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1. Introduction

One half of the world's population relies on biomass 
fuel as the primary source of domestic energy (1). 
Biomass fuel causes a high degree of morbidity and 
mortality in humans. This is especially true in the 
context of developing countries, which account for 
99% of the world's biomass fuel use (2). Biomass 
fuel consists of firewood, dung cakes, agricultural 
crop residues (such as straw, grass, and shrubs), coal 
fuels, and kerosene. Together, they supply 75% of the 
domestic energy in India. The rest of the country relies 
on cleaner fuels, namely liquified petroleum gas (LPG) 

and natural gas.

2. Biomass fuel use in India

An estimated three-quarters of Indian households 
use biomass fuel as the primary means for domestic 
cooking. Ninety percent of rural households and 32% of 
urban households cook their meals on a biomass stove. 
Only 25% of the cooking is done with cleaner gases. 
Ninety percent of households using biomass fuels cook 
on an open fire. There are wide variations between rural 
and urban households regarding the specific type of 
biomass fuel used. In rural India, 62% of households 
use firewood and 14% cook with dung cakes while 
13% use straw, shrubs, grass and agricultural crop 
residues to fire their stoves. In urban India, 22% use 
firewood, 8% use kerosene, and the rest uses cleaner 
fuels like LPG or natural gas (3). According to World 
Health Organization, an estimated 58% of the Indian 

Summary One half of the world's population relies on biomass fuel as the primary source of domestic 
energy. Biomass fuel exposure causes a high degree of morbidity and mortality in humans. 
This is especially true in the context of developing countries, which account for 99% of the 
world's biomass fuel use. Biomass fuel consists of fire wood, dung cakes, agricultural crop 
residues such as straw, grass, and shrubs, coal fuels and kerosene. Together, they supply 
75% of the domestic energy in India. An estimated three-quarters of Indian households 
use biomass fuel as the primary means for domestic cooking. Ninety percent of rural 
households and 32% of urban households cook their meals on a biomass stove. There 
are wide variations between the rural and urban households regarding the specific type 
of biomass fuel used. Globally, almost 2 million deaths per year are attributable to solid 
fuel use, with more than 99% of these occurring in developing countries. Biomass fuel 
accounts for 5-6% of the national burden of disease. Burning biomass fuels emits toxic 
fumes into the air that consist of small solid particles, carbon monoxide, polyorganic and 
polyaromatic hydrocarbons, and formaldehyde. Exposure to biomass fuels has been found 
to be associated with many respiratory diseases such as acute lower respiratory infections, 
chronic obstructive pulmonary disease, lung cancer, pulmonary tuberculosis, and asthma. 
Biomass fuel exposure is closely related to the burden of disease in India. Hopes are that 
future studies will examine the morbidity associated with biomass exposure and seek to 
prevent it. Concerted efforts to improve stove design and transition to high-efficiency low-
emission fuels may reduce respiratory disease associated with biomass fuel exposure.

Keywords: Biomass fuels, chronic obstructive pulmonary disease (COPD), tuberculosis, cancer
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population depended on solid fuels for domestic use 
in 2010 (4). Seventy-five percent of rural households 
reported firewood as their primary cooking fuel as 
compared to only 22% of urban households. Clearly, 
factors such as affordability, education, availability, 
constraints on cooking space, social customs, and 
demographics (e.g. working women) play a significant 
role in the choice of fuel in urban areas (5).

3. Morbidity and mortality

Globally, almost 2 million deaths per year are 
attributable to solid fuel use, with more than 99% 
of these occurring in developing countries (1). The 
number of disability-adjusted life years (DALYs) 
attributable to indoor air pollution from solid fuel for 
all uses is calculated to be 40 million. India's figures 
are very alarming. With a yearly death toll of 662,000 
attributed to biomass fuel exposure, India tops the list 
of fuel-related deaths in the South Asian region (2). 
Biomass fuel attributes for 5-6% of the national burden 
of disease (6). Indoor air pollution from solid fuel use 
in all developing countries was estimated to account 
for about 1.6 million deaths annually in 2004 and about 
500,000 in India in 2010, suggesting a serious impact 
on health (7,8).

4. Emissions from a biomass stove and exposure-
determining factors

When firewood (an essential biomass fuel) is burnt, 
its combustion efficiency is far less than 100%. This 
indicates that biomass fuels are at the high end of the 
fuel ladder in terms of pollution emissions and at the 
low end in terms of combustion efficiency (9). Typical 
biomass cook stoves convert 6-20% of the fuel carbon 
to toxic substances. What fuels actual cooking is only 
18%, whereas 74% of the carbon is dissipated as waste 
heat (10). Burning biomass fuels emits toxic fumes 
into the air, and the content of these fumes will now be 
described in detail.

4.1. Small solid particles

Particles with a diameter smaller than 10 μm (PM10), 
and particularly those with a diameter smaller than 
2.5 μm (PM2.5), can penetrate deeply into the lungs 
and appear to have the greatest potential for damaging 
health. Several studies have shown remarkable 
consistency in the relationship between change in daily 
ambient suspended particulate levels and subsequent 
changes in mortality (11). The range of risk was found 
to be 1.2-4.4% increased mortality per 10 mg/m3 
increase in concentration of respirable suspended 
particles. The concentration distribution of indoor 
particles less than 10 μm (PM10) measured over 24 
h in Indian households using solid fuels was over 

2,000 μg/m3 compared to 30 μg/m3 in the US (11). 
The determination of the concentration of suspended 
particles offers the best indicator of health risk (12). A 
simple Monte Carlo single-box model is presented as 
a recent approach to examine the relationship between 
emissions of pollutants from fuel as well as stove 
combinations and the resulting Indoor Air Pollution 
(IAP) concentrations (13). This model combines stove 
emission rates with expected distributions of kitchen 
volumes and air exchange rates in the context of a 
developing country to produce a distribution of IAP 
concentration estimates that can be used to predict if 
IAP concentrations will meet air quality guidelines, 
including those recommended by the WHO for 
fine particulate matter (PM2.5) (14). The modeled 
distributions of indoor PM2.5 concentration estimated 
that only 4% of homes using fuel wood in a rocket-style 
cook stove, even under ideal conditions, would meet 
the WHO Interim-1 annual PM2.5 guideline of 35 mg/ 
m3. According to the model, the PM2.5 emissions that 
would be required for even 50% of homes to meet this 
guideline (0.055 g MJ-delivered-1) are lower than those 
for an advanced gasifier fan stove, while emissions 
levels akin to those of liquefied petroleum gas (0.018 g 
MJ-delivered-1) would be required for 90% of homes to 
meet the guideline. Although the predicted distribution 
of PM concentrations (median-1,320 μg/m3) from 
inputs for traditional wood stoves was within the range 
of reported values for India (108-3,522 μg/m3), the 
model likely overestimates IAP concentrations.
 
4.2. Carbon monoxide

An estimated 38 g, 17 g, 5 g, and 2 g/meal of carbon 
monoxide is released during household cooking using 
dung, crop residues, wood, and kerosene, respectively 
(15). The short-term health effects of CO exposure 
include dizziness, headaches, nausea, and feeling weak. 
An association between long-term exposure to carbon 
monoxide from cigarette smoke and heart disease and 
fetal development has been noted (16).

4.3. Polyorganic and polyaromatic hydrocarbons
 
Polyaromatic hydrocarbons include a large class of 
compounds released during the incomplete combustion 
of organic matter (17). Benzopyrene is one of the most 
important carcinogens in this group (18). In addition to 
PAH, azo and amino compounds have also been found 
to be potentially carcinogenic. A study by the National 
Institute of Occupational Health showed that the 
indoor levels of PAH (total) in air during use of dung, 
wood, coal, kerosene, and LPG were 3.56, 2.01, 0.55, 
0.23, and 0.13 μg/m3, respectively (19). These PAHs 
include fluorine, pyrene, chrysene, benzoanthracene, 
benzofluoranthene, benzofluoranthene, benzopyrene, 
dibenzanthracene, benzoperylene, and indenopyrene. 
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it does differ significantly (p < 0.05) for cooks using 
open outdoor kitchens as emissions are dispersed more 
outdoors. Therefore cooks using an open outdoor 
kitchen have less exposure than cooks using an 
enclosed kitchen. Households with kitchens without 
partitions have higher concentrations of particles in 
living areas. Young children and the elderly often 
occupy living areas and are exposed to higher levels 
of smoke in unpartitioned indoor kitchens. Among 
individuals not cooking in a household using solid 
fuels, women who were not involved in cooking and 
men with outdoor jobs had the lowest exposure, while 
women who assisted with cooking and men staying at 
home had the highest exposure. The level of exposure 
does not appear to be significantly associated with 
the length of cooking, the number of meals cooked, 
outdoor area measurements, or the presence or absence 
of chimneys (10,24).

6. Respiratory effects of biomass fuels 

Many respiratory diseases have been found to be 
associated with exposure to biomass fuels. The strength 
of association varies for diseases like acute respiratory 
infections (ALRI), chronic obstructive pulmonary 
disease (COPD), lung cancer, pulmonary tuberculosis 
(TB), asthma, and interstitial lung disease (ILD). 
The evidence relates to this strength of association is 
depicted in Table 1 (25). The relative risks shown in 
the table are generally applicable since they are based 
on the entire evidence base. The relative risks include 
the results of formal meta-analyses with regard to 
ALRI, COPD, and lung cancer (from exposure to coal 
smoke). More recent studies including meta-analyses 
of the available epidemiological evidence have been 
conducted in India, as summarized in Table 2.

6.1. ALRI in children under 5 years of age

ALRI accounts for 13% of deaths and 11% of the 
national burden of disease (6). One of the major 
diseases associated with indoor air quality is ALRI. It 
includes infections from a wide range of viruses and 
bacteria but with similar symptoms and risk factors 
(26). Many studies have found that various respiratory 
symptoms (coughing, wheezing, etc.) are associated 
with solid fuel smoke exposure. However, none have 
provided sufficient evidence to calculate odds ratios. 
A host of odd's ratios ranging from 1.9-2.7 have been 
calculated (25). These ratios pertain to children with 
ALRI younger than 5 years only. Other factors might 
strongly influence the incidence of ALRI, such as 
housing type, cooking location, and cultural practices 
(27). Some of the studies in India have reported no 
association between use of biomass fuels and ALRI in 
children. In a case-controlled study of children under 
five years of age in southern Kerala, India, children 

All but the first three of these PAHs have been 
classified as possible carcinogens. 

4.4. Formaldehyde

 The mean levels of formaldehyde emitted from cattle 
dung (670 μg/m3), wood (652 μg/m3), coal (109 μg/
m3), kerosene (112 μg/m3), and LPG (68 μg/m3) have 
been calculated (20). In an epidemiological study 
in the UK, significantly excess mortality from lung 
cancer was observed in workers exposed to high levels 
of formaldehyde (21). Formaldehyde is recognized 
as an acute irritant and long-term exposure to it 
can cause a reduction in vital capacity and chronic 
bronchitis. It is known to form crosslinks with biologic 
macromolecules. Inhaled formaldehyde forms DNA 
and DNA-protein cross-links in the nasal respiratory 
mucosa (22). Studies in workers occupationally 
exposed to formaldehyde have consistently noted a 
higher incidence of leukemia (23).
 Biomass smoke has a pathological effect. The 
toxic fumes released from a biomass stove contain 
organic chemicals that are known mutagens, immune 
system suppressants, severe irritants, blood poisons, 
inflammatory agents, CNS depressants, cilia toxins, 
endocrine disruptors, and neurotoxins. A number of 
other chemicals released have been demonstrated to be 
human carcinogens. Several toxic inorganic chemicals 
are known to cause asphyxiation, stillbirth, infant 
death, heart disease, and severe acute and chronic 
lung disease. Many mechanisms of cell injury are still 
unexplained.

5. Household composition and biomass smoke 
exposure

The level of exposure to the toxic fumes from a 
biomass stove varies widely with the house architecture 
and household composition. Quantitative exposure 
assessments have been conducted in various households 
in different parts of India in order to determine 
exposure-response relationships. The climatic and 
cultural variations between northern and southern India 
have influenced outcomes significantly. Cooking areas 
in many Indian households tend to be poorly ventilated, 
and about one-half of all households do not have a 
separate kitchen. Most households lack a chimney 
or other means of ventilation. One study conducted 
in Porur, Chennai reported that 36% of households 
use biomass fuels to cook in indoor kitchens without 
partitions, 30% cook in a separate kitchen inside the 
house, 19% cook in a separate kitchen outside the 
house, and 16% cook in an outdoor kitchen (24). The 
level of individual exposure to respirable particles in 
biomass smoke does not significantly differ for cooks 
using an indoor kitchen with or without partitions and 
cooks using a separate kitchen outside the house but 
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Table 1. Evidence relating to the strength of the association between biomass fuels and some common respiratory diseases 
in developing countries

Evidence 

Stronga

Stronga

Moderate-Ib

Stronga

Moderate-Ib

Moderate-IIc

Moderate-IIc

Moderate-IIc

a "Strong" indicates that the results of studies on household pollution in developing countries reveal a consistent, sizeable, plausible, and coherent 
relationship, with supporting evidence from studies of outdoor air pollution, active and passive smoking, and laboratory animals. "Moderate" 
indicates a relatively small number of suggestive findings from studies on household pollution in developing countries, and some evidence from 
studies on outdoor air pollution, smoking, or laboratory animals indicating further more studies are required to strengthen the evidence base and 
pinpoint risks. Moderate can be further classified as: b "Moderate-I" indicates an association between solid fuel use and a health outcome for 
which there is strong evidence for specific age and sex groups; c "Moderate-II" indicates that there is as yet no strong evidence. Note: Studies 
conducted in India are shown in bold. Adapted from Desai MA, Mehta S, Smith KR. WHO protection of the human environment, Geneva, 2004 
(25) and Smith KR. National burden of disease in India from indoor air pollution. Proc Natl Acad Sci. 2000 (6).

Health outcome 

ALRI

COPD

COPD

Lung Cancer (Coal smoke exposure)

Lung Cancer (Coal smoke exposure)

Lung Cancer (Biomass smoke exposure)

Asthma

Tuberculosis

Group
(age) (ys)

Children < 5

Women ≥ 30

Men ≥ 30

Women ≥ 30

Men ≥ 30

Women ≥ 30
Children 5-14

All ≥ 15

All ≥ 15

Relative
risk

2.3

3.2

1.8

1.9

1.5

1.5
1.6

1.2

1.5

95% CI

1.9-2.7

2.3-4.8

1.0-3.2

1.1-3.5

1.0-2.5

1.0-2.1
1.0-2.5

1.0-1.5

1.0-2.4

Studies

Campbell, Armsrong & Bypass (1989)
Armstrong & Campbell (1991)
Cerquiero (1990)
Collings, Sithole & Martin (1990)
De Francisco (1993)
Ezzati & Kammen (2001)
Johnson & Aderele (1992)
Kossove (1982)
Morris (1990)
Mtango (1992)
O'Dempsey (1996)
Pandey (1989)
Robin (1996)
Shah (1994)
Victora (1994)

Albalak, Frisancho & Keeler (1999)
Behera, Dash & Yadav (1991)
Dennis (1996)
Dossing & Khan (1994)
Dutt (1996)
Gupta & Mathur (1997)

Malik (1985)
Menezes, Victora & Rigatto (1994)
Pandey (1984)
Perez-Padilla (1996)
Qureshi (1994)

Dai (1996)
Du (1988)
Du (1996)

Gao (1987)
Huang (1999)
Ko (1997)

Lei (1996)
Liu, He & Chapman (1991)
Liu (1993)
J. Liu & H. Hu (Unpublished data)
Luo (1996)
Shen (1996)
Sobue (1990)
Wang, Zhou & Shi (1996)
Wu (1985)
Wu-Williams (1990)
Wu (1999)
Xu (1996)
Yang, Jiang & Wang (1988)

Azizi, Zulkifi & Kasim (1995)
Mohamed (1995)
Xu, Niu & Christian (1996)

Gupta & Mathur (1997)
Mishra, Retherford & Smith (1999)
Perez-Padilla (1996)
Perez-Padilla (2001)

Location

Gambia
Gambia
Argentina
Zimbabwe
Gambia
Kenya
Nigeria
S. Africa 
USA
Tanzania
Gambia
Nepal
USA
India
Brazil

Bolivia
India
Colombia
Saudi Arabia
India
India

India
Brazil
Nepal
Mexico
India

China
China
China

China
China
Taiwan

China
China
China
China
China
China
Japan
China
USA
China
China
China
China

Malaysia
Kenya
China

India
India
Mexico
Mexico

Ref.

(45)
(46)
(47)
(48)
(49)
(50)
(51)
(52)
(53)
(54)
(55)
(56)
(57)
(28)
(58)

(59)
(60)
(61)
(62)
(63)
(30)

(64)
(65)
(66)
(67)
(68)

(69)
(70)
(71)

(72)
(73)
(74)

(75)
(76)
(77)
(78)
(79)
(80)
(81)
(82)
(83)
(84)
(85)
(86)
(87)

(88)
(89)
(90)

(30)
(98)
(67)
(91)
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with severe pneumonia (meeting WHO criteria) were 
compared to those with non-severe ALRI seen as 
outpatients. According to the study, cooking fuel was 
not a major risk factor for severe ALRI (28). In a cross-
sectional study involving 642 infants dwelling in urban 
slums of Delhi where wood and kerosene were used, 
Sharma et al. found no significant difference in the 
prevalence of ALRI infections and the type of fuel (27).

