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Abstract Diabetes is characterized by absolute or

relative insulin deficiency complicated with microangiop-

athy, whereas obesity stems from insulin resistance. A

psychosomatic approach to obesity and diabetes has been

highlighted, including the brain-oriented obesity control

system (BOOCS). Impaired deformability of erythrocytes

in obese or diabetic patients is closely linked to disturbed

microcirculation, and improvement of abnormal erythro-

cyte rheology is a prerequisite for the prevention and

treatment of microangiopathy. Therefore, erythrocyte fil-

terability, whole cell deformability defined as flow rate of

erythrocyte suspension relative to that of saline, was

assessed by the nickel-mesh-filtration technique. Subjects

included healthy controls (group A, n = 14), diabetic, non-

obese participants (group B, n = 29), and non-diabetic,

obese participants (group C, n = 32) in the 6-month

BOOCS program, and most patients in groups B and C

(86.9 %) completed this program. Baseline mean erythro-

cyte filterabilities were 89.4 ± 1.7 % in group A, 82.8 ±

5.2 % in group B, and 84.1 ± 5.6 % in group C, showing

significant intergroup differences (p \ 0.001). This pro-

gram significantly improved (p \ 0.001) the impaired

erythrocyte filterability in groups B (87.9 ± 4.4 %) and C

(88.5 ± 3.7 %). Declines in HbA1c (p = 0.387) and body

mass index (p = 0.479) were not correlated to this

improvement. These findings indicate that the mechanisms

of BOOCS-induced improvement of diabetic or obese

patients’ erythrocyte deformability are multifactorial, and

that the BOOCS program for these patients is a holistic,

cost-effective, and highly compliant approach possibly

ameliorating microcirculation.
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Introduction

It is well known that microcirculation is impaired in diabetes

mellitus, which is characterized by absolute or relative insulin

deficiency causing hyperglycemia, glucosuria, and various

diabetic complications including microangiopathy. This dia-

betic environment has a harmful rheological impact on cir-

culating erythrocytes. Human erythrocytes have a diameter

greater than the smallest capillary network, and hence intact

erythrocytes cannot pass through the microvascular network

without any physiologic deformation. Therefore, deformabi-

lity of erythrocytes plays a key role in fluent microcirculation

[1]. We have investigated erythrocyte filterability, a surrogate

of whole cell deformability, using the highly sensitive and

reproducible nickel-mesh-filtration technique, which is useful

for assessing the physiological bending deformation of intact

circulating erythrocytes [2–4].

Our recent study clarified the impaired filterability of

diabetic rat and human erythrocytes quantitatively [4]. This
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impairment is closely associated with diabetic microangi-

opathy in that undeformable erythrocytes may increase the

shear stress, elevate vascular resistance, and cause cardiac

overload and renal dysfunction. In our study, the impair-

ment of diabetic erythrocyte filterability was closely linked

to glycemic stress on erythrocytes quantified by glycated

hemoglobin (HbA1c). Therefore, we anticipated that

reduction of HbA1c may contribute to improvement of the

impaired diabetic erythrocyte filterability. For glycemic

control in diabetic patients, self-promoting management

supported by healthcare professionals is important, and

positive healthy emotion protects patients from distress and

depression observed in long-term anti-diabetic treatment

[5].

Diabetes is often associated with obesity which is

characterized by insulin resistance. Obesity is a target of

current psychosomatic approaches [6, 7], one of which

stems from the theory that stress-induced so-called ‘brain-

fatigue’ leads to taste resetting and dysfunction, which lead

to abnormal eating behaviors such as overeating and eating

of oily, pungent food. Therefore, psychosocial stress

reduction causes natural taste recovery and body weight

reduction without any calorie restriction. This kind of

holistic medicine actually provided a better understanding

of the psychobiological aspects of obesity and reliable

weight reduction among participants. This program was

termed the brain-oriented obesity control system (BOOCS)

[8]. Therefore, we hypothesized that this BOOCS program

may be helpful not only for diabetic subjects but also for

obese patients, and may improve the impaired erythrocyte

filterability in these subjects. The present study was

designed to test this hypothesis.

