesthetized with 2% inhaled isoflurane (RWD Life Science, 

Shenzhen, China) in a 50% mixture of oxygen using a small animal anesthesia 

machine (Midmark, Dayton, Ohio). Then, mice were in a supine position on a heating 

pad with continuous inhalation of isoflurane. The probe was placed upon the tumor 

skin (Sk) steadily by a probe holder (PLT1, Moor Instruments) after the skin was 

disinfected with 75% ethanol. Researchers measuring microcirculatory 

hemodynamics and oxygen profiles were trained by technical support from Perimed 

Technology (Beijing) Co., LTD. The microcirculatory measurements were performed 

on tumor skin. After the skin was peeled off, the blood perfusion on the exposed 

tumor surface (Ts) was also measured using the same method. At the end of 

experiments, mice were euthanized by CO2 inhalation. 

 

Statistical analysis 

Continuous variables are presented as mean ± standard deviation (SD) and categorial 

variables as percentages. SPSS 21.0 version software (SPSS Inc., Chicago, IL, USA) 
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was used for data statistical analysis. Two-tailed Student’s t-test was used for 

two-group comparison, and one-way ANOVA analysis was used for statistical 

comparisons among multiple groups. Figures were generated by using the GraphPad 

Prism (version 8.0.2; GraphPad Software, San Diego, CA). A p < 0.05 was considered 

as statistical significance.  

 

Results 

Sodium pentobarbital suppressed tumor cell proliferation in vitro 

As showed in Figure 1, compared with the control group, P. Barbital treatment 

induced decreased tumor cell viability in a time- and dose-dependent manner. Under 

normal condition (control group), MDA-MB-231 cells grew fast, cell number doubled 

at 16 hours, and increased to 4 times after 40 h treatment. Low dose (0.15 mg/ml) P. 

Barbital exposure slightly suppressed cell viability, demonstrated by the fact that cell 

number only doubled after 40 h P. Barbital treatment. However, cell viability was 

obviously suppressed when exposure dose increased to 0.3-3.0 mg/ml. The number of 

living cells decreased to about 64% in 0.3 mg/ml group and 26% in 0.6 mg/ml group 

after 40 h treatment. In the highest dose P. Barbital (3.0 mg/ml) group, after 8 hours of 

treatment, there were very few living cells (about 4%), and no living cells at 16 hours. 

These data indicate that sodium pentobarbital was supposed to suppress the viability 

of breast cancer cells in vitro. 

 

Sodium pentobarbital inhibited tumor growth in vivo 
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The effects of P. Barbital at various dose on tumor growth in vivo were determined in 

a subcutaneous xenograft assay using the MDA-MB-231 cells. Our results showed 

that P. Barbital led to a significant reduction of tumor burden in a 

concentration-dependent manner, the average tumor weight was reduced significantly 

after two weeks of 50 mg/kg P. Barbital injection, when compared with the control 

group (48.64 mg vs 1117.06 mg) (Figure 2C). Consistently, the tumor volume in the 

low-dose P. Barbital group (5 mg/kg) was similar to that in the control group after one 

week treatment, and then grew slowly from the ten days after P. Barbital injection 

compared with the controls. In the medium dosage group (25 mg/kg), the volume of 

tumors was no more than 100 mm3 throughout the observation period. In the high 

dose group (50mg/kg), the average tumor volume shrank to less than 30 mm3(Figure 

2A and 2B). Therefore, these findings explicitly point out that sodium pentobarbital 

may have a role of inhibiting tumor growth.  

 

Effect of different concentration of sodium pentobarbital on speed resolved 

perfusion on tumor skin and tumor surface 

In the present study, we employed the newly-developed EPOS system, which 

enables to differentiate the effect in capillaries (low-speed flow) from those in larger 

microvascular vessels (high-speed flow) such as venules and arterioles using the 

velocity-resolved quantitative measure, to monitor microcirculatory blood flow for the 

first time in tumor, and this system has already been used in determining the 

microcirculatory velocity distribution in patients with type 2 diabetes (Fredriksson et 
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al., 2010). Analysis of association between flow velocity and vessel type may offer 

novel insights into the microvascular function.  