6.2. COPD

COPD accounts for 1.5% of deaths and represents 0.9% 
of the national burden of disease in India (6). Both men 
and women have similar rates of incidence of chronic 
cor pulmonale. This is despite the fact that only 10% 
of women are smokers compared to 75% of men. 
Another point to note is that chronic cor pulmonale 
occurs 10-15 years earlier in women than in men (29). 
Various Indian studies have calculated a relative risk of 
2-4 for biomass fuel exposure (6). Despite the progress 
made in highlighting the association between biomass 
fuel exposure and COPD, many problems still exist. 
Smoking is an important confounding variable for 
COPD and particularly so when men are included in 
the analyses. Another major confounding factor is age. 
The risk of COPD increases with age and many age-
matched studies have provided insufficient quantitative 
evidence to develop an odds ratio. The overall risk of 

COPD in women exposed to biomass fuel has been 
estimated as 3.2 (95% CI 2.3-4.8) (25). There is much 
less evidence available about the impact on men, but 
the risk seems to be lower with an odds ratio (OR) of 1.8 
(95% CI 1.0-3.2). This may be attributed to the lower 
exposure of men to biomass fumes (30).

6.3. Lung cancer

Lung cancer in women is an amply demonstrated 
outcome of cooking with open coal stoves in China 
(31). Indian women generally have low lung cancer 
rates (32). This may be attributed to the minimal use of 
coal for cooking in Indian households. Nevertheless, a 
few studies in India have suggested an association with 
lung cancer even after adjusting for active and passive 
smoking. An odds ratio of 3.59 (95% CI 1.07-11.97) 
has been calculated (33). In conclusion, there is a 
general lack of epidemiological evidence associating 
lung cancer with biomass fuel exposure. The few cases 
reported have been linked to exposure to coal fires (34).
 
6.4. TB

TB is a major public health problem in India. Out of the 
9.4 million new cases recorded globally, 1.98 million 
are reported from India (35). An estimated 276,000 
deaths occur annually due to TB in India. There is a 

Table 2. Major Indian studies depicting the association between current solid fuel use relative to cleaner burning fuel or 
electricity and the risk of common respiratory diseases 
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     2.15 (1.61-2.89)

     3.04 (2.15-4.31)
     2.10 (1.50-2.94)
     2.80 (1.85-4.0)

Outcome

Clinical pulmonary 
Self-reported 

Clinical Pulmonary 
Clinical Pulmonary
Clinical pulmonary
Clinical pulmonary
Clinical pulmonary

Self-reported symptoms
24 studies for calculation of OR
Clinical symptoms and estimation 
of the incidence risk ratio among 
children from households using 
biomass fuels relative to cleaner 
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25 studies for estimation of OR
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Clinical assessment
12 studies for estimation of OR

Study type

Case-control India
Cross-sectional: India (National 
Family Health Survey)
Case-control India 
Case-control India
Case-control India
Case- control India
Case-control India

Cross-sectional survey
Meta-analysis
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Case- control India

Case-control India

Case-control India

Meta-analysis

Descriptive study
Case-control India
Meta-analysis

Authors

Gupta et al. (1997)
Mishra et al. (1999)

Shetty et al. (2006)
Mageshwari U et al. (2008)
Kolappan et al. (2009)
Behera D et al. (2010)
Lakshmi et al. (2012)

Mishra et al. (2005)
Dherani et al. (2008)
Ramaswamy P et al. (2011)

Gupta D et al. (2001)

Behera D et al. (2005)

Sapkota A et al. (2008)

Hosgood HD et al. (2011)

Behera D et al. (1991)
Qureshi et al. (1994)
Kurmi OP et al. (2010)

Respiratory disease

Tuberculosis

ALRI

Lung cancer
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strong association between the use of biomass fuel and 
pulmonary TB. A high risk of pulmonary TB exists in 
individuals using wood and cow dung cake as cooking 
fuel (36). Lowered immunodefense mechanisms of the 
lung may why the disease develops. Biomass fuel poses 
a higher risk (969/100,000) of TB compared to cleaner 
fuels (378/100,000). Fifty-one percent of active TB in 
individuals over 20 is believed to be attributed to smoke 
from cooking with biomass fuels (37). 
 A study in Nepal implicated the use of kerosene 
stoves and wick lamps in the development of TB. 
Compared to use of a cleaner fuel like LPG or biogas, 
the adjusted OR for using a biomass fuel stove was 
1.21 (95% CI 0.48-3.05). A kerosene fuel stove had an 
OR of 3.36 (95% CI 1.01-11.22). The OR of biomass 
fuel for heating was 3.45 (95% CI 1.44-8.27). Kerosene 
lamps used for lighting had an OR of 9.43 (95% CI 
1.45-61.32). This study further found that use of indoor 
biomass fuel for heating purposes is associated with TB 
in women (38). This is supported by a recent study in 
India (94). Given the prevalence of TB in India and its 
likeliness to increase with HIV, these findings need to 
be followed up with more detailed studies.

6.5. Pneumoconiosis and ILD

Pneumoconiosis has been reported from Ladakh, a 
hilly region in northernmost India (39). This place 
is completely devoid of industries or mines, and yet 
cases of a disease resembling miner's pneumoconiosis 
have been reported. Another factor for this respiratory 
morbidity is exposure to dust from dust storms. In the 
spring, dust storms blanket villages in fine dust. The 
practice of not allowing wood to burn quickly and 
allowing it to smoulder to conserve fuel adds to the high 
level of respirable particles indoors. Low oxygen levels 
or some other factor associated with a high altitude 
may contribute to pneumoconiosis because miners 
working at high altitudes are more prone to develop 
pneumoconiosis than their counterparts who are 
exposed to the same levels of dust and work in mines 
at normal altitudes (40). Biomass fuel exposure has not 
been proven to cause pneumoconiosis (39). Although a 
few case reports have similarly linked ILD and biomass 
fuel exposure, the validity of the association is still 
debatable (41).

7. Toxicological evidence of the strength of the 
association between biomass fuels and respiratory 
diseases

Toxicological studies are quite useful to study the 
effects of air pollutants on humans but cannot be 
conducted directly because of limitations such as 
societal concerns, ethical and legal issues, and cost. 
Therefore, predictive health assessments of inhaled 
pollutants need to include information gained from 

animal exposure studies and, in some cases, in vitro/
ex vivo assay systems in order to overcome these 
limitations. These animal studies contribute to a 
better understanding of the possible mechanisms(s) 
by which smoke, and its associated PM, may act to 
bring about increased pulmonary morbidity in exposed 
individuals and also have the potential to help uncover 
information concerning the mechanisms of toxicity 
and relative toxicity of different mixtures and sources. 
Few toxicological studies in India have indicated 
that exposure to smoke results in significant impacts 
on the respiratory immune system and can produce 
long-term or permanent lesions in lung tissues at 
high doses. These effects seem to be most strongly 
associated with the particle phase. Lal et al. examined 
the hematological and histopathologic responses of 
rats exposed repeatedly to smoke generated from the 
combustion of wood dust and they found that the 
rats had cell desquamation, pulmonary edema, and 
perivascular infiltration of neutrophils upon acute 
exposure and emphysematous alveolar destruction 
as well as eosinophilia upon chronic exposure (42). 
Bhattacharyya et al. examined the effects of pinewood 
smoke exposure on rabbit tracheal explants for 20 
minutes and found degeneration of the mucociliary 
epithelial sheath although shorter exposure to smoke 
of 10 minutes resulted in retained tissue integrity 
but altered epithelial morphology (43). Thus, these 
toxicological studies indicate biological plausibility of 
the epidemiologic evidence suggesting that exposure 
to smoke emissions adversely affects human health. 
Clearly, short-term inhalation of smoke appears to 
compromise pulmonary immune defense mechanisms 
that are vital to maintaining host resistance against 
pulmonary infections. These studies lend support 
to the notion that inhaled smoke contributes to the 
increased incidence of infectious respiratory disease 
reported in children living in developing nations and/
or near homes heated by wood burning devices (44). 
Data are currently insufficient to reliably distinguish 
the toxicological effects of different types of biomass 
smoke. More work in this area is needed to better 
understand the mechanisms by which adverse effects 
observed in exposed individuals might occur.

8. Conclusion

In conclusion, biomass fuel exposure contributes 
substantially to the burden of disease in India. Many 
studies in this vein have discovered significant 
associations with diseases like ALRI and COPD. More 
evidence is needed to establish the association between 
solid fuel smoke and other diseases. Implementing 
strategies to reduce or eliminate exposure is very 
challenging because it must consider the level of 
individual exposure as well as cultural and economic 
aspects at the individual and local levels, including the 
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level of development, resources, technical capacity, 
domestic energy needs, the sustainability of the 
sources of energy considered, and protection of the 
environment. Substantial improvement can be brought 
about by health education and cultural changes, 
modification of stove design, and switching over to 
cleaner fuels or other high-efficiency low-emission 
fuels for cooking. Physicians and health administrators 
should have a heightened awareness of the health 
effects of solid fuel smoke inhalation as this may 
spur research and preventive measures and facilitate 
the diagnosis and treatment of future patients. Hopes 
are that future studies will examine the morbidity 
associated with biomass exposure and seek to prevent 
it. This is a pressing issue given the great risk posed by 
solid fuels in rural India.
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1. Introduction

Vascular abnormalities such as Raynaud's phenomenon, 
nailfold bleeding, skin ulcers, antiphospholipid 
antibody syndrome, and hyper γ-globulinenia are 
common features of rheumatic diseases. However, the 
cause of these changes is still unknown. 
 Angiogenin a is non-glycosylated polypeptide 
consisting of 123 amino acid residues in length 
and contains three intra-chain disulfide bonds. 

This molecule is classified as a member of the 
RISBASE family of ribonucleases, which exhibit both 
ribonuclease activity and special biological actions 
(1-3). Various cell types including vascular endothelial 
cells, smooth muscle cells, fibroblasts, and lymphocytes 
are thought to express angiogenin (4,5). In addition, 
circulating angiogenin has been detected in normal 
serum (6,7). 
 Angiogenin is implicated in the angiogenic 
process. The molecule first binds to actin, followed 
by dissociation of the actin-angiogenin complex from 
the cell surface and subsequent activation of tissue 
plasminogen activator. This then generates plasmin, 
which is known to degrade matrix of basement 
membrane (8,9). Destruction of the existing basement 
membrane may be a prerequisite for endothelial cell 
migration during de novo vascularization (10,11). 

Summary Vascular abnormalities are one of the common features in rheumatic diseases, but their 
pathogenesis is still not known. Angiogenin, a molecule implicated in the angiogenic 
process, may play some roles in such vascular changes. Serum angiogenin concentrations 
were measured in 21 scleroderma patients, 10 patients with systemic lupus erythematosus 
(SLE), 21 patients with dermatomyositis (DM), 5 patients with polymyositis (PM), 11 
patients with clinically amyopathic DM (CADM) and 12 normal subjects, with specific 
enzyme-linked immunosorbent assays. Angiogenin mRNA in vivo was determined in skin 
tissues of 5 DM patients, 4 CADM patients, 5 SLE patients and 7 normal subjects using 
quantitative real-time polymerase chain reactions. We could not find any significant 
differences in the serum angiogenin levels among normal subjects and patients with 
rheumatic diseases. However, when we evaluated the correlation of serum angiogenin 
levels with clinical features of 32 DM/CADM patients, the patients with increased 
angiogenin levels had significantly higher aldolase levels than those with decreased levels. 
On the other hand, angiogenin mRNA is significantly up-regulated in the involved skin of 
DM and CADM, suggesting that angiogenin expression is up-regulated locally in the skin 
but not in sera of patients with DM and CADM. In conclusion, dysregulated angiogenin 
expression may contribute to the pathogenesis of myositis as well as skin involvement via 
the vascular change in DM/CADM. Further studies with an increased number of patients 
may help to clarify the relationship between angiogenin and vascular abnormalities in 
rheumatic diseases and to develop new therapeutic strategies.
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 Angiogenin may play some role in the pathogenesis 
of vascular changes seen in rheumatic diseases. 
However, no link between angiogenin and rheumatic 
diseases has been established. Therefore, to prove our 
hypothesis, we examined angiogenin levels in the sera 
and skin of patients with various rheumatic diseases.

2. Materials and Methods

2.1. Clinical assessment and patient material

Patients with scleroderma (SSc) or systemic lupus 
erythematosus (SLE) fulfilled the criteria proposed 
by the American College of Rheumatology (ACR) 
(12-14). Polymyositis (PM) and dermatoyositis (DM) 
were diagnosed based on the criteria proposed by 
Bohan and Peter (15,16). Patients with clinically 
and histopathologically typical cutaneous lesions 
but without myositis were diagnosed as clinically 
amyopathic DM (CADM) according to the previous 
criteria (17). Clinical and laboratory data reported in 
this study were obtained at the time of sampling of 
tissue or serum.
 Skin samples were obtained from 5 DM patients, 
4 CADM patients and 5 SLE patients. Seven control 
skin samples were obtained from routinely discarded 
skin of healthy human subjects undergoing skin grafts. 
Immediately after removal, skin biopsy specimens 
were fixed with formalin and embedded in paraffin. 
Sera were obtained from 21 patients with SSc, 10 SLE 
patients, 21 DM patients, 5 PM patients, 11 CADM 
patients and 12 normal control subjects. All serum 
samples were stored at −80°C prior to use. Institutional 
review board approval and written informed consent 
were obtained before patients and normal subjects were 
entered into this study according to the Declaration of 
Helsinki.

2.2. Antinuclear antibodies

Antinuclear antibodies (ANA) were detected by 
indirect immunofluorescence using HEp-2 cells as the 
substrate and double immunodiffusion, as described 
previously (18).

2.3. Serum angiogenin levels 

Levels of serum angiogenin were measured with a 
specific ELISA kit (R & D Systems) (19). Briefly, anti-
angiogenin monoclonal antibodies were precoated onto 
microtiter wells. Aliquots of serum were added to each 
well, followed by peroxidase-conjugated antibodies 
to angiogenin. Color was developed with hydrogen 
peroxide and tetramethylbenzidine peroxidase, and 
the absorbance at 450 nm was measured. Wavelength 
correction was performed using absorbance at 540 nm. 
The concentration of angiogenin in each sample was 

determined by interpolation from a standard curve.

2.4. RNA isolation and quantitative real-time polymerase 
chain reaction (PCR) 

Total RNA isolation from paraffin-embedded sections 
was performed with an RNeasy FFPE kit (Qiagen, 
Valencia, CA, USA) following the manufacturer's 
instructions. cDNA was synthesized from the total 
RNA with a PrimeScript RT reagent Kit (Takara Bio 
Inc, Shiga, Japan). Quantitative real-time PCR with 
Takara Thermal Cycler Dice (TP800)® used primers 
and templates mixed with the SYBR Premix Ex 
TaqII (Takara Bio Inc). Primer sets for angiogenin 
and 18S were purchased from Takara Bio Inc. DNA 
was amplified by denaturation for 5 sec at 95°C and 
annealing for 30 sec at 60°C. Data generated from each 
PCR reaction were analyzed using the Thermal Cycler 
Dice Real Time System ver2.10B (Takara Bio Inc.). 
The relative level of angiogenin was normalized to 18S 
levels in the same sample.

2.5. Statistical analysis

Statistical analysis was carried out with a Mann-
Whitney's U test for the comparison of medians, 
and Fisher's exact probability test for the analysis of 
frequency. p values less than 0.05 were considered 
significant.

3. Results and Discussion

Serum samples were obtained from 32 DM patients 
including 11 CADM patients as well as 5 PM patients, 
21 SSc patients, 10 SLE patients and 12 healthy normal 
subjects. The serum angiogenin levels in patients 
with these rheumatic diseases are shown in Figure 1. 
We could not find any significant difference in the 
angiogenin levels among normal subjects and patients 
with rheumatic diseases: the mean serum angiogenin in 
patients with DM (111.7 pg/mL) or CADM (107.7 pg/
mL) was slightly lower than those in normal subjects 
(120.8 pg/mL), but not statistically significant.
 Next, we evaluated the correlation of serum 
angiogenin levels with clinical features of 32 DM/
CADM. The patients with increased angiogenin levels 
had significantly higher aldolase levels than those with 
decreased levels (47.2 vs. 7.1 U/I, p < 0.05, Table 1). 
Other myositis markers, CK and myoglobin, also tended 
to be higher in patients with increased angiogenin levels 
than those without, but were not statistically significant. 
There were no significant differences between the two 
patient groups in terms of other clinical/laboratory 
features including age at the time of serum sampling, 
duration of disease, the ratio of DM:CADM or IgG 
levels.
 On the other hand, when skin samples were obtained 
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with rheumatic diseases. Second, in DM/CADM 
patients, the levels of myopathic markers such as 
aldolase tended to be higher in patients with increased 
serum angiogenin levels than those without. Lastly, 
angiogenin mRNA is significantly up-regulated in the 
involved skin of DM and CADM patients in vivo. 
 It was reported that serum angiogenin levels 
increase in patients with cutaneous T cell lymphoma, 
and the molecule is thought to act as an inhibitor of 
polymorphonuclear leukocyte degranulation (20). 
Elevated levels of angiogenin have also been detected 
in the sera of patients with pancreatic cancer and 

from 5 DM patients, 4 CADM patients and 5 SLE 
patients, mean relative transcript levels of angiogenin 
in skin tissues from DM/CADM patients were 
significantly up-regulated compared with the values 
in normal skin (p = 0.007 and 0.014, respectively) and 
SLE skin (p = 0.009 and 0.014, respectively) (Figure 2). 
Our results suggest that angiogenin expression is up-
regulated locally in the involved skin but not in sera of 
patients with DM and CADM.
 In this study, we demonstrated three novel findings. 
First, there was no significant difference in the serum 
angiogenin levels among normal subjects and patients 

Figure 1. Serum concentrations of angiogenin in patients with rheumatic diseases. Serum concentrations of angiogenin 
determined by ELISA are shown on the ordinate; the horizontal bars show the mean value in each group. NS, normal subjects; 
DM, dermatomyositis; CADM, clinically amyopathic dermatomyositis; PM, polymyositis; SSc, systemic sclerosis; SLE, systemic 
lupus erythematosus.