Methods

Subjects

This study design was approved by the internal ethics

committee of The Institute of Rheological Function of

Foods Co. Ltd. (Hisayama, Fukuoka, Japan), and per-

formed according to the Declaration of Helsinki (2001),

that is, signed informed consent was obtained from subjects

prior to enrollment on the BOOCS program and, then, to

this study design. Subjects included healthy volunteers

(group A, n = 14, mean age 46.7 ± 9.4 years), non-obese,

diabetic participants (group B, n = 29, mean age

47.2 ± 8.8 years), and obese, non-diabetic participants

(group C, n = 32, mean age 49.6 ± 9.5 years) for the

6-month BOOCS program. In our recent study, diabetes

and obesity synergistically deranged erythrocyte filterabil-

ity [4]. Therefore, patients with concomitant diabetes and

obesity were excluded from this study to evaluate the

individual rheological effects of these two common dis-

eases. Diabetes mellitus was defined as HbA1c (NGDP)

[6.5 % and/or ongoing anti-diabetic medication, whereas

obesity was defined as body mass index (BMI) [25.

BOOCS program

Because the BOOCS program is not based on the balance

between calorie intake and energy expenditure, calorie-

calculation, carbo-counting, and exercise energy con-

sumption are not scheduled. Instead, the basic principle

consists of two paradoxical items as follows; (1) prohibi-

tion of hard practices that the participant does not like,

even if they are favorable to a healthy life, and (2) pro-

motion of pleasant practices that the participant likes, even

if they are believed unfavorable to a healthy life [8]. After

explaining the basic principle and practical methodologies

of this program, outpatients participated in this program

voluntarily. These participants were followed up monthly

in the BOOCS clinics (Fukuoka, Japan). Prescriptions of

these participants were not altered during the study period.

Smoking, drinking, and physical activity in daily life were

not regulated according to the above principle.

Erythrocyte suspensions

Erythrocyte suspensions were prepared as described

elsewhere [4]. In detail, about 10 ml of venous blood

was drawn from the antecubital vein of subjects, using

21-gauge needles and disposable syringes (Terumo Japan,

Tokyo, Japan) filled with 1/10 volume of 3.8 % triso-

dium citrate as an anticoagulant. Venous blood sampling

was performed in the morning after an overnight fast.

Blood cell counting and hematocrit measurements were

carried out using a hemocytometer (Ace Counter, FLC-

240A; Fukuda Denshi, Tokyo, Japan). Concurrently,

HbA1c was estimated using a routine autoanalyzer

(Sysmex model K-4500; Sysmex, Tokyo, Japan). After

centrifugation of venous blood at 1,300g for 10 min,

supernatant was carefully aspirated to replace buffy coat

and plasma with saline buffered with N-(2-hydroxyethyl)-

piperazine-N0-2-ethanesulfonic acid (HEPES) sodium salt

(HEPES-Na). The composition of HEPES-Na-buffered

saline (HBS) was NaCl 141 mM and HEPES-Na 10 mM.

Osmolality and pH of the HBS were 287 mOsm/kg H2O

and 7.4, respectively. The osmolality of the HBS was

measured using a freezing point depression-type

osmometer (Fiske Mark 3 Osmometer; Fiske Associates,

MA, USA). Erythrocytes were then washed three times

by repeated resuspension with HBS and centrifugation

at 800g, 600g, and 500g for 10 min, respectively. The

final hematocrit of human erythrocyte suspension was

adjusted to 3.0 %. These procedures were performed
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within 2 h after blood sampling for subsequent filtration

experiments.

Nickel-mesh-filter

Figure 1a shows an electron microscopic photograph of a

nickel mesh filter that was produced in accordance with our

specifications by a photofabrication technique (Dainippon

Printing, Tokyo, Japan). We specified that this filter should

have an outer diameter of 13 mm, a filtration area 8 mm in

diameter, 11 lm thick, with an interpore distance of 35 lm

(Tsukasa Sokken, Tokyo, Japan). The vertical and cylin-

drical pores were distributed regularly across the filter

without coincidence or branching. The pore entrances

exhibited round and smooth transition into the pore inte-

rior. Pore diameters were all exactly identical in a specific

nickel-mesh-filter. Filters with a specific pore diameter

ranging from 3 to 6 lm were available to be selected

depending on the suspension materials. After repeating

preliminary experiments to choose an appropriate pore

size, a nickel-mesh-filter with a pore diameter of 4.94 lm

was chosen for human erythrocyte suspensions.