As Figure 3A and 4A (left) presented, an increased blood flux occurred in low-speed 

regions (<1 mm/s) on tumor skin (Sk) compared with that in control skin (P<0.0001), 

and the lowest dose (5 mg/kg) of P. Barbital treatment remarkably elevated the blood 

flux in the low-speed region on tumor skin (P<0.0001), however, when exposure dose 

of P. Barbital increased to 10 times (50 mg/kg), the blood flux in the low-speed region 

reduced significantly on tumor skin (P<0.0001). With regard to perfusion in the mid- 

(1-10 mm/s) and high-speed (>10 mm/s) regions, a large decrease was observed on 

tumor skin when compared with the control skin (both P<0.0001 in the mid- and 

high-speed regions), and P. Barbital stimulation significantly increased the blood flux 

in the mid- and high-speed regions in a concentration dependent manner (Figure 3B 

and 4B, left, 3C and 4C, left). In addition, total perfusion in all speed regions were 

significantly lower on tumor skin compared to that in the control skin, and P. Barbital 

treatment significantly improved total perfusion on tumor skin (Figure 3D and 4D, 

left). Furthermore, mean percentage of total perfusion for the three perfusion 

components was also compared, the results showed that the mean percentage of total 

perfusion in low-speed region significantly increased on tumor skin compared with 

that in the control skin, and medium and high concentrations of P. Barbital stimulation 

led to a notable drop in mean percentage of total perfusion in low-speed region on 

tumor skin. Consistent with the findings on blood flux on tumor skin, P. Barbital 

treatment also significantly increased the blood flux in the mid-, high-speed regions 
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and total perfusion in all speed regions on tumor surface (Ts), in a dose-dependent 

manner (Figure 3B and 4B, right, right, 3C and 4C, right). However, there was a 

slightly different impact of P. Barbital on blood flux in low-speed regions (<1 mm/s) 

between Sk and Ts, as shown in Figure 3A and 4A, P. Barbital increased blood flux in 

low-speed regions (<1 mm/s) on tumor surface in a dose-dependent manner.  

Taken together, these data suggest that 50 mg/kg P. Barbital is effective enough to 

reduce blood perfusion in nutritive capillaries with low-speed flow on tumor skin, and 

that P. Barbital has excellent efficacy in increasing blood perfusion in larger 

microvascular vessels with high-speed flow on tumor skin in a dose-dependent 

manner. P. Barbital stimulation led to an elevated blood flux in all three speed regions 

on tumor surface. 

 

Effect sodium pentobarbital on oxyhemoglobin saturation, tissue concentration 

of total hemoglobin and RBC tissue fraction on tumor skin and tumor surface 

Tumoral metabolic measurements such as tissue concentrations of oxygenized 

hemoglobin (ctO2Hb), deoxygenized hemoglobin (ctHHb), total hemoglobin (ctTHb) 

and oxyhemoglobin saturation (SO2) are directly associated with tumor metabolism 

and vascular features. The difference between tumors and healthy tissue is expected to 

be achieved by comparing ctTHb and SO2, thus, in the present study, we investigated 

whether P. Barbital had an effect on SO2 and ctTHb in both tumor skin and tumor 

surface. Quantitative analysis revealed a notable reduction in SO2 on tumor skin 

compared to the normal skin (38.77% vs. 52.19%, P<0.0001), and low dose (5 mg/kg) 
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P. Barbital treatment resulted in a moderate increase in SO2 on tumor skin compared to 

untreated tumors (40.3% vs. 38.77%, P=0.017, Figure 5A and 6A). Interestingly, mid- 

and high dose (25 mg/kg and 50 mg/kg) P. Barbital treatment further reduced SO2 on 

tumor skin when compared with untreated tumors. Consistently, low dose P. Barbital 

exposure also mildly increased SO2 on tumor surface compared to untreated tumor 

surface (50.1% vs. 48.6%, P=0.0048), and mid- and high dose P. Barbital treatment 

further decreased SO2 on tumor surface (44.69% vs. 42.49% vs. 48.6%, both 

P<0.0001, Figure 5B and 6B). Furthermore, tumor skin exhibited significant raise of 

ctTHb compared to control skin (16.81 μM vs. 10.13 μM, P<0.0001), and mid- and 

high-level P. Barbital exposure reduced ctTHb on tumor skin to normal level 

compared to the skin of untreated tumors (7.95 μM vs. 9.69 μM vs. 16.81 μM, both 

P<0.0001, Figure 5C and 6C). Similarly, P. Barbital treatment significantly decreased 

ctTHb on tumor surface when compared with untreated tumor surface at a 

dose-dependent manner (35.39 μM vs. 31.79 μM vs. 22.37 μM vs. 39.9 μM, Figure 

5D and 6D). In the present study, we also assessed the effect of different doses of P. 