Table 1. Correlation of serum angiogenin levels with clinical and serological features in patients with dermatomyositis (DM)

Items

Age at the time of serum sampling (mean years)
Duration of disease (mean months)
Type (DM:CADM)
Clinical features
     Gottron's sign
     Heliotrope
Laboratory features
     IgG (mg/dL)
     CK (IU/L)
     Myoglobin (ng/mL)
     Aldolase (U/L)
     ANA
Organ involvement
     Muscle
     Lung
     Dysphagia
     Joint

Unless indicated, values are percentages. DM, dermatomyositis; CADM, clinically amyopathic dermatomyositis; IgG, immunoglobulin; CK, 
creatine kinase; ANA, antinuclear antibodies. * p < 0.05 vs. patients with decreased angiogenin levels using Mann-Whitney U test. 

Patients with decreased angiogenin levels
(n = 16)

                             58.3
                               6.1
                               9:7

                             62.5
                             37.5

                        1,453.6
                           931.4
                           300.9
                               7.1
                             56.3

                             50.0
                             43.8
                             12.5
                             18.8

Patients with increased angiogenin levels
(n = 16)

                            54.6
                              5.2
                            12:4

                            62.5
                            56.3

                       1,523.9
                       2,662.4
                          873.9
                            47.2*

                            31.3

                            68.8
                            25.0
                            18.8
                              6.3
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arterial occlusive disease as well as inflammatory 
arthritis (21-24). Our research is the first to measure 
serum angiogenin levels in patients with PM/DM, SSc 
and SLE, but we didnot find any significant difference 
between controls and these patients. This may be 
because of a small number of patients.
 Vascular change is thought to be found frequently 
in the involved skin of DM/CADM; Crowson et al. 
described increased endothelial injury, increased 
vascular ectasia and reduced superficial vascular plexus 
density in skin lesions of DM/CADM compared with 
lupus erythematosus (25). Considering that uncontrolled 
activation of vascular endothelial growth factor (VEGF), 
one of the most potent angiogenic factors, rather than 
its inactivation is suggested to cause disturbed vessel 
morphology (26,27), and excessive expression of 
angiogenin in the skin of DM/CADM patients may also 
induce vascular change. 
 Similarly, histopathological findings of the muscles 
in DM are characterized by perivascular infiltration of 
CD4-positive T lymphocytes or macrophages (28,29). 
Furthermore, Pestronk et al. studied muscle specimens 
of DM and found reduction of vessel size and 
endothelial loss, as well as C5b9 complement deposition 
(30). Considering that patients with increased serum 
angiogenin had higher levels of myositis markers, the 
dysregulated angiogenin expression may contribute 
to the pathogenesis of muscle involvement via the 
vascular abnormality in DM. Further studies with 
an increased number of patients may help to clarify 
the relationship between angiogenin and vascular 
abnormalities in rheumatic diseases and to develop new 
therapeutic strategies.
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1. Introduction

There is no doubt that prodrugs play an important role 
in current drug delivery and drug discovery (1-3). Our 
lab developed a coumarin-based prodrug system for 
preparing esterase-sensitive prodrugs of amines and 
peptides (4). This system has a cis-double bond which 
could facilitate the lactonization when an acyl group 
(R) is hydrolyzed by esterase (Scheme 1). To date, it 
has been used for the preparations of cyclic prodrugs 
of opioid peptides (5-8), such as DADLE (9-11) and 
DADLE analogs (12), and peptidomimetics, such 
as an RGD (Arg-Gly-Asp) analog MK-383 (13,14). 
Moreover, this system was also applied in the design 
of non-peptide prodrugs such as meptazinol, and the 
prodrug of meptazinol has shown a 4-fold increase in 

oral bioavailability (15). The advantage of the coumarin 
system lies in the released final product, coumarin, 
which is known to be non-toxic in extensive studies. In 
addition, the release rate of the coumarin-based prodrug 
system can be further manipulated by the introduction 
of additional substituents on the aromatic ring or the 
acyl group. In our previous studies, a series of coumarin 
derivatives with different substitutions of R and R1-R6 
were synthesized and evaluated for release kinetics 
(Table 1) (3,16-18). These release kinetic studies only 
obtained overall pseudo-first-order rate constants 
because the complex process involves an enzymatic 
reaction and multi-step chemical reactions (Scheme 1). 
Our preliminary results suggest that the acyl group (R) 
has a minor influence on the overall half-lives, but the 
substituents on the phenyl ring (R1-R4) and amine part 
(R5 and R6) have major and complicated effects which 
include an electronic effect, steric effect and so on. In 
order to clearly illustrate these issues, computer-based 
tools are needed to further analyze the structural effect 
on the release kinetics.
 Quantitative structure-property relationship 
(QSPR) studies have been successfully used for the 
prediction of physicochemical properties of chemical 
compounds based on their structures (19-24). The 
biological counterpart of such studies, quantitative 

Summary A coumarin-based prodrug system plays a significant role in preparing esterase-sensitive 
prodrugs of amines and peptides. The electronic structures of 27 coumarin-based prodrugs 
developed in our lab were calculated at a B3LYP/6-31+G (d,p) level with a Gaussian 03 
program. The calculated structural parameters were taken as theoretical descriptors to 
establish five novel QSPR models. The SMLR linear model (q2 = 0.427, r2 = 0.516) and the 
PLS linear model (q2 = 0.584, r2 = 0.663) were developed with descriptors selected by an 
Unsupervised Forward Selection method. Another three nonlinear QSPR models were 
established by a Polynomial Neural Network (PNN) Simulation method (q2 = 0.692, 0.675, 
0.663; r2 = 0.700, 0.688, 0.672). We suggest that the QSPR models derived here, especially 
the PNN models, can be used to predict the release kinetics of coumarin-based prodrugs as 
well as design new derivatives of coumarin-based prodrug candidates.

Keywords: Coumarin, prodrug, QSPR, quantitative structure-property relationship, DFT
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structure-activity relationships (QSAR), has also 
been extensively used with great success (25-28). 
So far, many efforts have successfully been made to 
investigate the spectral properties by using this kind of 
QSAR/QSPR approach (29-31). However, a common 
problem in QSAR/QSPR modeling is choosing a proper 
description of the variance between the individual 
molecular structures within a set of compounds. In our 
case, some commercially available 3D-QSAR methods, 
such as CoMFA and CoMSIA, cannot be used in such 
a complex system because these approaches mainly 
focus on interaction between macromolecules (receptors, 

enzymes) and substrates, while the kinetics of the 
coumarin-based prodrug system is more complicated and 
consists of not only the enzyme hydrolysis interaction 
but also intramolecular lactonization steps. The latter 
lactonization step is also significantly different from 
molecular recognition in biological systems. Currently, 
quantum-mechanical descriptors calculated using density 
functional theory (DFT) have been successfully used 
in the modeling of reaction-related procedures, such as 
free-radical copolymerization (32), bond dissociation 
(33), and olefin metathesis (34). Therefore, the structure 
parameters of the coumarin-based prodrug, especially 
the parameters related to the lactonization step should be 
taken into account due to the chemical reactivity of bond 
making and bond breaking. In this paper, we will use 
the DFT-based QSPR computational tool and statistics 
method to study the relationships between the coumarin-
based prodrug system and their kinetics. 

2. Materials and Methods

2.1. DFT calculations

Electronic structure calculations have been performed 
using the Gaussian 03 program (35) on URSA, a 
160-processor computer based on the Power5+ 
processor and IBM's P series architecture. The DFT 
method B3LYP (36,37) and the 6-31+G (d,p) basis set 
were used for all calculations, along with the PCM 
solvation model (38). The PCM solvation model is 
used in single-point energy calculations (PCM (sp)), 
and during the geometry optimizations and frequency 
calculations (PCM (opt)). All calculations using the 
PCM solvent model employ UAHF atomic radii when 
constructing the solvent cavity, as recommended in 
the Gaussian 03 user's reference when the "scfvac" 
keyword is used to obtain the free energy of solvation, 
as is the case in this study. All the geometries are fully 
optimized, and the character of the stationary points 
found is confirmed by a harmonic frequency calculation 
at the same theory level to ensure a minimum is located. 
Such a practice is also the same as we have done in past 
studies (39,40). The kinetic constants and all structure 
parameters related to enzyme hydrolysis interaction 
and intramolecular lactonization of each compound are 
listed in Table 2.
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Scheme 1. The illustration of a coumarin-based esterase-sensitive prodrug system and its derivatives.
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Tabel 1. The structure of coumarin derivatives

Compound

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

R1

H
H
H
H
H
H
H
H
H
Me
Me
H
H
Me
Me
Me
Me
Me
Me
H
H
H
H
H
H
H
H

R2

H
H
H
H
H
H
H
H
H
H
H
Me
Me
Me
Me
H
H
H
H
Me
Me
H
H
Me
Me
MeO
MeO

R3

H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
Me
Me
H
H
Me
Me
Me
Me
H
H
H
H

R4

H
H
H
H
H
H
H
H
H
Me
Me
Me
Me
H
H
H
H
H
H
Me
Me
H
H
H
H
H
H

R5

H
H
H
H
H
H
H
Me
Et-
Me
Et
Me
Et
Me
Et
Me
Et
Me
Et
Me
Et
Me
Et
Me
Et
Me
Et

R6

Benzyl
Benzyl
Benzyl
Benzyl
Pr
Cyclohexyl
p-MeO-Ph
Benzyl
Et
Benzyl
Et
Benzyl 
Et
Benzyl 
Et
Benzyl
Et
Benzyl 
Et
Benzyl 
Et
Benzyl 
Et
Benzyl 
Et
Benzyl 
Et
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compounds). In the descriptor selection, variables with 
small variance (not significant at the 5% level) were 
then removed. The UFS procedure was then applied 
repeatedly using values of R2

max stepping from 0.1 to 
0.9 with an increment of 0.1, together with R2

max = 
0.99. The UFS calculation was performed on a Virtual 
Computational Chemistry Laboratory at http://www.
vcclab.org (43).

2.3. Polynomial neural network (PNN) simulation

The PNN algorithm is also known as an iterational 
algorithm of group methods of data handling (GMDH) 
(44). PNN provides a robust nonlinear polynomial 
regression identification for numerical data with 
unknown dependencies (45). Moreover it is insensible 
to outliers and irrelevant variables, and provides fast 
learning and numerical stability. PNN is a robust 

2.2. Rational selection of descriptors

After identification of a large number of descriptors, a 
rational descriptor selection was carried out to reduce 
the number of descriptors to an acceptable level 
containing no redundancy and a minimal amount of 
multicollinearity. In this selection, a novel descriptor 
reduction algorithm, unsupervised forward selection 
(UFS) (41), was employed to determine suitable 
descriptors. This method has been successfully used 
in our previousstudy for modeling the excitation 
wavelengths of boronic acids (42). UFS could select 
from a data matrix a maximal linearly independent 
set of columns with a minimal amount of multiple 
correlations, and therefore it was designed for use 
in the development of QSPR models, where the m 
by n data matrix contains the values of n variables 
(typically molecular properties) for m objects (typically 

Table 2. Structure parameters of coumarin derivatives based on DFT calculations

No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Y: logK (*104/s), represent the observed release kinetic value (kobs) of coumarin-based prodrugs; X1: ΔG(kcal/mol), X2: Total electrostatic energy 
(kcal/mol), X3: Cavitation energy (kcal/mol), X4: Dispersion energy (kcal/mol), X5: Repulsion energy (kcal), X6: Total non electrostatic energy 
(kcal/mol), X7: dipole in vacuo (Debye), X8: dipole in solution (Debye), X9: atomic Mulliken charge of atom C(1), X10: atomic Mulliken 
charge of O(1), X11: atomic Mulliken charge of C(2), X12: atomic Mulliken charge of C(3), X13: atomic Mulliken charge of C(4), X14: atomic 
Mulliken charge of C(5), X15: atomic Mulliken charge of C(6), X16: atomic Mulliken charge of N(7), X17: surface of added spheres. 

O H

ONR 5

R6

R 1

R 2

R 3

R4

(2 )

(3) (4 )

(5 )

(6 )

(1)

(7 )

    X1

−11.28
−11.24
−11.22
−11.23
  −7.67
−10.81
  −9.43
  −7.93
  −8.05
  −5.14
  −2.36
  −5.31
  −6.08
  −4.53
  −6.01
  −5.74
  −4.91
  −4.86
  −5.88
  −4.71
  −6.02
  −7.35
  −7.19
  −7.37
  −7.91
  −9.29
  −9.22

    X2

−18.06
−17.96
−17.95
−17.96
−14.42
−16.87
−16.58
−16.47
−14.61
−14.75
  −9.15
−15.71
−13.67
−14.87
−13.20
−14.95
−12.82
−14.60
−12.90
−15.71
−13.74
−16.52
−14.55
−16.51
−14.80
−18.43
−15.99

  X3

33.75
33.73
33.74
33.73
29.30
32.15
34.96
35.39
30.70
39.58
33.91
39.56
34.98
39.38
34.86
39.78
35.01
37.37
32.96
41.38
36.53
37.11
32.74
37.57
32.94
38.82
34.30

    X4

−34.77
−34.82
−34.81
−34.80
−28.13
−32.89
−34.19
−34.42
−30.47
−37.74
−33.60
−37.27
−34.07
−36.24
−34.23
−38.10
−33.49
−34.67
−32.24
−38.57
−35.67
−35.66
−31.84
−36.34
−32.78
−37.66
−34.25

 X5

7.80
7.80
7.80
7.81
5.56
6.81
6.38
7.57
6.33
7.77
6.47
8.10
6.69
7.20
6.56
7.53
6.39
7.04
6.29
8.19
6.85
7.72
6.47
7.92
6.73
7.98
6.72

   X6

  6.78
  6.72
  6.73
  6.74
  6.74
  6.07
  7.15
  8.54
  6.56
  9.61
  6.78
10.40
  7.60
10.34
  7.19
  9.22
  7.91
  9.74
  7.01
10.99
  7.71
  9.17
  7.37
  9.15
  6.89
  9.13
  6.77

X7

3.84
3.75
3.77
3.77
4.27
3.52
5.11
2.72
2.81
2.58
5.09
2.64
3.03
3.49
2.75
2.73
2.88
3.77
2.43
2.91
3.28
2.95
3.18
2.91
2.85
2.74
3.68

 X8

5.92
5.80
5.82
5.83
5.71
4.66
7.04
3.76
3.97
3.56
7.24
3.66
4.30
4.63
3.80
3.50
4.11
4.89
3.52
4.04
4.66
4.13
4.46
3.94
3.97
3.37
5.24

   X9

−0.353
−0.350
−0.353
−0.345
  0.088
−0.429
−0.267
−0.266
−0.153
  0.404
  0.002
  0.079
  0.232
  0.029
  0.187
−0.473
−0.954
  0.271
−0.193
−0.242
−0.112
−0.209
−0.170
−0.093
−0.031
−0.541
−0.133

  X10

−0.571
−0.571
−0.571
−0.570
−0.546
−0.529
−0.544
−0.564
−0.560
−0.504
−0.594
−0.521
−0.518
−0.493
−0.522
−0.565
−0.522
−0.515
−0.550
−0.512
−0.508
−0.569
−0.572
−0.565
−0.565
−0.571
−0.558

   X11

  0.263
  0.261
  0.261
  0.259
−0.164
  0.238
  0.056
  0.272
  0.198
  1.002
  1.191
  0.097
−0.280
−0.126
  0.878
  1.269
  0.970
  0.124
  0.943
−0.142
−0.091
  0.291
  0.264
  0.481
−0.144
  1.000
  0.109

  X12

−0.328
−0.330
−0.328
−0.329
−0.232
−0.356
−0.358
−0.411
−0.221
−0.767
−0.770
  0.226
  0.239
  0.543
  0.139
−1.240
−0.533
−0.050
−0.678
  0.512
  0.712
−0.558
−0.722
−0.024
  0.300
−0.515
−0.269

  X13

−0.148
−0.149
−0.154
−0.148
−0.122
−0.065
  0.066
−0.167
−0.291
  0.273
−0.124
−0.126
  0.305
−0.268
−0.767
  0.733
−0.022
−0.430
−0.237
  0.064
−0.084
  0.440
  0.461
−0.714
−0.415
−0.492
  0.243

  X14

−0.441
−0.434
−0.430
−0.431
−0.374
−0.397
−0.468
−0.192
−0.123
  0.064
  0.585
  0.348
  0.052
−0.079
  0.184
−0.653
  0.836
−0.006
−0.016
  0.680
  0.438
−0.375
−0.329
  0.120
  0.211
−0.018
−0.387

  X15

−0.707
−0.715
−0.723
−0.719
−0.033
−0.040
−0.224
−0.349
−0.375
−0.624
−0.375
−0.354
−0.366
−0.466
−0.469
−0.670
−0.449
−0.134
−0.447
−0.411
−0.434
−0.433
−0.410
−0.398
−0.478
−0.371
−0.473

  X16

−0.194
−0.191
−0.191
−0.191
−0.287
−0.329
−0.322
−0.067
−0.010
−0.036
−0.058
−0.070
−0.006
  0.005
  0.011
−0.037
−0.012
−0.039
  0.005
−0.051
−0.028
−0.061
−0.040
−0.060
  0.002
−0.072
−0.031

 X17

58.02
61.16
61.04
61.14
45.05
49.87
57.13
55.55
53.60
70.12
60.12
61.93
61.52
64.87
57.31
77.09
58.25
64.68
55.02
70.81
68.56
54.45
50.68
58.73
52.46
65.78
61.87

   Y

4.86 
4.81 
4.76 
4.76 
4.97 
4.36 
5.72 
4.55 
3.79 
5.15 
5.01 
5.26 
4.79 
5.56 
4.99 
5.14 
4.40
5.20 
4.58 
5.09 
4.40 
4.63 
3.76 
4.56 
3.72 
4.52 
3.76 
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method that can be used even in the presence of outliers 
in the training set and provides reliable results even for 
such difficult cases. PNN correlates input and target 
variables using (non) linear regression. The PNN 
simulation was performed on a Virtual Computational 
Chemistry Laboratory at http://www.vcclab.org (43).