Erythrocyte filterability

Filtration experiments were performed blindly using a

gravity-based nickel mesh filtration apparatus (Model

NOBU-II; Tsukasa Sokken) as shown in Fig. 1b. In brief,

the relationship between hydrostatic pressure (P; mmH2O)

and time (t; s) was obtained during continuous filtration by

gravity using a pressure transducer. P was transformed to

the height of meniscus in vertical tube (h; mm). The tan-

gent of the h–t curve determined by drawing points cor-

responding to different heights gives the rate of fall of the

meniscus (dh/dt). Thereafter, by multiplying the rate of fall

by the internal cross-sectional area of the vertical tube, the

complete set of flow rates (Q; ml/min) and corresponding

P, the P–Q relationship, was obtained. This procedure was

automatically performed by measurement software instal-

led in a personal computer (Dell Latitude CS; Dell, Round

Rock, TX, USA) and monitored on the main window of the

computer screen (Fig. 1c). Together with the start of data

acquisition, the measurement software displays the

h–t curve continuously during the filtration process. When

the filtration has been completed, the software displays the

P–Q curve. The h–t and P–Q curves are shown on the

computer screen and stored simultaneously in Microsoft

Office Excel 2003 for Windows XP (Microsoft, Tokyo,

Japan). Temperature of the specimens was kept at 25 �C by

circulating isothermal water through a water jacket sur-

rounding the vertical tube (Fig. 1b). The percentage of the

flow rate of erythrocyte suspension to that of HBS at

100 mmH2O was used as an index of erythrocyte

filterability.

Erythrocyte shape

An aliquot of the erythrocyte suspension was fixed with

isotonic 1.0 % glutaraldehyde solution containing

24.5 mM NaCl and 50 mM phosphate buffer (pH 7.4). The

shape of erythrocytes was then examined using a differ-

ential interference contrast microscope (Diaphoto 300;

Amplifier

CPU

A/D Converter
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Nickel Mesh Filter

Vertical Tube
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h

Refrigerated
Isothermobath

A B C

Fig. 1 a Scanning electron microscopic photograph of a nickel-

mesh-filter. Magnification of a single pore in nickel-mesh shows the

smooth transition into the pore interior (inset). b Schematic illustra-

tion of gravity-based, nickel-mesh-filtration system. Height of the

meniscus within the vertical tube (h) was obtained by continuous

reduction of filtration pressure (P), specific gravity (q), and

acceleration of gravity (g). Flow rate (Q) was calculated automati-

cally by the first time derivatives of h (dh/dt) and internal cross-

sectional area of the vertical tube. D internal diameter of vertical tube.

c Photograph of computer screen showing P–Q (upper right) and

h–t (lower) relationships
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Nikon;, Tokyo, Japan) at 9400 magnification. These

experiments were performed at room temperature

(22 ± 3 �C).

Data analyses

All data are expressed as mean ± SD. Because the distri-

butions of HbA1c (p \ 0.001) and erythrocyte filterability

(p \ 0.001) assessed by Kolmogorov–Smirnov test were

not normal, comparison of these variables between two

groups was conducted with Mann–Whitney test, and that

among more than three groups was performed using

Kruskal–Wallis test. The assumptions used for power cal-

culations required a sample size of more than 27 patients in

groups B and C, assuming a drop-out rate of 15 %, to

provide 90 % power to detect a 5.0 % difference of

erythrocyte filterability [4], with a 5 % type I error rate for

a two-sided test. Practical computation was performed

using Predictive Analytics Software (PASW) 18.0 version

for Windows (SPSS, Chicago, IL, USA). Because missing

values during the data acquisition are completely random

(missing rate of 7.4 %), no specific treatment according to

the SPSS Missing Value AnalysisTM was attempted. Dif-

ferences with a two-sided p \ 0.050 were considered

significant.

Results

BOOCS program

The incentive of the participants in the 6-month BOOCS

program was obviously weight reduction and possible

diabetic control. Totals of 27 non-obese, diabetic patients

(group B) and 26 obese, non-diabetic patients (group C)

completed this program. Final levels of compliance with

this program were 93.1 and 81.3 % in groups B and C,

respectively. Overall compliance was 86.9 % and, hence,

the drop-out rate was 13.1 %. Interviews to the compliant

participants (n = 53) revealed that fundamental life-style

was not changed in that they continued smoking and

drinking which may have affected on erythrocyte filter-

ability if they liked, and that they did not controlled

physical activity in daily life. Importantly, many of them

confessed that they preferred to low-calorie, natural food

rather than to oily pungent food according to the progres-

sion of this program.