Barbital treatment on RBC tissue fraction on tumor skin and tumor surface. As shown 

in Figure 5E and 6E, RBC tissue fraction was much higher on tumor skin compared to 

control skin (0.33% vs. 0.19%), and application of low dose P. Barbital further 

increased the RBC tissue fraction. Instead, mid- and high dose of P. Barbital exposure 

significantly reduced RBC tissue fraction on tumor skin compared to untreated tumors 

(0.19% vs. 0.15% vs. 0.33%). The same phenomenon occurred on tumor surface, as 

Figure 5F and 6F presented, low dose P. Barbital treatment caused elevated RBC 
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tissue fraction on tumor surface compared to untreated tumors, and application of 

high dose P. Barbital resulted in a significant drop in RBC tissue fraction on tumor 

surface when compared with untreated tumors. Collectively, these results revealed the 

opposite effect of different dose of P. Barbital on ctO2Hb, ctTHb and RBC tissue 

fraction both on tumor skin and tumor surface. 

 

Discussion 

In the present study, we observed that (1) P. Barbital suppressed breast tumor growth 

both in vitro and in vivo; (2) high dose (50 mg/kg) P. Barbital treatment cause a 

significant reduction in blood flux in nutritive capillaries with low-speed flow on 

tumor skin, whereas P. Barbital consumption resulted in an increased blood flux in 

larger micro vessels with high-speed flow in a dose-dependent manner. P. Barbital 

treatment led to an elevated blood flux in all three speed regions on tumor surface; (3) 

different doses of P. Barbital play distinct roles in ctO2Hb, ctTHb and RBC tissue 

fraction both on tumor skin and tumor surface. The method used in this study 

provides data in absolute units rather than presenting microcirculatory parameters in 

arbitrary units in many previous literatures. 

Heterogeneity of tumors including breast cancer is the principal cause of acquired 

treatment resistance, recurrence and progression (AlSendi et al., 2021; Polyak, 2011; 

Skowron et al., 2021; Zardavas et al., 2015). Reducing treatment-related side effects 

is another major challenge for clinicians (Berliere et al., 2021). Effective drugs or 

adjuvant drugs with less adverse effect for breast cancer are currently still being 
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explored.  

Sodium pentobarbital, a short-acting GABAA-receptor potentiator, which is usually 

used as a pre-operative anesthetic in severe insomnia and seizure epilepsy emergency 

management, can cause a loss of consciousness and cardiovascular depression (Olsen 

and Li, 2011; Priest and Geisbuhler, 2015; Sierra-Valdez et al., 2016). A study from 

Xie et al showed that anesthetic pentobarbital was capable of suppressing 

proliferation and migration of C6 malignant glioma cells in a concentration-dependent 

manner (Xie et al., 2009). Anesthetic sevoflurane was also shown to exert 

anti-proliferative and anti-metastatic effects on osteosarcoma cells by inactivating 

PI3K/AKT pathway (Gao et al., 2019). In accordance with these findings, in this study, 

we demonstrated that sodium pentobarbital significantly inhibited the growth of breast 

cancer in a dose-dependent manner both in vitro and in vivo. Besides, the doses of 

sodium pentobarbital used in the current experiment (less than 50 mg/kg in animal 

model) is safe and reliable, and is not associated with obvious side effects.  

In the current study, we examined the differences of cutaneous microcirculatory 

parameters between tumor-bearing mice and healthy mice, and assessed the influences 

of sodium pentobarbital on cutaneous microcirculation. We employed a new LDF 

signal analysis, which enables separating the blood flow into three flow speed regions 

to correlate differences in the speed distribution to specific vessel types, as large 

vessels such as arterioles, venules, and arteriovenous shunts are commonly associated 

with higher blood flow velocity than smaller vessels which are mainly nutritive 

capillaries (Fredriksson et al., 2010). We have shown that the elevated blood perfusion 
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occurred in vessels with a velocity<1 mm/s on tumor skin due to higher metabolic 

demand when compared with the control skin, and high dose (50 mg/kg) P. Barbital 

treatment attenuated the increased blood perfusion for low-speed region on tumor skin, 

suggesting an inhibiting role for high dose of P. Barbital. These results were in 

consistent with the findings by Tanvi Pedanekar et al, who have revealed a notable 

decrease in the blood flux on the skin surface along with the smaller tumor size in 

patients with good therapeutic response (Pedanekar et al., 2019). Similarly, the 

highest level of skin blood flow has been observed in patients with breast cancer 

compared to benign breast and healthy controls (Seifalian et al., 1995). On the 

contrary, a significant reduction of blood perfusion was observed in larger vessels 

with mid- and high-speed on tumor skin, and P. Barbital treatment increased the blood 

perfusion for mid- and high-speed regions on tumor skin. These results can be 

explained at least partially by the fact that the larger-vessels with 

high-speed perfusion was crucial to the endothelial function, under some pathological 

conditions such diabetes, endothelial injury occurred resulting in inhibition of 

NO-mediated vasodilation and reduction of high-speed perfusion (Bergstrand et al., 

2018). P. Barbital can increase the blood perfusion for mid- and high-speed regions on 

tumor skin in a dose dependent manner.  