3. Results

3.1. Selection of descriptors

In the first step, UFS was used to optimize the number 
of descriptors. After UFS, only 11 descriptors, X4, X6, 
X8, X9, X10, X11, X13, X14, X15, X16, and X17, 
were significantly correlated with Y at a 95% level 
among all descriptors. These 11 descriptors were then 
used as input for the development of the linear and 
nonlinear QSPR models of coumarin-based prodrug. 
The UFS selected descriptors, classes and references 
are shown in Table 1.

3.2. SMLR linear model

Based on these 11 descriptors after selection, 27 
compounds were then used to develop an optimal 
SMLR linear model. For the development of the 
linear model, leave-one-out (LOO) cross-validation 
statistical parameters were calculated to evaluate 
the model quality. Finally, a two-descriptor (X6 and 
X8) correlation model was obtained as represented 
in Table 3. The obtained squared correlation (r2) 
was 0.516 and the LOO squared correlation (q2) was 
0.427. The standard error (RMSE) was 0.38 and the 
F-value was 26.60. The estimated values based on 
the SMLR linear model are listed in Table 4. Figure 1 
depicts the estimated versus experimental values for all 
compounds.

3.3. PLS linear model

The linear model was also developed by PLS using 11 
selected descriptors. In this case a correlation model 
including six descriptors, X6, X8, X9, X10, X15, and 
X16, was obtained as shown in Table 3. The number of 
PLS components is 3. In this linear model, r2 was 0.663 
and q2 was 0.584. RMSE was 0.310 and the F-value 
was 49.68. The estimated results of the PLS model 
are shown in Table 4. The experimental and estimated 

values are shown in Figure 1.

3.4. PNN simulation of QSPR

In this case a nonlinear PNN model of QSPR 
was developed with the same selected subset of 6 
descriptors from those linear models. The estimated 
results of the PNN model are given in Table 4. Figure 
1 represents the estimated versus experimental values 
using the PNN nonlinear model.

3.5. Interpretation of descriptors

From Table 4, descriptors X3, X9, X15, and X16 
existed in the three PNN non-linear models. Descriptors 
X5 and X12 showed their influence on PNN model 
3 and model 1 respectively. Both the cavitation 
energy (X3) and repulsion energy (X5) belong to the 
components of free energy of solvation. Cavitation 
energy described the energy required to push aside the 
solvent molecules and then making a cavity to place a 

Table 3. Three neural network models and statistical data

Model

SMLR
PLS
PNN 1
PNN 2
PNN 3

Equation

Y = 0.286 × X6 + 0.312 × X8 + 0.984
Y = 0.164 × X6 + 0.121 × X8 + 0.423 × X9 + 7.088 × X10 + 0.066 × X15 - 1.269 × X16 + 6.697
Y = 5.31 × X14 × X16 + 0.381 × (X11)2 + 0.293 × X8 + 0.387 × X6
Y = 7.07 × (X16)2 - 0.762 × X11 × X15 + 0.375 × X6 + 0.313 × X8
Y = 4.31 × X14 × X16 - 0.667 × X11 × X15 + 0.311 × X8 + 0.381 × X6

q2

0.427
0.584
0.692
0.675
0.663

RMSE

0.380
0.310
0.291
0.299
0.304

F

26.60
49.08
58.10
54.67
51.10

r2

0.516
0.663
0.700
0.688
0.672

MAE

--
--

0.204
0.207
0.211

Table 4. Experimental versus estimated data

No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Model 2

4.81
4.74
4.75
4.75
4.89
4.51
5.63
4.49
3.76
5.21
5.17
5.11
4.12
5.29
4.20
5.21
4.59
5.21
4.05
5.36
4.33
4.86
4.26
4.84
3.78
4.80
4.23

Model 1

4.84
4.77
4.77
4.78
4.86
4.43
5.63
4.50
3.72
5.13
5.10
4.97
4.23
5.36
4.20
5.34
4.57
5.21
4.08
5.26
4.29
4.91
4.26
4.75
3.84
4.91
4.22

PLS

4.88
4.84
4.85
4.86
4.88
4.55
5.37
4.43
3.95
5.30
4.63
5.22
4.62
5.49
4.40
4.61
4.37
5.22
4.02
5.41
4.78
4.68
4.25
4.67
4.07
4.39
4.39

SMLR

4.77
4.71
4.72
4.73
4.69
4.17
5.22
4.59
4.09
4.84
5.18
5.10
4.49
5.38
4.22
4.71
4.52
5.29
4.08
5.38
4.64
4.89
4.48
4.83
4.19
4.64
4.55

Experimental

4.86
4.81
4.76
4.76
4.97
4.36
5.72
4.55
3.79
5.15
5.01
5.26
4.79
5.56
4.99
5.14
4.40
5.20
4.58
5.09
4.40
4.63
3.76
4.56
3.72
4.52
3.76

Model 3

4.91
4.84
4.85
4.86
4.80
4.33
5.57
4.54
3.79
5.17
4.98
5.02
4.16
5.34
4.20
5.27
4.54
5.24
4.04
5.25
4.30
4.96
4.32
4.81
3.81
4.78
4.29

PNN
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solute molecule. Repulsion energy (X5) reflects the Van 
der Walls effect on solvation.

4. Discussion

To discuss the descriptors X9, X12, X15, and X16 
in the PNN models, it is necessary to illustrate the 
mechanism of the coumarin-based esterase sensitive 
prodrug systems (Scheme 2). It was reported that the 
acyl group R of 28 would be easily hydrolyzed by 
esterase at physiological pH and generate 29 with an 
unmasked phenol group. Due to the cis-geometry of 
the double bond in the structure of 29, the spontaneous 
lactonization was easily triggered by the phenolic 
hydroxyl group attacking the carbonyl group of C-6 
to form the tetrahedral 30. Then, the collapse of 
tetrahedral 30 would yield cis-coumarinic acid 31 and 
amine (3).
 According to the mechanism of the coumarin-based 
prodrug, the carbonyl of C-1 would be hydrolyzed by 
esterase and the positive charge in C-1 will benefit 
hydrolysis of the acyl group. Therefore, the atomic 
charge of C-1 (X9) should have an influence on the 

release kinetics of the coumarin prodrug system. In 
addition, considering the carbonyl group of the amide 
at C-6 would be attacked by the unmasked phenolic 
hydroxyl group in the lactonization step of 29, the 
positive atomic charge in C-6 (X15) should no doubt 
lead to enhance the release kinetics of the coumarin 
prodrug syetem for the same reason. Then, the atomic 
charge on C-3 (X12) only existed in model 1, which 
perhaps exerts an effect on the unmasked phenolic 
hydroxyl group with an inductive or conjugated effect.
It was reported that stabilizing a developing negative 
charge on the nitrogen (N-1) would facil i tate 
lactonization during the collapse of the tetrahedral 
intermediate 30 (3). Furthermore, the nitrogen charges 
also related to the pKa value of the amine which could 
affect the release rate of the coumarin system in our 
preliminary study. Therefore, the atomic charge of 
nitrogen (X16) is an important descriptor in three 
models of PNN.
 In conclusion, the present report demonstrates that 
DFT-based QSPR models can be used successfully 
to predict the release kinetics of the coumarin-based 
prodrug system. Among these models, the nonlinear 

Figure 1. Estimated versus experimental values using three different models.

Scheme 2. The mechanism of the coumarin-based esterase sensitive prodrug system.
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PNN models can provide estimated results in good 
agreement with experimental values. The descriptor 
of atomic charge of C-1, C-6 and N-1 exhibited more 
contributions to the prodrug release rate. In summary, 
this DFT-based QSPR approach can be a convenient 
way to predict release kinetics of coumarin prodrugs 
and the relative descriptors can also contribute to 
exploration of new derivatives of coumarin-based 
prodrug candidates.
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1. Introduction

D-Amino acid oxidase (DAAO) (E.C. 1.4.3.3) can 
decompose neutral and basic D-amino acid oxidatively 
to generate hydrogen peroxide (H2O2), ammonia, and 
the corresponding α-keto acid (1,2). In mammalian 
brain tissue, D-serine, an endogenous co-agonist 
for the ionotropic glutamate receptor N-methyl-D-
aspartate (NMDA) receptor (3), is decomposed by 
DAAO located in astroglial cells (3,4). Thus, the brain 
D-serine concentration controlled by DAAO is crucial 
for regular neurotransmission via the NMDA receptor, 

and it has been suggested that a decrease in the D-serine 
concentration could induce NMDA receptor dysfunction. 
An example of this is the "glutamate hypothesis", which 
postulates that the cause of schizophrenia might arise 
from hypofunction of the NMDA receptor (5-7). In fact, 
the D-serine concentration in serum (8) and cerebrospinal 
fluids (9) is significantly decreased in schizophrenia 
patients. In addition, it has recently been reported that 
DAAO activity is significantly increased in the post-
mortem brains of schizophrenia patients compared to 
controls (10).
 DAAO activity in a tissue homogenate is usually 
assessed by measuring the H2O2 (11-14) or α-keto acid 
that is generated after addition of a substrate, D-alanine, 
or D-proline (10,15-17). Using the increased H2O2, 
an oxidative reaction that generates a colorimetric or 
fluorescent compound in the presence of a peroxidase 
is performed. Alternatively, the produced α-keto acid 
is reacted with a hydrazine compound to produce 
fluorescent or colorimetric substances. The generated 

Summary An easy fluorimetric assay for measuring D-amino acid oxidase (DAAO) activity by 
using one of the D-amino acids – D-kynurenine (D-KYN) – as a substrate was applied to 
assess DAAO activity in the cerebrum, cerebellum, and brainstem of Sprague-Dawley 
(SD) male rats. In this assay, DAAO produces kynurenic acid (KYNA) from D-KYN, and 
the fluorescence originating from KYNA can then be used to evaluate DAAO activity. 
Here, pellet fractions obtained by centrifugation of brain homogenates were allowed 
to react enzymatically with D-KYN. The addition of specific DAAO inhibitors, such as 
3-methylpyrazole-5-carboxylic acid and 4H-thieno [3, 2-b] pyrrole-5-carboxylic acid 
(Compound 8), significantly attenuated the fluorescence intensity of KYNA, suggesting 
that DAAO present in the rat brain homogenates was responsible for the production of 
KYNA. In contrast, an inhibitor of aminotransferase (AT), aminooxyacetic acid, did not 
decrease KYNA production from D-KYN, meaning that AT could not metabolize D-KYN 
to KYNA under the present conditions. Moreover, the DAAO activity measured by the 
proposed assay correlated well with DAAO mRNA expression (r = 0.9982) determined by 
real-time polymerase chain reaction. Taken together, these findings show that the proposed 
fluorimetric assay can be used to evaluate DAAO activity in rat brain.

Keywords: D-amino acid oxidase, D-kynurenine, kynurenic acid, rat brain, fluorescence
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substances are then quantified spectrophotometrically.  
However, both generated H2O2 and α-keto acid 
require the addition of next-step reagents, such as 
2,4-dinitrophenyl hydrazine (DNPH) or Amplex Red®, 
for the colorimetric or fluorimetric reaction to proceed.
 A previous study by our group has shown that 
D-kynurenine (D-KYN) is oxidatively deaminated 
by a standard of pig kidney (pk) DAAO to produce 
a fluorescent compound, 4-hydroxyquinoline-2-
carboxylic acid (kynurenic acid, KYNA) by one-step 
enzymatic reaction. The corresponding α-keto acid, 
2-oxo-4-(2-aminophenyl)-4-oxobutanoic acid may be 
instantaneously produced as an intermediate in this 
reaction, but the α-keto acid appears to be immediately 
thereafter transformed to KYNA by intramolecular 
cyclization (18). Thus, the fluorescence intensity of 
KYNA can be utilized in conjunction with a standard 
of pig kidney (pk) DAAO in a fluorimetric assay to 
evaluate several compounds including drugs inhibiting 
DAAO activity (18,19). 
 The purpose of this study was to investigate 
the applicability of the proposed assay to rat brain 
homogenate. Here, we measured DAAO activity in the 
brain tissues of Sprague-Dawley (SD) rats according to 
our previously described in vitro assay using D-KYN as 
the substrate (18). The inhibition of the DAAO activity 
by 2 kinds of commercial DAAO inhibitors, as well 
as the correlation between DAAO mRNA expression 
and the enzyme activity was examined to determine the 
reliability of the proposed DAAO assay.

2. Materials and Methods

2.1. Chemicals

D-KYN, KYNA, 3-methylpyrazole-5-carboxylic acid 
(MPC), 3-methylpyrazole-4-carboxylic acid, Trizma® 
base (Tris) (min. 99.9%), D-alanine, and bovine serum 
albumin (BSA) were obtained from Sigma (St. Louis, 
MO, USA). Flavin adenine dinucleotide (FAD) and 
dimethylsulfoxide (DMSO) were obtained from Nacalai 
tesque (Kyoto, Japan). Zinc sulfate heptahydrate was 
obtained from Kanto Chemical Co. Ltd. (Tokyo, Japan). 
2-Aminooxyacetic acid (AOAA) and catalase were 
purchased from Wako Pure Chemical Industries, Ltd. 
(Osaka, Japan). Compound 8 was from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA), and 2, 
4-dinitrophenyl hydrazine (DNPH) was purchased from 
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 
Water was purified using a Milli-Q system (Millipore 
Co. Ltd., Bedford, MA, USA). All other reagents 
were of reagent grade and were used without further 
purification.

2.2. Animal experiments

All animal experiments were approved by the Committee 

of Animal Care, Toho University (No. 12-51-165). Male 
Sprague-Dawley (SD) rats were purchased from Charles 
River Japan (Kanagawa, Japan) and were housed in an 
environmentally controlled room for at least 1 week 
before use.

2.3. Tissue homogenate preparation

The rats were sacrificed by drawing blood from the 
abdominal aorta under diethyl-ether anesthesia. The rat 
brain tissue was immediately dissected and rinsed in a 
chilled physiological saline. The brain was then divided 
into cerebrum, cerebellum, and brainstem on an ice-
cooled plate. After weighing each piece, the tissue was 
homogenized in 10 volumes of chilled Tris buffer (pH 
8.3) using a potter-type homogenizer under ice cooling. 
The prepared homogenates were stored at −80ºC until 
analysis.