Outcome of diabetes

HbA1c in diabetic patients prior to the enrollment was

7.20 ± 1.40 %, whereas HbA1c after the completion of

this program was 6.87 ± 1.41 %. There was a significant

(p = 0.007) reduction of HbA1c obtained by the fulfill-

ment of the BOOCS program.

Outcome of obesity

As in our prior intervention with the BOOCS program for

obese subjects [8], mean body weight was decreased sig-

nificantly (p \ 0.001) from 74.1 ± 9.6 to 69.0 ± 8.8 kg

after completion of this program. Similarly, mean BMI was

reduced significantly (p \ 0.001) from 27.4 ± 2.6 to

25.6 ± 2.5 kg/m2.

Erythrocyte filterability

Mean erythrocyte filterability in the subjects of group A

(n = 14) was 89.4 ± 1.7 %. Before starting BOOCS pro-

gram, the filterabilities in the groups B (n = 27) and C

(n = 26) were 82.8 ± 5.2 and 84.1 ± 5.6 %, respectively.

Baseline filterability showed a significant difference among

the three groups (p \ 0.001). After the completion of the

6-month BOOCS program, the filterabilities in groups B

and C were 87.9 ± 4.4 and 88.5 ± 3.7 %. Significant

improvement of erythrocyte filterability was observed in

both groups B and C by the fulfillment of the BOOCS

program (p \ 0.001). These results are summarized in

Fig. 2, and the improvements of individual erythrocyte

filterability in groups B and C are detailed in Figs. 3 and 4.

The association of HbA1c (y) with erythrocyte filter-

ability (x) was investigated in pooled data of groups B and

C. As shown in Fig. 5, linear regression analysis with the
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90.0

92.0

R
C

F
 (

%
)

group A group B
(pre)

group B
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group C
(pre)

group C
(post)

Fig. 2 Mean erythrocyte filterability in groups A (control subjects,

n = 14), B (non-obese, diabetic patients, n = 29), and C (obese, non-

diabetic patients, n = 32). Baseline filterability showed a significant

(p \ 0.001) difference among the groups of A, B (pre), and C (pre).

Erythrocyte filterability was significantly improved in group B

(p \ 0.001) and group C (p \ 0.001) after the fulfillment of the

BOOCS program. Columns and bars indicate means and standard

errors, respectively. RCF red cell filterability (%). *p \ 0.001

indicates a significant difference in baseline RCF among the three

groups, and #p \ 0.001 denotes a significant improvement of RCF

within a group
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least square method was applied, and the linear equation

was y = 0.022x ? 5.178 (r = 0.083), yielding no statisti-

cal significance (p = 0.387). Likewise, the relationship

between BMI and erythrocyte filterability was not signifi-

cant (p = 0.479).

Erythrocyte shape

Erythrocyte morphology in the control subjects (group A)

did not demonstrate any outstanding abnormalities. Like-

wise, erythrocytes obtained from participants of the

BOOCS program (groups B and C) showed no discernible

shape changes at the stage before starting the program. The

same was true at the stage of completing this program.

Follow-up study

Most diabetic (n = 25 in group B) or obese (n = 23 in

group C) patients who completed the BOOCS program

continued this program for the purpose of weight or dia-

betic control after the study periods. Re-exacerbation of

diabetes in group B and body weight cycling (so-called

‘rebound’ phenomenon) in group C were not observed, at

least in these participants (n = 48) during the follow-up

period ranging from 1 to 6 years (2.8 ± 1.0 years).

Discussion

The main finding of this study is an improvement of obese

or diabetic human erythrocyte filterability assessed by the

nickel-mesh-filtration technique after completion of the

6-month BOOCS program. Circulating intact human

erythrocytes show physiological deformability to maintain

fluent microcirculation. Erythrocyte filterability is consid-

ered to reflect whole cell deformability, and evaluation of

filterability strictly depends on the filter property. The

nickel-mesh-filtration technique is highly sensitive, quan-

titative, and reproducible by assessing the physiological

bending deformation of intact erythrocytes passing by

gravity through the uniform, smooth, and regularly dis-

tributed pores in the nickel-mesh-filter without erythrocyte

trapping or stagnation [9–11]. This technique recently

clarified the impaired diabetic erythrocyte filterability [4],

which was difficult in filtration experiments using con-

ventional filters [12].