With regard to blood perfusion on tumor surface, our findings indicated that P. 

Barbital markedly increased the blood perfusion for all three-speed regions compared 

to untreated tumors. These findings were consistent with previous study, which 

indicated that low tumor blood flow could be a crucial feature of rectal cancer 
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aggressiveness, and higher tumor blood flow was a predictor of good neoadjuvant 

treatment response (Bakke et al., 2020). The underlying mechanism for the above 

findings may be related to the fact that tumor angiogenesis is extraordinarily active, 

leading to abnormal vascular structure including tortuosity, dilation and inadequate 

pericyte coverage, and subsequent vascular dysfunction including insufficient blood 

flow. P. Barbital treatment can normalize tumor vasculature, then increase blood 

perfusion in tumor tissue. However, Peter Vaupel et al have shown that the overall 

mean flow in prostate cancer (PC) tissue is approximately three times higher than that 

in normal prostate (NP) tissue (Vaupel and Kelleher, 2013). The conflicting results are 

at least in part due to the difference in measurement positions (Vinik et al., 2001) and 

instrumentation (Fredriksson et al., 2009) used .  

Tumoral tissue oxygen saturation (SO2) has been considered as an early predictive 

factor of tumor response to treatment, and lower SO2 is associated with non-complete 

pathological response to treatment (Cochran et al., 2018; Ueda et al., 2012). EPOS 

system in this study revealed a rise on tumor surface for SO₂ and a reduction for the 

concentration total hemoglobin (ctTHb) following low dose (5 mg/kg) P. Barbital 

therapy, and mid- and high dose of P. Barbital treatment further reduced ctTHb. 

Increased SO2 represents less tumoral hypoxic, and decreased ctTHb indicates smaller 

blood volume of the tumors. Previous studies also demonstrated that mean ctTHb in 

breast tumors was about 3.5 times higher than that in normal counterpart due to larger 

blood volume, and ctTHb over SO2 further distinguished between tumoral and normal 

breast tissue (Grosenick et al., 2005). Thus, tumor growth inhibition effect of P. 
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Barbital is at least in part due to its role in decreasing ctTHb on tumor surface. 

Interestingly, in this study, we found that mid- and high-dose P. Barbital treatment 

further exacerbated the reduction in tumor SO₂, and the underlying mechanisms need 

to be further explored. To the best of our knowledge, this is the first study to assess 

the differences of cutaneous SO2 and ctTHb between tumor-bearing and healthy mice. 

The SO2 and ctTHb in cutaneous blood are thought to be strongly associated with 

cutaneous metabolism (Nagashima et al., 2000). In untreated tumor-bearing group, a 

decline of cutaneous SO2 was observed, together with an increase in ctTHb compared 

to healthy controls. P. Barbital treatment resulted in a notable increase for cutaneous 

SO2 in a dose-dependent manner, and mid- and high-dose P. Barbital therapy caused 

marked reduction for cutaneous ctTHb. Like SO2, red blood cell (RBC) tissue fraction 

is a crucial parameter reflecting microvascular function (Ewerlof et al., 2021). 

Moreover, quantifying blood flow, oxygenation and RBC tissue fraction 

simultaneously from the same position of the tissue may offer an optimal assessment 

of the microcirculation under physiopathological conditions. However, as far as we 

know, there have been few studies estimating the association between RBC tissue 

fraction and microvascular function in diseases (Jonasson et al., 2017). In the present 

study, we observed the increased cutaneous RBC tissue fraction in tumor-bearing 

mice compared to healthy controls, and 5 mg/kg P. Barbital treatment caused further 

increase of RBC tissue fraction both on tumor skin and tumor surface. On the contrary, 

25 mg/kg and 50 mg/kg P. Barbital therapy significantly reduced RBC tissue fraction 

both on tumor skin and tumor surface. Although EPOS system is a relatively new 
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device, it uses diffuse reflectance spectroscopy (DRS), which is a not common optical 

method in recent years, to quantify the SO2. The prominent feature of EPOS system is 

that it combines the DRS and laser Doppler flowmetry (LDF) into one joint model to 

increase the credibility of the method analyzing data from the two techniques 

separately. 

This study has some limitations. Firstly, we observed the antitumor effect of P. 