2.4. DAAO assay with D-KYN as a substrate

After thawing at 4ºC, an aliquot of 2.0 mL of the 
homogenate was centrifuged at 600 × g for 30 min, 
and the obtained supernatant was further centrifuged at 
20,000 × g for 20 min. The pellet was suspended in 150 
μL of 0.4 M Tris-buffer (pH 8.3) and subjected to the 
DAAO assay as an enzyme source. The DAAO assay 
was carried out according to the previously published 
method (18,19) with minor modifications.
 In brief, 20 μL of the pellet fraction was mixed 
with 50 μL of 200 μM FAD solution, 20 μL of 2.0 
mg/mL BSA in H2O, and 390 μL of 0.4 M Tris buffer 
solution (pH 8.3). Subsequently, the mixed solution was 
incubated at 37°C for 15 min. In some cases, 370 μL 
of 0.4 M Tris buffer solution (pH 8.3) was used instead 
of 390 μL, and 20 μL of inhibitor solution (in DMSO) 
was added before the incubation. The inhibitors used 
in the present study were AOAA (0, 1.0, 2.0, 4.0, 6.0, 
8.0, and 10 mM), MPC (100 μM), 3,4-MPC (100 μM), 
and compound 8 (100 μM). Next, 20 μL of 7.0 mM 
D-KYN dissolved in Tris buffer (20 μL) were added, 
and the mixtures were then incubated at 37°C for 120 
min. To determine the optimum D-KYN concentration, 
different concentrations (0, 1.4, 4.2, and 7.0 mM) of 
D-KYN were added. After the enzymatic reaction, 1.0 
mL of CH3CN/MeOH (1:1, v:v) was added and vortex-
mixed. The mixture was then added to 500 μL of 0.4 
M Tris buffer solution (pH 8.3) and 50 μL of 300 mM 
zinc sulfate dissolved in H2O. The final solution was 
vortex-mixed and filtered (Millex® GV, 0.22 μm, Nihon 
Millipore, Tokyo, Japan) to remove proteins denatured 
by CH3CN/MeOH (1:1, v:v). 
   The fluorescence of the resultant solution was 
measured by a HITACHI F-7000 fluorescence 
spectrophotometer (Hitachi Co. Ltd., Tokyo, Japan). 
The fluorescence intensity of each solution was 
measured at an excitation wavelength of 346 nm and 
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(GAPDH; accession number NM017008) gene as 
an internal control and primers specific for DAAO 
(accession number NM053626) mRNAs. Upstream 
primers were CCCTTTCTGGAAAAGCACAG 
(DAAO)  and  GTGGACCTCATGGCCTACAT 
(GAPDH), and downstream primers were CTCCTC 
TCACCACCTCTTCG (DAAO) and TGTGAGGGA 
GATGCTCAGTG (GAPDH). Expression of genes 
was assessed by real-time RT-PCR using the iQ SYBR 
Green Supermix and Chrome 4 (Bio-Rad Laboratories 
Inc., California, CA, USA) running 45 cycles of the 
following protocol: 3 min predenaturation at 95ºC, 
10 sec denaturation at 95ºC, 10 sec at 62ºC, followed 
by a 1 min extension at 65ºC. The PCR products, 
DAAO and GAPDH, were purified by 2% agarose gel 
electrophoresis and subcloned into the pTZ19R vector.
After transformation of these recombinants into XL1-
Blue by the calcium chloride method, plasmid DNAs 
were recovered, and their nucleotide sequences were 
determined by a DNA sequencer, Model 4000 (LI-COR 
Inc., Lincoln, NE, USA).

3. Results and Discussion

3.1. DAAO activity

In our previous paper, we reported an easy fluorimetric 
assay for measuring compounds that can inhibit pig 
kidney DAAO using D-KYN as the substrate (18,19). 
The kynurenic acid (KYNA) produced enzymatically 
from D-KYN by DAAO emits an intense fluorescence 
at 396-398 nm in the presence of zinc ions. Thus, 
the inhibition potency of various compounds against 
DAAO can be evaluated by the degree of fluorescence 
produced. 
 In the present study, this fluorimetric assay was 
applied to assess the DAAO activity in rat brain tissues. 
As reported, KYNA emits fluorescence at 396-398 nm 
with an excitation wavelength at 251 nm (19,23) or 
344-346 nm (24,25). An excitation wavelength of 346 
nm was used in the present study to increase the signal 
to noise ratio and to avoid interference fluorescence 
stemming from endogenous substances included in 
the brain homogenate. Under the present conditions, a 
linear calibration curve for standard KYNA in the range 
of 26.1-81.2 pmol per assay tube was obtained (Figure 
1), and this calibration curve was used to calculate 
KYNA production.
 To assess DAAO activity in rat brain tissues, 
the brain tissue homogenates were centrifuged as 
previously described (15,17), and the pellet fraction 
was then used as an enzyme source for the proposed 
assay. Increasing concentrations of D-KYN were added 
to the reactions to determine its optimum concentration 
as a substrate, which was set at the plateau level of 
7.0 mM (Figure 2). The pellet fraction was incubated 
with the D-KYN substrate in Tris buffer (pH 8.3), and 

an emission wavelength of 396 nm. According to the 
following equation (1), the ∆F value was determined:
                         ∆F = F – F0                     (1) 
where F and F0 are fluorescence intensities of the 
sample and blank sample (a sample treated without rat 
brain homogenate), respectively. Based on the ∆F value, 
the amount of KYNA produced (pmol) was calculated 
by the calibration curve for KYNA (Figure 1). Finally, 
DAAO activity was expressed as the production rate of 
KYNA per μg protein (fmol KYNA/min/μg protein), 
where the protein concentration of the homogenate 
was determined by the Bradford method according to 
our previous paper (20). In the inhibition experiment, 
the mean fluorescence intensity (∆F) value of the 
control sample, i.e., the sample without inhibitor, was 
designated as 100%, and the inhibition degree was 
expressed as a percentage.

2.5. DAAO assay with D-alanine as a substrate

In the conventional DAAO assay using D-alanine as 
a substrate (10,16), 20 μL of the pellet fraction was 
mixed with 20 μL of 0.1 mg/mL catalase, 50 μL of 200 
μM FAD solution, 20 μL of 2.0 mg/mL BSA in H2O, 
and 390 μL of 0.4 M Tris buffer solution (pH 8.3). After 
incubation of the mixed solution at 37°C for 15 min, 20 
μL of 50 mM D-alanine was added instead of D-KYN, 
and incubated for another 120 min. After the enzymatic 
reaction, 1.0 mL of CH3CN/MeOH (1/1) and 700 μL of 
0.6 M NaOH solution were added and vortex-mixed. 
The final solution was filtered (Millex® GV, 0.22 μm, 
Nihon Millipore, Tokyo, Japan), and the absorbance of 
the resultant solution was measured at 445 nm (21,22) 
using a JASCO V-650 spectrophotometer (JASCO 
Corporation, Tokyo, Japan) using a quartz cell (1 cm × 
1 cm).  

2.6. Stability of KYNA  

In the incubated mixture described in 2.4. Section, 20 
μL of KYNA (0.8 mg/mL, 4.2 μM) was added instead 
of 7.0 mM D-KYN after incubation at 37ºC for 15 min. 
Samples were then incubated at 37ºC for another 120 
min and assayed as previously described. The mean 
fluorescence intensity (∆F) value of the control sample, 
i.e., the sample without a pellet fraction, was designated 
as 100%, and the decreased degree of ∆F was expressed 
as a percentage.  

2.7. Real-time quantitative PCR

Total RNAs were extracted from each brain tissue using 
RNeasy Plus Universal kits (Qiagen, Courtaboeuf, 
France). Complementary DNAs (cDNAs) were made 
with a QuantiTect Reverse Transcription kit (Qiagen). 
DAAO gene expression was determined by RT-PCR 
using the glyceraldehyde 3-phosphate dehydrogenase 
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the fluorescence intensity of KYNA produced from 
D-KYN was measured. As shown in Figure 3, the 
fluorescence of KYNA at 396 nm increases linearly 
with time, suggesting that the added D-KYN was 
converted to KYNA by DAAO present in the pellet 
fraction. Conversely, incubation with D-KYN alone for 
120 min in the absence of the pellet fraction gradually 
showed fluorescence at 396 nm. Based on this finding, 
the fluorescence derived from KYNA produced 
enzymatically from D-KYN by DAAO was calculated 
by subtracting the fluorescence value without the 
pellet fraction (blank) from the sample fluorescence 
intensity at 396 nm. As might be expected, DAAO 
activity expressed as fmol KYNA/min/μg protein was 
the highest in rat cerebellum, followed by brain stem 
and cerebrum (Figure 4), in agreement with previous 
reports (26,27).
 Although endogenous KYNA is present in rat brain 
tissues, the concentration is reported to be relatively 
low, approximately 200-600 fmol/mg protein among 
the tissues assayed here (28). In this previous study, a 
centrifugation fractionation procedure was not carried 
out, while the assay here uses the pellet fractionby 
centrifugation. As a result, endogenous KYNA present in 
the brain tissues hardly affected the fluorescence intensity 
under the present experimental conditions. Indeed, 
a blank sample without adding D-KYN consistently 
showed a background level of fluorescence (Figure 3).
 To determine whether the KYNA produced from 
D-KYN was further metabolized into other metabolites 
under the present experimental conditions, a standard 

of 4.2 μM KYNA instead of D-KYN was added to 
the enzymatic reaction, and stability of KYNA was 
investigated. No remarkable decrease in fluorescence 
intensity of KYNA after the enzymatic reaction at 37ºC 
for 120 min was observed (Figure 5). In addition, to 
our knowledge, no information on the metabolites of 
KYNA in the brain has been reported. Considering 
these observations, KYNA itself does not appear 
to be drastically metabolized or decomposed under 
the present conditions. In the fluorimetric assay, 
the stability of KYNA that is produced provides 
an advantage over H2O2 or α-keto acids. Thus, the 
fluorescence originating from the produced KYNA can 
be used as a reliable indicator of DAAO activity.
 To compare the present data with data obtained by 
the conventional method, the homogenate sample was 
also reacted with D-alanine, followed by the addition 
of 2,4-DNPH, and the absorbance was measured at 445 
nm as previously described (21,22). Unfortunately, the 
conventional method failed to assess DAAO activity 
since the obtained absorbance value hardly differed 
from the blank value (data not shown). Thus, a more 
concentrated homogenate sample might be needed to 
determine DAAO activity by the conventional method. 
In contrast, the proposed method employs fluorescence 
detection, allowing brain DAAO activity to be 
determined in spite of a small amount of homogenate 

Figure 1. Calibration curve for standard KYNA.

Figure 2 . Effect of D-KYN concentrat ion on the 
fluorescence intensity of the produced KYNA.

Figure 3. Changes in the fluorescence intensity at 396 nm 
with an excitation wavelength of 346 nm as a function of 
time. A closed circle with a solid line and a closed square 
with a dotted line represent the fluorescence intensities of a 
sample with D-KYN in the presence or absence of brainstem 
homogenate, respectively. A closed triangle represents the 
fluorescence intensity of the sample without D-KYN in the 
presence of brainstem homogenate.

Figure 4. DAAO activity (fmol KYNA/min/μg protein) 
determined by the proposed method in rat cerebrum, 
cerebellum, and brainstem (n = 5).
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sample.

3.2. Inhibition of brain DAAO activity by specific 
inhibitors

To examine whether the enzymatic formation of 
KYNA from D-KYN was indeed caused by DAAO 
or other unknown enzymes, specific inhibitors for 
DAAO (12,16) were added to the reaction mixture. 
3-Methylpyrazole-5-carboxylic acid (MPC) (12) and 
4H-thieno [3,2-b] pyrrole-5-carboxylic acid (Compound 
8) (17) were chosen as specific inhibitors in the present 
study because both compounds are commercially 
available. Both MPC and Compound 8 (each 100 μM) 
could completely attenuate the DAAO activity (Figure 
6). It has been reported that the IC50 value of Compound 
8 is 114 nM (17), while that of MPC is 0.91 μM (12), 
indicating that Compound 8 is a more potent inhibitor 
of DAAO activity. However, the results from this 
study (Figure 6) indicated that both specific inhibitors 
(100 μM) appropriately inhibited the DAAO activity. 
In contrast, 3-methylpyrazole-4-carboxylic acid 
(3,4-MPC), a structural isomer of MPC, failed to inhibit 
the production of KYNA (Figure 6). In agreement with 

this finding, 3,4-MPC has previously been shown to 
hardly inhibit pk DAAO in an in vitro study (19). Taken 
together, these findings suggest that DAAO in the pellet 
fraction is responsible for the enzymatic production of 
KYNA from D-KYN.
 Recen t ly,  an  i n  v i vo  mic rod ia lys i s  s tudy 
demonstrated that D-KYN was metabolized to KYNA 
in rat striatum by kynurenine aminotransferase 
(KAT) based on evidence showing that addition of 
an inhibitor of KAT, AOAA, remarkably inhibited 
KYNA production from D-KYN (29). Considering this 
recent report, the effect of AOAA on the production 
of KYNA from D-KYN in our brain homogenates 
was investigated. As shown in Figure 7, however, no 
considerable decrease in the production of KYNA by 
D-KYN was observed in the present study with the 
addition of AOAA. Therefore, it seems unlikely that 
KAT contributed to the production of KYNA under 
the present experimental conditions. The reason for 
this discrepancy is unknown, but it may stem from 
differences between the in vivo state examined in the 
first study and the homogenates examined here, which 
are not at physiological pH, but at a weakly basic pH in 
Tris buffer (pH 8.3).

3.3. mRNA expression

In addition to DAAO activity, DAAO mRNA expression 
was also investigated by real-time quantitative PCR. 
Table 1 shows DAAO activity and mRNA expression 
in the cerebrum, brainstem, and cerebellum of SD rats. 
The present data revealed a similar tendency to those 
reported previously (30,31), namely, the highest DAAO 
mRNA expression was found in the cerebellum, while 
slight expression was observed in the cerebrum. DAAO 
mRNA expression plotted against DAAO activity, as 
shown in Figure 8, reveals a linear relationship between 
DAAO mRNA and DAAO activity (r = 0.9982), 
indicating that the DAAO activity shown by the present 
assay might be reflected in DAAO expression in rat 
brain.  
 In summary, DAAO activity in the cerebrum, 

Figure 6. Relative fluorescence intensity of the produced 
KYNA after the enzymatic reaction of D-KYN with rat 
brainstem homogenates in the presence or absence of 
inhibitors, 3,4-MPC, MPC, and Compound 8 (each 100 
μM; n = 3).

Figure 7. Fluorescence intensity at 396 nm with an 
excitation wavelength of 346 nm after the enzymatic 
reaction of D-KYN with rat cerebrum (circle), cerebellum 
(square), and brainstem (triangle) in the presence of 
several concentrations of an aminotransferase inhibitor, 
AOAA (n = 3).

245

Figure 5. Relative fluorescence intensity of added KYNA 
in rat cerebrum, cerebellum, and brain stem after the 
enzymatic reaction of the pellet fraction (n = 3). The 
fluorescence intensity of the added KYNA in Tris buffer (pH 
8.3) was designated as 100%.
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cerebellum, and brainstem of rats can be measured by 
an easy fluorimetric assay using D-KYN as a substrate. 
The produced KYNA was stable in the homogenate 
under the current experimental conditions. Recently, 
Wong et al. reported a microplate fluorescence assay 
for KAT I using fluorescence originating from KYNA 
(32). Since the fluorimetric assay proposed here also 
uses the fluorescence of KYNA, a rapid microplate 
version of this assay will be performed with a plate 
reader in the future.
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1. Introduction

Argonaute family proteins, classified into AGO and 
PIWI subfamily proteins by amino acid sequence 
homology, play an important role in small RNA-
mediated regulation of target gene expression. AGO 
subfamily proteins are ubiquitously expressed, whereas 

PIWI subfamily proteins are expressed mainly in germ 
cells (1). AGO subfamily proteins bind to microRNA 
(miRNA) or small interfering RNA of approximately 
22 nucleotides in length, and function predominantly 
in post-transcriptional repression of target RNAs, via 
cleavage, translational repression and degradation 
mediated by the associated small RNA (2-4). On the 
other hand, PIWI subfamily proteins bind to PIWI-
interacting RNAs (piRNAs) of approximately 25-31 
nucleotides in length, but their functions have not been 
elucidated in detail (5-9).
 There are three murine PIWI subfamily proteins, 
MIWI, MILI, and MIWI2. Each protein shows different 

Summary MIWI is one of the PIWI subfamily of proteins mainly expressed in mouse germ cells, and 
associates with pachytene piRNAs. MIWI has been thought to play an essential role in 
spermatogenesis and spermiogenesis via biogenesis and/or stability of pachytene piRNAs, 
retrotransposon silencing, and post-transcriptional regulation of target mRNAs. However, 
MIWI's detailed role and function are not well understood. In this study, we produced an 
anti-MIWI mouse monoclonal antibody and identified MIWI-associated poly(A) RNAs 
by immunoprecipitation from adult mouse testes lysates. Approximately 70% of the 
MIWI-associated poly(A) RNAs were known mRNAs and 30% of them were unknown 
non-coding RNAs. These poly(A) RNAs contained piRNA-encoding RNAs transcribed 
from piRNA cluster regions and piRNA-encoding mRNA, such as Aym1 mRNA. Mature 
piRNAs specifically encoded in these piRNA-encoding RNAs were generated in pachytene 
spermatocytes and not detected in Miwi-deficient (Miwi-/-) testes. Moreover, MIWI 
associated with a large number of known mRNAs whose expression levels were increased 
in pachytene spermatocytes, and the expression of these mRNAs was decreased in Miwi-/- 
testes at 20 days postpartum when pachytene spermatocytes were most abundant. These 
results strongly suggest that MIWI is involved in pachytene piRNA biogenesis and the 
positive regulation of target mRNA metabolism in pachytene spermatocytes via association 
with pachytene piRNA precursors and target mRNAs.