Fig. 3 Individual improvement of erythrocyte filterability in group B

(non-obese, diabetic patients). Closed symbols indicate erythrocyte

filterability (%) prior to the participation in the BOOCS program, and

open symbols mean the filterability after the completion of this

program. RCF red cell filterability (%)

Fig. 4 Individual improvement of erythrocyte filterability in group C

(obese, non-diabetic patients). Closed symbols indicate erythrocyte

filterability (%) prior to the participation in the BOOCS program, and

open symbols mean the filterability after the completion of this

program. RCF red cell filterability (%)

Fig. 5 Relationship between HbA1c (y) and erythrocyte filterability

(x) showing linear equation of y = 0.022 x ? 5.178 (r = 0.083), but

yielding no significance (p = 0.387). RCF red cell filterability (%)
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An increasing prevalence of obesity in the modern world

is an urgent healthcare problem. The BOOCS program for

the treatment of obesity is based on the ‘brain-fatigue’

hypothesis. Psychosocial stress in industrialized countries

causes human taste resetting and resultant oily, pungent

food preference and overeating, which leads to obesity and

possibly diabetes. To prevent this sequence, the BOOCS

program affirms patients’ own native appetite and denies

the patients’ stoicism for eating. On the other hand, this

program promotes healthy activities that the participant can

do and likes. Therefore, this program is a ‘low-tech’ psy-

chosomatic approach without any drug or device interven-

tions. Consequently, this program attenuates psychosocial

stress, restores natural taste sensing, and reduces body

weight without any calorie restriction. This may be attrib-

uted to preference to the natural, low-calorie food after the

disappearance of taste resetting and abnormal eating

behaviors. High compliance of this program obtained by

this study (86.9 %) is considered to be due to its simple and

cost-effective nature that is suitable for Japanese [8].

Microcirculatory dysfunction is already present in non-

diabetic obese subjects [13]. Impaired diabetic erythrocyte

deformability is closely linked to the disturbed microcircula-

tion [14], and underlies diabetic microangiopathy [15], such as

retinopathy [16], nephropathy [17], and neuropathy [18].

Although the present study demonstrated the improvement of

the impaired obese or diabetic human erythrocyte deforma-

bility by completion of the BOOCS program (Figs. 2, 3, 4),

the cause of this amelioration remains unknown. However,

some possibilities can be postulated. From the hemorhe-

ological viewpoint, erythrocyte deformability is regulated by

three factors, namely, internal viscosity, geometry, and

membrane property of intact circulating erythrocytes [1, 10].

Internal viscosity of erythrocytes is evaluated by mean cor-

puscular hemoglobin concentration and strictly regulated in

physiological range. Microscopic observation showed no

discernible changes of erythrocyte shape (geometry). Fur-

thermore, impaired filterability showed no direct correlation

with glycation of hemoglobin (Fig. 5). Therefore, this rheo-

logical effect may have been mediated by miscellaneous

factors which were improved by BOOCS program but not

evaluated by this study design, i.e., psychosomatic stress

reduction alters neuroendocrine system that influences lipid

profile [19], feeding behavior, energy consumption [20], and

blood pressure regulation [21].

Circulating erythrocytes as physiological oxygen carri-

ers are the main target of oxidant stress. Oxidant stress is

introduced by hyperglycemia and obesity [22, 23], and

deranges erythrocyte membrane integrity by lipid peroxi-

dation and protein degradation, reduces the membrane

fluidity, and impairs deformability profoundly, which was

confirmed by this nickel-mesh-filtration technique [24–26].

Human redox status depends on high-calorie intake, and,

importantly, feeding behavior is altered by completion of

the BOOCS program, that is, participants of this program

prefer natural, low-calorie Japanese food rather than

Western food spontaneously [8]. This trend may contribute

to attenuate the systemic oxidant stress and, hence, to

improve the erythrocyte filterability.

In conclusion, although this single-center, small-sample

study did not evaluate the subjects’ lipid profile, nutritional

background, or redox status, it indicates that diabetic or

obese human erythrocyte deformability is impaired, that the

BOOCS program, a psychosomatic, cost-effective approach

to lifestyle per se, ameliorates the impaired erythrocyte

deformability in these patients, and that the nickel-mesh-

filtration technique is useful to evaluate subtle but signifi-

cant alterations of human erythrocyte deformability.
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