Barbital on tumor growth and its role in regulating blood perfusion and oxygenation 

both on skin and tumor surface. However, the molecular mechanisms underlying these 

observations have not been explored in the present study and need to be further 

investigated. Secondly, whether P. Barbital has similar effects on other types of 

tumors also needs to be further studied. Thirdly, this study showed the opposite effects 

of P. Barbital on oxygen saturation and total hemoglobin on tumor skin, other 

technologies should be used to verify these effects in further studies.  

In conclusion, we demonstrated the anticancer effect of P. Barbital. Firstly, P. Barbital 

suppresses breast tumor growth both in vitro and in vivo in a dose-dependent manner. 

Secondly, P. Barbital inhibited breast tumor growth at least partly through normalizing 

both cutaneous and tumor surface blood perfusion. Thirdly, different doses of P. 

Barbital play distinct roles in ctO2Hb, ctTHb and RBC tissue fraction both on tumor 

skin and tumor surface.  
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Legends for Figures 

Figure 1. Sodium pentobarbital inhibited the proliferation of breast cancer cells 

in vitro. A, an equal amount of MDA-MB-231 breast cancer cells were treated with 

0.15 mg/ml, 0.3 mg/ml, 0.6 mg/ml, 1.5 mg/ml and 3.0 mg/ml of sodium pentobarbital 

at different time points, respectively. Images are representative of cells under light 

microscope. Bar: 300 μm. B, cell number of A was determined by the cell counting 

assay using an IncuCyte Zoom Live-Cell Imaging System, and the proliferation rate 

of sodium pentobarbital was expressed as a fold of cell counts at 0 hour. ****P 

≤0.0001; **P ≤0.01; *P ≤0.05 vs. Control group. 

 

Figure 2. Sodium pentobarbital suppressed tumor growth in vivo in a time- and 

dose-dependent manner. A, Morphologic characteristics of xenograft tumors from 

Control, 5mg/kg, 25mg/kg and 50mg/kg P. barbital group. B, the effect of sodium 

pentobarbital on tumor growth was investigated in a subcutaneous tumor model, and 

tumor growth was expressed as a tumor volume. Data points represent the mean±S.D. 

***P ≤0.001; **P ≤0.01; *P ≤0.05 vs. Control group. C, changes in tumor growth rate 

were also reflected by final tumor weights after two weeks of sodium pentobarbital 

treatment. Data represent the mean±S.D. ****P ≤0.0001; **P ≤0.01 vs. Control 

group.  

 

Figure 3. Effects of sodium pentobarbital on blood perfusion both on tumor skin 

(Sk) and tumor surface (Ts) as presented with line charts. Blood perfusion in 
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percent RBC times their speed (divided into speed regions 0–1 mm/s (A), 1–10 mm/s 

(B), above 10 mm/s (C) and total perfusion (D) both on Sk (left) and Ts (right) was 

shown in different groups: Control, Tumor, 5, 25 and 50 mg/kg P. Barbital group. 

 

Figure 4. Different influences of sodium pentobarbital on blood perfusion for 

three-speed regions both on tumor skin and tumor surface. Blood perfusion for 

low-speed region (0-1 mm/s) (A), mid-speed region (1-10 mm/s) (B), high-speed 

region (>10 mm/s) on skin (Sk, left) and tumor surface (Ts, right) was evaluated by 

using EPOS system in tumor-bearing mice treated with different doses of sodium 

pentobarbital and healthy controls. Data are presented as the mean±S.D. ****P 

≤0.0001; **P ≤0.01; *P ≤0.05.  

 

Figure 5. Effects of sodium pentobarbital on oxygenation both on tumor skin (Sk) 

and tumor surface (Ts) as presented with line charts. Oxyhemoglobin saturation 

(SO2) (A, B), tissue concentration of total hemoglobin (ctTHb) (C, D), and red blood 

cell (RBC) tissue fraction (E, F) both on Sk (A, C and E) and Ts (B, D and F) in 

different groups: Control, Tumor, 5, 25 and 50 mg/kg P. Barbital group were shown 

by line charts. 

 

Figure 6. Different concentrations of sodium pentobarbital have different roles 

on oxygenation both on skin and tumor surface. Oxyhemoglobin saturation (SO2) 

(A), tissue concentration of total hemoglobin (ctTHb) (B), and red blood cell (RBC) 
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tissue fraction (C) of tumor skin (Sk) and tumor surface (Ts) was monitored by using 

EPOS system in tumor-bearing mice treated with different doses of sodium 

pentobarbital and healthy controls. Data are presented as the mean±S.D. ****P 

≤0.0001; **P ≤0.01; *P ≤0.05.  
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