Keywords: MIWI, PIWI, piRNA, pachytene, spermatogenesis
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expression patterns during spermatogenesis. MIWI 
is expressed from meiotic pachytene spermatocytes 
to elongating spermatids,  and Miwi-deficient 
(Miwi-/-) mice display spermatogenic arrest at the 
round spermatid stage (10). MILI is expressed from 
primordial germ cells to round spermatids and MIWI2 
is expressed in gonocytes (11-14). Mili-/- or Miwi2-/- 

mice display spermatogenic arrest between the early 
and mid- pachytene stage of meiosis (11,12,14). Thus, 
these three PIWI subfamily proteins are thought to play 
essential roles in spermatogenesis at different stages.
 M I L I  a n d  M I W I 2  h a v e  b e e n  r e p o r t e d  t o 
associate with fetal piRNAs derived from repetitive 
retrotransposon genes in fetal gonocytes and to play 
an important role in gene silencing of retrotransposons 
via DNA methylation (12,13,15,16). Fetal piRNAs 
are generated from retrotransposon transcripts via 
the primary processing pathway and the secondary 
ping-pong amplification cycle pathway, and MILI 
and MIWI2 are directly involved in these pathways 
(13). In addition to MILI and MIWI2, other proteins, 
such as the TDRD family, MVH, GASZ, SUN1, and 
MOV10L1, are required for biogenesis of piRNAs 
and gene silencing of retrotransposons (17-26). These 
findings have begun to reveal the mechanisms of 
retrotransposon gene silencing mediated by MILI and 
MIWI2 in the primordial testis.
 MIWI associates with pachytene piRNAs derived 
from various genomic regions that are unrelated 
to retrotransposons (6,8). The function of MIWI is 
therefore not thought to be limited to gene silencing 
of retrotransposons, although most recently MIWI has 
been reported to function in LINE1 retrotransposon 
silencing via  i ts  slicer activity (27) .  MIWI is 
concentrated in the chromatoid bodies, a germ cell-
specific cytoplasmic structure that appears in the stages 
from pachytene spermatocytes to round spermatids. 
These chromatoid bodies contain RNA-processing 
proteins, such as Dicer, AGO2, and GW182. Therefore, 
MIWI is predicted to function in post-transcriptional 
control of target mRNAs (28). Certain mRNAs 
associated with MIWI are severely down-regulated in 
Miwi-/- mutants, suggesting that MIWI is required for 
target mRNA stability (10). As MIWI associates with 
mRNAs and piRNAs in the polysome fraction, MIWI 
is also thought to function in translational control of 
mRNAs (29). The detailed function of MIWI in post-
transcriptional control of target mRNAs is unclear. In 
addition, MIWI has been reported to be required for the 
biogenesis and/or stability of pachytene piRNAs based 
on the result that pachytene piRNAs are not detected in 
Miwi-/- mutants (7). However, the function of MIWI in 
pachytene piRNA biogenesis is also still unknown.
 AGO2, one of the AGO subfamily members, is a 
component of the chromatoid body similar to MIWI 
and plays an important role in post-transcriptional 
regulation of target mRNA mediated by miRNA. 

However, since spermatogenesis is not arrested in 
conditional Ago2-/- testes, AGO2 is not thought to be 
essential for spermatogenesis (30).
 In this study, we analyzed poly(A) RNA present 
in MIWI complexes obtained by immunoprecipitation 
of adult mouse testes lysates, and compared them to 
poly(A) RNAs present in AGO2 complexes to reveal 
the function of MIWI. Our results suggest that MIWI 
may play an important role in pachytene piRNA 
biogenesis and the positive regulation of target mRNAs 
in pachytene spermatocytes.

2. Materials and Methods

2.1. Ethics Statement

Animal experiments were approved by the Institutional 
Animal Care and Use Committee of Wako Pure 
Chemical Industries Ltd. (approval ID: 19-5, 20-4, and 
20-12).

2.2. Production of monoclonal antibodies

To produce anti-HIWI/MIWI and anti-mouse AGO2 
monoclonal antibodies, a HIWI N-terminal region 
peptide TGRARARARGRARGQETAQ-bovine 
thyroglobulin (BTG) conjugate and a mouse AGO2 
N-terminal region peptide YSGAGPVLASPAPTTSPIP-
BTG conjugate were respectively injected into BALB/c 
mice. The B lymphocytes derived from the immunized 
mice were fused with P3U1 myeloma cells (ATCC). 
The resulting hybridomas were screened by enzyme-
linked immunosorbent assays and immunoprecipitation 
assays using lysates of HEK293T cells (ATCC) that 
expressed FLAG-tagged HIWI or FLAG-tagged mouse 
AGO2, and an anti-HIWI/MIWI monoclonal antibody 
(2C12) and anti-mouse AGO2 monoclonal antibody 
(3E7) were established. The 2C12 hybridoma and the 
3E7 hybridoma were injected into the abdominal cavity 
of adult mice and the ascites fluid was collected. Each 
monoclonal antibody was purified from the ascites fluid 
by affinity purification using Protein A Sepharose (GE 
Healthcare, Milwaukee, WI, USA).

2.3. Immunoprecipitation and RNA purification

Adult mouse testes (approximately 50 mg) were 
homogenized in 1 mL of cell lysis buffer (20 mM Tris-
HCl, pH 7.4, 2.5 mM MgCl2, 200 mM NaCl, 0.05% 
NP40), and the cell lysate was cleared by centrifugation 
at 20,000 × g for 20 min at 4°C. After filtration of the 
cell lysate using a 0.45 μm filter, 20 μL of Protein 
G-coupled beads (Life Technologies) bound with 5 μg 
of 2C12, 3E7, or non-specific mouse IgG was added 
to the cell lysate and mixed by rotation for 3 h at 4°C. 
The beads were washed three times with 1 mL of cell 
lysis buffer, and the immunoprecipitated protein-RNA 
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2.6. Mass spectrometric analysis

The protein bands stained with the Silver Stain MS 
Kit (Wako, Osaka, Japan) were excised and destained 
with De-staining Soln reagent in the Silver Stain 
MS Kit. The destained gel bands were rinsed in 
50% acetonitrile/100 mM ammonium bicarbonate, 
dehydrated with acetonitrile and dried in a SpeedVac 
Concentrator (Thermo Electron). For in-gel protein 
digestion, Trypsin Gold, Mass Spectrometry Grade 
(Promega, Madison, WI, USA), was applied to each 
gel piece, followed by incubation in 50 μL of 10% 
acetonitrile/40 mM ammonium bicarbonate, overnight 
at 37°C. The extracted tryptic peptide solutions were 
dried and dissolved in 10 μL of 0.1% trifluoroacetic 
acid. The peptide solution was analyzed with a nano 
liquid chromatography (LC, UltiMate 3000, Dionex)-
electrospray ionization-ion trap-mass spectrometer 
(ESI-IT-MS, HCTultra, Bruker Daltonics) or a matrix-
assisted laser desorption/ionization time-of-flight mass 
spectrometer (MALDI-TOF-MS, AXIMA-CFR Plus, 
Shimadzu/Kratos Analytical). The data were entered into 
the Peptide Mass Fingerprint or the MS/MS Ion Search 
in the Mascot Search (Matrix Science) for a NCBInr 
protein database search to characterize the protein.

2.7. Microarray analysis

Total RNA (0.1 μg) and immunopurified RNA (0.1 
μg) were amplified and labeled using an Amino 
Allyl MessageAmp™ II aRNA Amplification Kit 
(Life Technologies) according to the manufacturer's 
instructions. The aRNA derived from the total RNA 
and the immunopurified RNA were labeled with Cy3 
and Cy5, respectively. Each labeled aRNA (1 μg) was 
hybridized to a 3D-Gene® Mouse Oligo chip 25k (Toray 
Industries Inc.) at 37°C for 16 h and the DNA chip 
was washed and dried according to the manufacturer's 
protocols. The fluorescence intensities of each probe 
were detected using a ScanArray scanner (PerkinElmer). 
The tiff image was analyzed using GenePix Pro® 6.0 
(MDS Analytical Technologies). The data were filtered 
to remove low-confidence measurements, and were 
normalized by subtraction with the mean intensity of the 
background signal determined by the 95% confidence 
intervals of all the blank spots' signal intensities. The 
raw data intensities greater than two standard deviations 
from the background signal intensity were considered 
valid. Detected signals for each gene were normalized 
using the global normalization method according to 
the manufacturer's instructions. The data are MIAME 
compliant and the raw data have been deposited into 
the GEO database (Accession number: GSE27582). 
The pathway analysis of mRNAs that were enriched in 
the MIWI-IP products and the AGO2-IP products was 
performed using GenMAPP pathway profiler (http://
www.genmapp.org/).

complex was eluted with 0.5% SDS. RNA contained in 
the eluted immunoprecipitated complex was extracted 
with phenol/chloroform, and precipitated with ethanol 
and Ethachinmate (Nippon Gene). The RNA sample 
was resuspended in nuclease-free water.
 Total RNA was extracted from mouse testes 
samples with ISOGEN (Nippon Gene) according to the 
manufacturer's instructions. The extracted RNA was 
treated with Turbo DNase (Life Technologies) for 30 
min at 37°C. After an additional phenol/chloroform 
extraction, the RNA was precipitated with ethanol and 
Ethachinmate, and was resuspended in nuclease-free 
water.

2.4. cDNA synthesis and cloning

The RNA purified from each immunoprecipitated 
product derived from approximately 50 mg of adult 
mouse testes was used as a template for cDNA 
synthesis. cDNA synthesis and PCR amplification 
were performed using a Target mRNA Cloning Kit 
(Wako, Osaka, Japan) according to the manufacturer's 
instructions and reference (31). PCR-amplified cDNA 
fragments were subcloned into the pGEM-T easy 
vector (Promega), and sequenced using a BigDye 
Terminator Cycle Sequencing Kit (Life Technologies). 
The sequence of these cDNA clones was analyzed by 
BLAST searches of DDBJ (http://blast.ddbj.ac.jp/) and 
NCBI (http://blast.ncbi.nlm.nih.gov), BLAT searches 
of UCSC (http://genome.ucsc.edu/) and homology 
searches of piRNABank (http://pirnabank.ibab.ac.in/).

2.5. Gel electrophoresis and Western blotting

The immunoprecipitated protein derived from 
approximately 25 mg of adult mouse testes was 
applied to SDS-PAGE using a 7.5% polyacrylamide 
gel followed by staining with a silver staining kit 
(Wako, Osaka, Japan). Western blotting was performed 
using anti-mouse AGO2 mouse monoclonal antibody 
2D4 (1:1,000; Wako) as the primary antibody and 
horseradish peroxidase (HRP)-conjugated anti-mouse 
IgG rabbit polyclonal antibody (1:5,000; Dako) as the 
secondary antibody, or anti-MIWI rabbit polyclonal 
antibody MIWI-C (11) (1:1,000) as the primary 
antibody and HRP-conjugated anti-rabbit IgG goat 
polyclonal antibody (1:2,000; Dako) as the secondary 
antibody. The immunopurified RNA derived from 
approximately 25 mg of adult mouse testes was 
applied to gel electrophoresis in 0.5× Tris-borate-
EDTA (TBE) buffer using a 10% polyacrylamide 
TBE-urea gel followed by staining with Clear Stain 
Ag (Nippon Gene). The PCR-amplified product of 
the cDNA derived from the poly(A) RNA in each 
immunoprecipitation product was analyzed by capillary 
electrophoresis with a Bioanalyzer DNA 1000 kit and a 
Bioanalyzer 2100 system (Agilent Technologies).
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2.8. Quantitative PCR

The whole sample of immunopurified RNA derived 
from approximately 50 mg of adult mouse testes, and 
1 μg of total RNA derived from mouse testes samples 
were used as templates for reverse transcription, 
which was performed with a SuperScript VILO cDNA 
Synthesis Kit (Life Technologies) according to the 
manufacturer's instructions. Eight-fold and 40-fold 
diluted reverse transcription products derived from the 
immunopurified RNA and the total RNA, respectively, 
were used as a template for quantitative PCR, which was 
performed with gene-specific primer pairs and 2× Power 
SYBR Master Mix (Life Technologies) on an ABI 7500 
real-time PCR system (Life Technologies) according to 
the manufacturer's instructions. The sequences of the 
primers are described in Table S1.

2.9. Northern blotting

Six micrograms of total RNA purified from each 
testes sample were separated on a 12% denaturing 
polyacrylamide gel and blotted onto a nylon membrane 
(Biodyne plus; Pall Corporation). The blots were 
prehybridized in hybridization buffer (50% formamide, 
5× saline-sodium citrate (SSC), 2% blocking solution, 
0.1% N-lauroyl sarcosine, 0.1% SDS, 200 μg/mL yeast 
tRNA) for 1 h at 60°C. LNA-modified DNA probes 
labeled with digoxigenin at the 5' end were added to 
the hybridization buffer and incubated with the blots 
overnight at 60°C. The nucleotide sequences of the LNA 
probes were for piR-108116, 5'-TAGGCGACTAAGTG
TGTTGTGCAAAATGTA-3' and for U6 snRNA, 5'-A
TCGTTCCAATTTTAGTATATGTGCTGCCG-3'. The 
concentrations of the probe used for piR-108116 and U6 
snRNA were 0.1 nM and 0.05 nM, respectively. After 
hybridization, the blots were washed twice with 2× SSC 
containing 0.1% SDS and once with 1× SSC containing 
0.1% SDS at room temperature for 15 min each, and 
with 0.2× SSC containing 0.1% SDS and 0.1× SSC 
containing 0.1% SDS at 65°C for 30 min each. After a 
brief wash with maleic acid buffer (0.15 M NaCl, 0.1 
M maleic acid, pH 7.5), the blots were incubated in 
1% blocking reagent (Roche) in maleic acid buffer for 
30 min, washed twice in maleic acid buffer containing 
0.3% Tween 20, washed briefly in AP buffer (0.1 M 
NaCl, 0.1 M Tris-HCl, pH 9.5), incubated with CSPD-
star chemiluminescent substrate (Roche) and finally the 
luminescent signal was detected with an ImageQuant 
LAS4000 mini image analyzer (GE Healthcare).

3. Results

3.1. Isolation of MIWI complexes by immunoprecipitation

To isolate MIWI complexes by immunoprecipitation, 
we produced an anti-HIWI/MIWI monoclonal antibody 

(2C12). As an antigen, we used a HIWI N-terminal 
region peptide with high homology to MIWI and low 
homology to other PIWI subfamily proteins, and this 
region is outside of the PAZ domain that serves as 
binding site for small RNA (Figures S1A and S1B). 
To isolate AGO2 complexes to compare with MIWI 
complexes, we also produced an anti-mouse AGO2 
monoclonal antibody (3E7) in a similar manner using 
a mouse AGO2 N-terminal region peptide whose 
sequence showed low homology to other AGO 
subfamily proteins, and this region is also outside 
of the PAZ domain (Figures S2A and S2B). Using 
these antibodies, we performed immunoprecipitation 
experiments with adult mouse testes. Western blotting 
with anti-MIWI rabbit polyclonal antibody (MIWI-C) 
and anti-mouse AGO2 mouse monoclonal antibody 
(2D4) showed that 2C12 and 3E7 immunoprecipitated 
MIWI and AGO2, respectively (Figure 1A). Mass 
spectrometric analysis showed multiple protein bands 
except for the AGO2-band detected in anti-AGO2-
immunoprecipitated (AGO2-IP) products containing 
HSPA2 (heat shock protein 2) that is a family protein 
of heat shock protein 70 reported to associate with 
human AGO2 (32). However, the other co-precipitated 
proteins are unknown to associate with AGO2 (data 
not shown), and it is possible that these proteins were 
bound to 3E7 or AGO2 non-specifically. Two protein 
bands detected at around 90 to 100 kDa in anti-MIWI-
immunoprecipitated (MIWI-IP) products by silver 
staining (Figure 1A) were identified as TUBGCP2 
(tublin, gamma complex associated protein 2) (asterisk) 
and MIWI (double asterisks) by mass spectrometric 
analysis. Moreover, the other protein bands detected 
at around 70 kDa and 200 kDa in the MIWI-IP 
products were identified as HSPA2 and a hypothetical 
protein LOC230393, respectively (data not shown). 
Since the interaction of MIWI with TUBGCP2 was 
observed in transiently expressed HEK293T cells and 
in adult mouse testes (Figures S3A and S3B), MIWI 
is considered to specifically interact with TUBGCP2. 
When we substituted Empigen BB, a strong zwitterionic 
detergent, for immunoprecipitation in place of NP-40, 
silver staining detected a major protein band of MIWI 
and a minor protein band of HSPA2 considered as a 
chaperone protein, (Figure S4). These results showed 
that 2C12 specifically binds to MIWI.
 U s i n g  d e n a t u r i n g  p o l y a c r y l a m i d e  g e l 
e lec t rophores is ,  we de tec ted  smal l  RNAs of 
approximately 30 nucleotides in length in the MIWI-
IP products, which corresponded to piRNAs. In 
contrast, we detected small RNAs of approximately 22 
nucleotides in length, which corresponded to miRNAs, 
in AGO2-IP products (Figure 1B). We cloned the small 
RNAs in the MIWI-IP products and characterized 93 
clones in detail. Twenty-five percent of these small 
RNAs showed no homology to known piRNAs but 
matched perfectly to genomic sequences while 72% 



www.biosciencetrends.com

BioScience Trends. 2012; 6(5):248-261.252

showed substantial homology to known piRNAs (Figure 
S5A). The average length of the 93 clones was 30.1 
± 1.4 nucleotides, which corresponds to pachytene 
piRNAs (6,7), and only approximately 10% of these 
clones showed substantial homology to retrotransposon 
sequences in contrast to the fetal piRNAs and pre-
pachytene piRNAs that include many sequences 
derived from retrotransposons (12,13,15,16). In the 
primary processing pathway of piRNA biogenesis, 
single-stranded piRNA precursor transcripts generate a 
diverse set of piRNA sequences that share a preference 
for uridine at the 5' end (1st U) (5,6). On the other 
hand, secondary piRNAs generated by the ping-
pong amplification cycle have a strong preference 
for adenine at position 10 (10th A) (13,33,34). In 
this study approximately 80% of the 93 clones had 
a 1st U (Figure S5B), indicating that these clones 
encode piRNAs generated by the primary processing 
pathway. These results suggest that MIWI-associated 

small RNAs isolated from mouse adult testes by 
immunoprecipitation with 2C12 are pachytene piRNAs.
 
3.2. Isolation of poly(A) RNAs contained in the MIWI-
IP products

We previously established a cDNA cloning method 
utilizing an adaptor ligation to identify poly(A) RNA 
in immunoprecipitated products, and succeeded in 
identifying target mRNA candidates of miRNAs in 
the AGO2-IP products of HeLa cells and HepG2 cells 
(31). In order to examine whether poly(A) RNAs are 
contained in the MIWI-IP and AGO2-IP products of 
adult mouse testes, we performed cDNA cloning of 
poly(A) RNAs in both products using the same method. 
We detected PCR amplification products in both IPs but 
did not detect any amplification from the control non-
specific mouse IgG-immunoprecipitated (mouse IgG-
IP) products (Figure 2A). Therefore, poly(A) RNAs 

Figure 1. Isolation of the MIWI complex by immunoprecipitation. (A) Silver staining and Western blotting of 
immunoprecipitated (IP) proteins. The proteins immunoprecipitated from adult mouse testes using an anti-mouse AGO2 
monoclonal antibody (3E7) or an anti-MIWI monoclonal antibody (2C12) were analyzed by SDS-polyacrylamide gel 
electrophoresis followed by silver staining (left panel), and Western blotting using an anti-mouse AGO2 mouse monoclonal 
antibody (2D4) (central panel) and an anti-MIWI rabbit polyclonal antibody (MIWI-C) (right panel). Immunoprecipitation with 
non-specific mouse IgG was performed as a negative control. Two silver stained protein bands of nearly 100 kDa in anti-MIWI-
immunoprecipitated (MIWI-IP) products (left panel) were identified as TUBGCP2 (tublin, gamma complex associated protein 2) 
(asterisk) and MIWI (double asterisks) by mass spectrometric analysis. Silver stained protein bands of approximately 50 kDa (left 
panel) corresponded to the heavy chain (h.c.) of mouse IgG, which was detected by Western blotting using a HRP-conjugated 
anti-mouse IgG rabbit polyclonal antibody as the secondary antibody (central panel), but was not detected by Western blotting 
using a HRP-conjugated anti-rabbit IgG goat polyclonal antibody as the secondary antibody (right panel). (B) Silver staining 
of immunoprecipitated small RNAs. The small RNAs immunoprecipitated from adult mouse testes using 3E7 and 2C12 were 
analyzed by denaturing polyacrylamide gel electrophoresis followed by silver staining. Immunoprecipitation with non-specific 
mouse IgG was performed as a negative control. M.W., molecular weight.
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were present in the MIWI-IP products as well as in the 
AGO2-IP products. We analyzed the sequence of 280 
cDNA clones obtained from the MIWI-IP products 
and the 278 cDNA clones obtained from the AGO2-
IP products. In both sets of IP products, approximately 

70% of cDNA clones showed substantial homology 
to known mRNAs and the remainder showed no 
homology to known mRNAs, but matched perfectly 
to the genomic sequence (Figure 2B). These results 
indicated that mRNAs and non-coding poly(A) RNAs 
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Figure 2. cDNA cloning of poly(A) RNAs contained in the MIWI-IP products. (A) Electropherograms of PCR-amplified 
cDNA products derived from IP poly(A) RNAs. The PCR products of cDNA derived from poly(A) RNAs that were 
immunoprecipitated from adult mouse testes with 3E7 and 2C12 were analyzed by capillary electrophoresis. The peaks at 15 bp 
and 1,500 bp correspond to the lower and upper markers, respectively. Immunoprecipitation with non-specific mouse IgG was 
performed as a negative control. (B) Composition of 278 cDNA clones derived from AGO2-IP poly(A) RNAs and 280 cDNA 
clones derived from MIWI-IP poly(A) RNAs. All cDNA clones were categorized as clones that matched mRNAs ("mRNA") or 
clones that showed no homology to known mRNAs but matched perfectly to the genomic sequence ("genome"). (C) Proportion 
of piRNA-encoding clones among the "genome" clones derived from AGO2-IP poly(A) RNAs and MIWI-IP poly(A) RNAs. 
(D) Enrichment levels of piRNA-encoding RNAs in the MIWI-IP products. The RNA levels of three piRNA-encoding RNAs 
(clone Nos. 4, 5 and 6) and Actb mRNA in mouse IgG-IP RNA and MIWI-IP RNA isolated from adult testes were analyzed by 
quantitative PCR and normalized to those of Gapdh. The normalized levels in MIWI-IP RNA were compared with those in mouse 
IgG-IP RNA.
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are included in the MIWI complex as well as in the 
AGO2 complex.

3.3. MIWI associates with piRNA-encoding RNAs 

We then focused on the cDNA clones that showed no 
homology to known mRNAs but matched perfectly 
to the genomic sequence. Since pachytene piRNAs 
associated with MIWI are exclusively produced by 
the primary processing pathway, we assumed that 
the piRNA precursor transcripts would be present in 
the MIWI-IP products and investigated by homology 
searching of databases whether the unknown non-
coding clones represented piRNA-encoding sequences. 
We found that approximately 15% of the unknown 
non-coding clones derived from the MIWI-IP products 
represented piRNA-encoding sequences, whereas only 
approximately 2% of those derived from the AGO2-IP 
products did (Figure 2C). There were eight clones that 
encoded a single piRNA and four clones that encoded 
multiple piRNAs (Table 1). Clone Nos. 4 and 6 matched 
to the genomic sequence of the same piRNA cluster 
region on chromosome 7, and clone No. 5 matched 
to another piRNA cluster region on chromosome 
7. We considered that these three piRNA-encoding 
clones might encode piRNA precursors transcribed 
from a piRNA cluster. These three piRNA-encoding 
RNAs were highly enriched in the MIWI-IP products 
compared to housekeeping Actb mRNA (Figure 
2D). We cloned the 5' terminal region of clone No. 5 
using rapid amplification of cDNA ends (RACE) and 
identified a 322 bp 5' terminal region. We identified 72 
piRNA species within the 540 bp length of clone No. 5 
and the 5' terminal nucleotide of 92% of the 72 piRNAs 
was uridine (data not shown). These results suggest that 
clone No. 5 is a pachytene piRNA precursor transcribed 
from the piRNA cluster region or an intermediate of a 
piRNA precursor generated by additional processing.

3.4. A piRNA-encoding RNA associated with MIWI is a 
pachytene piRNA precursor

We investigated the expression pattern of three piRNA-

encoding RNAs (clone Nos. 4, 5 and 6) derived from 
chromosome 7 during spermatogenesis. In the mouse 
testis, pachytene spermatocytes are first found at 14 
days postpartum (dpp) and the percentage of pachytene 
spermatocytes is highest at 18-20 dpp (35). The 
expression level of these three piRNA-encoding RNAs 
in mouse testes at 12-24 dpp was compared with the 
levels of Miwi and three known pachytene markers 
(Ccna1 (36), Dmrtc2 (37) and Ovol1 (38)), and Actb 
mRNAs. The expression levels of the piRNA-encoding 
RNAs tended to increase from 12-20 dpp, similarly 
to those of Miwi and the pachytene marker mRNAs, 
whereas that of Actb mRNA were constant (Figure 3A). 
Furthermore, Northern blotting analysis showed that 
one of the piRNAs specifically encoded in clone No. 
5, piR-108166, also increased from 12-20 dpp (Figure 
3B). These results indicate that piRNA-encoding RNAs 
enriched in the MIWI-IP products are pachytene piRNA 
precursors or intermediates of such.
 To clarify whether MIWI participates in piR-108166 
biogenesis, we compared the RNA levels of the piRNA-
encoding clone No. 5 and piR-108166 in Miwi+/- and 
Miwi-/- testes at 24 dpp. The RNA level of piR-108166 
was undetectable in Miwi-/- testes (Figure 3C). In 
contrast, the RNA level of clone No. 5 did not show 
such a reduction in Miwi-/- testes (Figure 3D). These 
results suggest that MIWI is essential for biogenesis 
of pachytene piRNA and is involved in processing of 
precursor RNA.

3.5. MIWI associates with mRNAs whose expression 
levels are increased in pachytene spermatocytes

Next, we analyzed the protein-encoding mRNAs 
present in the AGO2-IP products and the MIWI-IP 
products comprehensively, by microarray analysis. 
We identified mRNAs enriched in the IP products by 
examining the ratio of the signal intensity in AGO2-IP 
RNA or MIWI-IP RNA to total RNA signal intensity. 
Based on an IP RNA/total RNA signal ratio ≥ 2.0, we 
selected 1,644 and 1,739 mRNAs that were enriched in 
the AGO2-IP and MIWI-IP products respectively, for 
further analysis (Figure 4A). Many different mRNAs 
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Table 1. piRNA-encoding clones in the "genome" (non-mRNA-matching) clones derived from the MIWI-IP products

Clone No.

1
2
3
4
5
6
7
8
9
10
11
12

cDNA length
 
   158 base
   334 base
   189 base
   183 base
   218 base
   378 base
   273 base
   273 base
   480 base
   271 base
   394 base
     61 base

Chromosome (strand)
 
          ch.1 (+)
          ch.2 (+) 
          ch.6 (+) 
          ch.7 (–)
          ch.7 (+)
          ch.7 (+)
          ch.8 (–)
          ch.8 (–)
          ch.9 (–)
          ch.10 (–)
          ch.14 (–)
          ch.15 (–)

Number of encoded piRNA

                    1
                    1
                    2
                    4
                  23
                    1
                    1
                    1
                    1
                    1
                    1
                    3

piRNA cluster region
 
          Not hit
          Not hit
          Not hit
          Hit
          Hit
          Hit
          Not hit
          Not hit
          Not hit
          Not hit
          Not hit
          Not hit
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were enriched in each group (Figure 4B). We selected 
the top ten mRNAs that were highly and specifically 
enriched in the AGO2-IP products (AGO2-IP/total 
RNA signal ratio ≥ 2.0 and MIWI-IP/total RNA signal 
ratio < 1.5) and MIWI-IP products (MIWI-IP/total 
RNA signal ratio ≥ 2.0 and AGO2-IP/total RNA signal 
ratio < 1.5), and investigated the expression level of 
these mRNAs in mouse testes at 12-24 dpp. We found 

that the mRNAs highly and specifically enriched in 
the MIWI-IP products were present at a higher level at 
20 dpp compared to at 12 dpp (Table 2). However, the 
mRNAs highly and specifically enriched in the AGO2-
IP products remained at nearly the same level. This 
result indicates that MIWI specifically associates with 
many mRNAs whose expression levels are increased in 
pachytene spermatocytes.
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Figure 3. Expression analysis of piRNA-encoding RNAs contained in the MIWI-IP products. (A) Expression pattern of 
several piRNA-encoding RNAs contained in the MIWI-IP products during spermatogenesis. The expression levels of three 
piRNA-encoding RNAs (clone Nos. 4, 5 and 6) derived from chromosome 7, Miwi mRNA, three known pachytene marker 
mRNAs (Ccna1, Dmrtc2, Ovol1), and Actb mRNA in mouse testes at 12 to 24 days postpartum (dpp) were analyzed by 
quantitative PCR and normalized to those of Gapdh. The normalized levels were compared with those at 12 dpp. (B) Expression 
levels analyzed by Northern blotting of piR-108116, which was specifically encoded in piRNA-encoding RNA clone no. 5 during 
spermatogenesis in mouse testes at 12 to 24 dpp. (C) Comparison of RNA level of piR-108116 in Miwi+/- and Miwi-/- testes at 
24 dpp by Northern blotting. (D) Comparison of the RNA levels of the piRNA-encoding RNA clone No. 5 in Miwi+/- and Miwi-/-

testes at 24 dpp. The expression level of the piRNA-encoding RNA clone no. 5 was analyzed by quantitative PCR and normalized 
to that of Gapdh. The normalized level in Miwi-/- testes was compared to that in Miwi+/- testes.
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 Interestingly, we found that Aym1 mRNA, encoding 
not only a protein but also several piRNAs, was 
included among the mRNAs highly and specifically 
enriched in the MIWI-IP products (Figure S6). One 
of the piRNAs specifically encoded in Aym1 mRNA, 

piR-18928, was generated in the testes and its 
expression level increased from 12-20 dpp, similarly 
to Aym1 mRNA (Figures S7A and S7B). AYM1 
protein has been reported to be expressed in pachytene 
spermatocytes (39). In pachytene spermatocytes, the 
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Figure 4. Microarray analysis of mRNAs contained in the MIWI complex. (A) Scatter plot of signal intensity (log10) between 
AGO2-IP RNA and total RNA (left) and between MIWI-IP RNA and total RNA (right). Total RNA, AGO2-IP RNA and MIWI-
IP RNA were isolated from adult testes. Total RNA labeled with Cy3 and AGO2-IP RNA or MIWI-IP RNA labeled with Cy5 
were hybridized onto a 3D-Gene® Mouse Oligo chip 25k. The signals for which the IP RNA/total RNA signal ratio was ≥ 2.0 are 
shown in red, and those for signal ratio < 2.0 are shown in blue. (B) Heat map of the ratio of signal intensities of AGO2-IP RNA 
to total RNA and MIWI-IP RNA to total RNA. We selected 1644 (left) and 1739 (right) mRNAs as enriched mRNA in the AGO2-
IP products and the MIWI-IP products, respectively, based on the signal ratio of the IP RNA to total RNA ≥ 2.0, and compared 
the ratio (log2) of signal intensities of AGO2-IP RNA to total RNA and MIWI-IP RNA to total RNA.
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Aym1 mRNA appears to generate both the AYM1 
protein and the piRNA. Furthermore, piR-18928 was 
undetectable in Miwi-/- testes, whereas Aym1 mRNA 
did not show such a reduction in Miwi-/- testes (Figures 
S7C and S7D). These results suggest that MIWI is also 
involved in pachytene piRNA biogenesis from mRNA-
type piRNA precursor.
 In addition, mRNAs encoding electron transport 

chain, ribosomal and mitochondrial ribosomal proteins 
were present specifically in the MIWI-IP products 
(Table 3). This result indicates that MIWI associates 
with many mRNAs encoding mitochondrial proteins. 
Since the expression levels of these mRNAs at 20 
dpp were higher than that at 12 dpp (Table S2), the 
expression level of these mRNAs also tends to increase 
in pachytene spermatocytes. 
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Table 2. Expression analysis of mRNAs highly and specifically enriched in the MIWI-IP products during spermatogenesis

Category

AGO2-IP

MIWI-IP

Gene symbol 

Gca
Rgs2
Cmpk
Btg3
Reep1
Cdc42se2
8430410K20Rik
Myadm
Rnf11
Mex3c
Mean

Dynlrb2
Aym1
Mrps18c
Chchd1
Bcmo1
H2-DMb2
Ddt
Wfdc15
Rpp21
Cdk5rap1
Mean

AGO2-IP/Total

       26.8
       21.7
       20.1
       17.7
       15.7
       14.9
       14.2
       13.1
       12.3
       12.3
       16.9

         1.2
         0.4
         1.1
         1.3
         0.5
         1.3
         0.9
         1.4
         1.2
         0.9
         1.0

MIWI-IP/Total

         0.1
         0.2
         0.5
         0.2
         0.2
         0.2
         0.3
         0.8
         0.3
         1.1
         0.4

       22.5
       19.6
       18.8
       17.6
       16.4
       15.8
       15.5
       14.7
       11.8
       11.3
       16.4

Relative mRNA level (20 dpp/12 dpp)

                           0.2
                           0.6
                           1.1
                           1.2
                           1.2
                           1.0
                           1.3
                           0.8
                           1.1
                           1.1
                           1.0

                         61.9
                         39.8
                           3.1
                           3.8
                         13.3
                           1.9
                           9.1
                         14.8
                           8.9
                           2.5
                         15.9

Microarray signal ratio

The expression levels of the top ten mRNAs each, highly and specifically enriched in the AGO2-IP and MIWI-IP products, were analyzed by 
quantitative PCR in mouse testes at 12 and 20 dpp, and normalized to those of Gapdh. The normalized levels at 20 dpp were compared with those 
at 12 dpp. dpp, days postpartum.

Table 3. Pathway analysis of mRNAs enriched in the MIWI-IP products 

Category

AGO2-IP

MIWI-IP

MAPP name

mRNA_processing_binding_Reactome
Methionine_metabolism
Circadian_Exercise
Electron_Transport_Chain
2_4_Dichlorobenzoate_degradation
RNA_transcription_Reactome

Electron_Transport_Chain
Ribosomal_Proteins
mRNA_processing_binding_Reactome
RNA_transcription_Reactome
Hedgehog_Netpath_10
Small_ligand_GPCRs
Biotin_metabolism

1,644 and 1,739 mRNAs were selected as enriched mRNA in the AGO2-IP and MIWI-IP products, respectively, based on the signal ratio of the 
IP RNA to total RNA ≥ 2.0 by microarray expression analysis. These mRNAs were applied to the GenMAPP pathway profiler. The pathways for 
which the Z score was above 2.0 are listed in the table. From the left-hand side the columns indicate: category; the name of the pathway (MAPP 
name); the number of mRNAs for which the IP RNA/total RNA signal ratio was ≥ 2.0 (# changed); the number of mRNAs used for the analysis (# 
measured); the number of mRNAs in the pathway (# on MAPP); the percentage of the number changed per the number measured (% changed); 
the percentage of the number measured per the number on MAPP (% present); and the Z-score.

# measured

       378
           6
         42
         63
           4
         38

         63
         49
       378
         38
         21
         19
           5

# on MAPP

       551
         26
         49
         83
         32
         41

         83
         80
       551
         41
         21
         19
         13

% changed

19
50
26
22
50
24

51
35
16
26
29
26
40

% present

      69
      23
      86
      76
      13
      93

      76
      61
      69
      93
    100
    100
      38

Z score

    4.0
    2.8
    2.7
    2.3
    2.3
    2.1

  10.2
    5.4
    3.1
    3.1
    2.6
    2.2
    2.1
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3.6. Expression of mRNAs enriched in the MIWI-IP 
products is decreased in Miwi-deficient testes

We compared the expression levels of the top ten 
mRNAs that were highly and specifically enriched in 
the AGO2-IP and MIWI-IP products in Miwi+/- and 
Miwi-/- mice testes at 20, 22, and 24 dpp. mRNAs 
enriched in the MIWI-IP products were decreased by 
20-30% in 20 dpp Miwi-/- testes, although these mRNAs 
did not show a significant reduction in RNA levels at 
22 or 24 dpp (Table 4). In contrast, mRNAs enriched in 
the AGO2-IP products did not show such a reduction 
in Miwi-/- testes. We also performed a similar analysis 
of mRNAs encoding electron transport chain and 
ribosomal proteins enriched in MIWI-IP products, and 
these mRNA levels were decreased by approximately 
20% in 20 dpp Miwi-/- testes (Table S3). These results 
indicated that at 20 dpp, Miwi-/- testes have reduced 
MIWI-associated mRNAs, specifically when pachytene 
spermatocytes are most abundant. We also compared 
the RNA and protein levels of two mRNAs highly 
enriched in the MIWI-IP products, Ssna1 and Nasp, 
in Miwi+/- and Miwi-/- testes at 20, 22 and 24 dpp. The 
protein abundance ratio of these mRNAs in Miwi+/- and 
Miwi-/- testes correlated approximately with the RNA 
abundance ratio (Figure S8). These results suggest that 
MIWI is involved in stabilization of target mRNAs 
rather than translational regulation in pachytene 
spermatocytes.

4. Discussion

Since Miwi-/- mice display spermatogenic arrest at 
the round spermatid stage, MIWI has been thought 
to play an essential role in spermiogenesis (10). 
Recently, analysis of Miwi-/-/Miwi-/- double knockout 
mice revealed that PIWI proteins including MIWI 
are required for spermatogenesis (40). However, 
the function of MIWI in spermatogenesis and 
spermiogenesis is not well understood. In this study, 
we investigated MIWI-associated poly(A) RNAs, and 
revealed that MIWI may play an important role in 
piRNA biogenesis and target mRNA metabolism in 
pachytene spermatocytes before spermiogenesis. 

4.1. MIWI may be directly involved in pachytene piRNA 
biogenesis

The biogenesis of piRNAs is independent of Dicer in 
flies and zebrafish, and thus it is thought that piRNAs 
are generated from single-stranded RNA precursors 
(41,42). In mice, long precursor RNAs of piRNA-like 
RNAs, moderately long precursor RNAs of piRNAs 
and mRNA-type piRNA precursors were identified 
(43-46). However, it is still unclear whether MIWI is 
involved in processing of these precursor RNAs. In 
this study, we show that MIWI associates with non-
coding type piRNA precursors, such as clone No. 5, and 
mRNA-type piRNA precursor, such as Aym1 mRNA 

Table 4. Expression analysis of mRNAs highly and specifically enriched in the MIWI-IP products in Miwi-deficient testes

Category

AGO2-IP

MIWI-IP

Gene symbol 

Gca
Rgs2
Cmpk
Btg3
Reep1
Cdc42se2
8430410K20Rik
Myadm
Rnf11
Mex3c
Mean

Dynlrb2
Aym1
Mrps18c
Chchd1
Bcmo1
H2-DMb2
Ddt
Wfdc15
Rpp21
Cdk5rap1
Mean

Relative mRNA level (Miwi-/-/Miwi+/-)

The expression levels of ten mRNAs each, highly and specifically enriched in the AGO2-IP products and the MIWI-IP products, were analyzed 
by quantitative PCR in Miwi+/- and Miwi-/- testes at 20, 22 and 24 dpp, and normalized to those of Gapdh. The normalized levels in Miwi-/- testes 
were compared with those in Miwi+/- testes. dpp, days postpartum.

20 dpp

1.10
1.25
1.00
0.95
0.92
0.95
0.93
1.08
0.91
0.95
1.01

0.64
0.82
0.88
0.72
0.51
0.68
0.62
0.67
0.74
0.75
0.70

22 dpp

1.17
1.08
1.05
0.99
1.02
0.96
1.08
0.81
0.95
0.95
1.01

0.96
1.13
1.04
1.02
0.82
1.16
0.89
0.85
0.87
0.85
0.96

24 dpp

0.97
1.17
1.18
1.15
0.90
0.98
1.08
0.96
1.03
0.82
1.02

1.15
1.37
1.14
1.16
0.64
1.00
1.02
0.97
1.04
0.97
1.05

258



www.biosciencetrends.com

BioScience Trends. 2012; 6(5):248-261.

(Figure 2D and Table 2). The expression level of these 
piRNA-encoding RNAs was increased in pachytene 
spermatocytes (Figures 3A and S7A), and mature 
piRNAs specifically encoded in these piRNA-encoding 
RNAs were generated in pachytene spermatocytes 
(Figures 3B and S7B). Moreover, Miwi-/- testes did not 
generate these mature piRNAs (Figures 3C and S7C). 
Therefore, we conclude that these RNAs are pachytene 
piRNA precursors, and that MIWI may be involved 
in processing of these piRNA precursor RNAs. Most 
recently, the study of MIWI-catalytic activity mutant 
mice revealed that the slicer activity of MIWI is not 
required for piRNA biogenesis (27). Hence, not only 
MIWI but also other factors appear to be required for 
processing of pachytene piRNA precursors, and further 
study is required to identify these factors.

4.2. MIWI may play an important role in the positive 
regulation of target mRNAs in pachytene spermatocytes

In both the MIWI-IP and AGO2-IP products , 
approximately 70% of poly(A) RNAs encoded known 
mRNAs (Figure 2B). We compared the mRNA 
species enriched in the MIWI and AGO2 complexes 
by microarray analysis .  Many mRNA species 
whose expression level was increased in pachytene 
spermatocytes were specifically enriched in the 
MIWI-IP products (Table 2). This result suggests that 
MIWI may target mRNAs that play important roles in 
pachytene spermatocytes. In particular, those mRNAs 
encoding mitochondrial proteins, likely electron 
transport chain and mitochondrial ribosomal proteins, 
were enriched in the MIWI-IP products (Table 3). 
Previous reports show that mitochondrial function is 
essential for meiosis in yeast and mouse testes (47,48). 
Furthermore, the mitochondrial membrane protein 
MITOPLD is essential for nuage formation and piRNA 
biogenesis, indicating that mitochondrial function 
is closely related to piRNA biogenesis (49,50). The 
possibility that MIWI targets a large number of mRNA 
species encoding mitochondrial proteins provides new 
insight into MIWI function.
 Finally, we investigated the possibility that MIWI 
is involved in post-transcriptional regulation of target 
mRNAs. We compared the RNA level of mRNAs 
enriched in the MIWI-IP products in Miwi+/- and Miwi-/- 
testes. These mRNAs were decreased by 20-30% in 
20 dpp Miwi-/- testes, but did not show any significant 
reduction at 22 or 24 dpp (Table 4 and S3). Pachytene 
spermatocytes have high levels of MIWI-associated 
mRNAs. Therefore, the reduction of MIWI-associated 
mRNAs in Miwi-/- testes at 20 dpp, when pachytene 
spermatocytes are most abundant, suggests that MIWI 
is involved in mRNA stabilization in these cells. There 
remains a possibility that delayed differentiation of 
pachytene spermatocytes could lead to a significant 
reduction in RNA levels in 20 dpp Miwi-/- testes. Hence, 

further study is required to compare mRNA levels in 
pachytene spermatocytes isolated from Miwi+/- and 
Miwi-/- testes. Furthermore, in this study we could 
not clarify whether piRNAs mediate MIWI binding 
to its target mRNA. Future studies are also needed to 
elucidate whether MIWI associates with mRNAs in a 
piRNA mediated manner.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is 
the fourth most common global cause of death and 
also exerts an enormous toll on patient quality of life 

(1). Currently, treatment of COPD is suboptimal. In 
the past, long-term administration of antibiotics was 
used to treat acute exacerbations of COPD, but meta-
analyses of the studies of antibiotic administration 
showed no significant benefit (2). A multicenter, cross-
sectional, observational study was conducted in 30 
Spanish hospitals among COPD patients aged > 40 
years who were hospitalized for an acute exacerbation 
showed that antibiotic use was significantly associated 
with yellow or green-yellow sputum prior to the 
exacerbation, a higher number of exacerbations in the 
previous year, more visits to emergency departments, 
and bronchiectasis (3). Because of these problems with 
antibiotic treatment, more and more traditional Chinese 
physicians are focusing on exploring the therapeutic 
effect of Chinese herbal medicine in COPD. 
 Xiaoqinglong decoction (XQLD) was from Shan 

Summary Xiaoqinglong decoction (XQLD) has been used for centuries in Asia to effectively treat 
patients with chronic obstructive pulmonary disease (COPD). However, its mechanisms 
remain unknown. To elucidate this problem, we analyzed the effects of XQLD on gene 
expressions profiles in COPD rats. In the study, 20 male Wistar rats were injected with 
lipopolysaccharide (LPS), exposed to cigarette smoke and kept at −20°C for 5 min/day 
for a successive 8 days to establish COPD animals. Trachea ultramicrostructure and 
histomorphology were observed to determine whether these models were established 
successfully. Gene expression profiles were detected using cDNA microarrays. We found 
56 differentially expressed genes associated with COPD progression, including 32 up-
regulated genes and 24 down-regulated genes. These genes were confirmed to be involved 
in immune and inflammation reactions, metabolism, cell transportation and the cell cycle, 
signal transduction and gene regulation. Comparison of gene expression between the 
therapy group and control group showed that there were only 11 differentially expressed 
genes, including 5 up-regulated genes and 6 down-regulated genes. We concluded that 
XQLD had therapeutic effects in COPD rats by affecting gene expression. Pharmacological 
or targeted expression of some genes might be found useful as novel therapy in COPD 
management.

Keywords: Pulmonary disease, chronic obstructive, Xiaoqinglong decoction (XQLD), cDNA 
microarrays
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Han Lun, a famous formulary in traditional Chinese 
medicine (4). The components of XQLD included 
Ma Huang (9 g), Gui Zhi (6 g), Bai Shao (9 g), Gan 
Jiang (3 g), Xi Xin (3 g), Zhi Gan Cao (6 g), Ban 
Xia (9 g) and Wu Wei Zi (3 g) and its major active 
constituents were ephedrine, cinnamic acid, peoniflorin, 
methyleugenol, glycyrrhizin and schisandrin. XQLD 
has been used for asthma, chronic bronchitis, allergic 
rhinitis, pneumonia, COPD, and sick sinus syndrome 
therapy for many years. The therapeutic effect of 
XQLD in COPD patients has received most traditional 
Chinese physicians' approval. Its side effects are fewer 
than antibiotics and it will not generate resistance as 
antibiotics do. Based on these advantages, the usage 
of XQLD in COPD treatment and related mechanisms 
have acquired wide attention recently. Its functional 
mechanism may be related to multiple factors (5). It 
was reported that XQLD could inhibit inflammatory 
cytokines, including IL-4, IL-8, TNF-α, and IFN-γ 
(6), rectify imbalance of oxidation/anti-oxidation and 
alleviate inflammatory reactions in COPD rats (4). 
And also, it could ameliorate pathological changes of 
airway inflammation and remodeling in COPD models. 
We have also documented that XQLD treatment could 
significantly lower expression of γ-glutamylcysteine 
synthetase and nuclear factor-κB in bronchial and 
alveolar epithelium of COPD rats (4). However, the 
precise molecular and genetic mechanism of XQLD in 
COPD therapy remains to be determined. 
 Gene expression profiles of diseased tissues help 
us to provide insight into the molecular mechanisms of 
disease and may eventually lead to the identification 
of novel therapeutic targets.  Gene expression 
profileanalysis has been used in many diseases, 
including respiratory system diseases, such as acute 
lung injury (7). In the current study, to evaluate the 
effect of XQLD on COPD, we established a modified 
rat COPD model following previous studies described 
by Nie YC et al. (8), Song YP et al. (9), and Sun 
GR et al. (10). Differentially expressed genes were 
screened by a cDNA microarray technique after COPD 
rats were established to explore effects of XQLD on 
gene expression profiles. The relationship between 
alteration of gene expression and disease progress in 
rats helped us to elucidate the pathogeneses of COPD, 
understand the mechanisms of XQLD in COPD therapy 
and explore new potential novel therapeutic targets in 
COPD.

2. Materials and Methods

2.1. Animals and reagents

Thirty 2-month-old male Wistar rats were purchased 
from the Center of Medical Experimental Animals 
of Shandong University (Grade SPF, Certificated 
SCXK Lu2003004) (Ji'nan, China) and maintained 

in accordance with guidelines of the committee on 
Care and Use of Laboratory Animals of the Institute 
of Laboratory Resources, National Research Council 
(DHEW publication No. [NIH] FS-23) on Animal 
Care. Animals were divided into 3 experimental groups 
at random. Twenty rats were used to induce COPD 
models. Ten animals with this disease received XQLD 
therapy (therapy group) and the other ten were treated 
with PBS (model group). Ten normal Wistar rats were 
used as controls (control group). LPS was obtained 
from Sigma (St. Louis, MO, USA). Pentobarbital 
sodium was purchased from China National Medicine 
Group Shanghai Chemical Reagent Company. Reagents 
for XQLD were purchased from the pharmacy of 
Shandong University of Traditional Chinese Medicine. 
All the herbs were decocted with water and the final 
concentration was 0.6 g/mL. Sterilization of this 
decoction was carried out by steam sterilizer.

2.2. Experimental procedures

We established a modified rat COPD model following 
previous studies (8-10) and the treatment schema is 
shown in Figure 1. At first, a normal rat COPD model 
was established with LPS injection and cigarette smoke 
(CS) which has been documented to be a reliable 
COPD model (8). LPS was injected into rats through 
the trachea after they were anesthetized with 0.4% 
pentobarbital sodium (50 mg/kg) at day 1 and day 14. 
Animals were fixed and their glottises were exposed. 
An intravenous cannula was inserted into the trachea 
quickly and its plunger was drawn out. Then it was 
connected with another syringe. At the zero point two 
mL (200 μg) LPS, dissolved in normal saline, was 
pushed into the trachea. Rats were erected immediately 
and swiveled to distribute LPS in the lungs. CS was 
given twice a day from day 2 to day 28 (except day 1 
and day 14). Nine point zero three grams of a cigarette 
was burned and CS lasted for 1 h each time. The second 
CS was given after 4 h. The normal rat COPD model 
was then modified by keeping rats at −20°C for 5 min/
day from day 22 to day 29 according to the methods 
described by Sun GR et al. (10). Sun GR et al. found 
that there were more inflammatory cell infiltration in 
the modified rat COPD model than that in the normal 
rat COPD model from pathological characteristics 
analysis. Subsequently, rats in the therapy group were 
drenched with 2 mL XLQD (total dose = 7.5 × clinical 
dose in adult) from day 30 to day 43 (4). Rats in the 
model group were treated with PBS and rats in the 
control group were held under the same conditions 
without any intervention.

2.3. Observation of trachea ultramicrostructure

At day 44, all animals were sacrificed. 1-1.5 cm upper 
eminence trachea tissues were collected, and fixed with 
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2.6. Total RNA extraction and cDNA microarray 
screening 

Lung tissues were selected randomly from each 
group and total RNA was extracted with Trizol 
(Invitrogen, Carlsbad, CA, USA). RNA was purified 
with the NucleoSpin RNA clean-up kit (Macherey-
Nagel, Düren, Germany). RNA optical density at 260 
nm/280 nm was consistently > 1.8. RNA samples 
were reverse transcribed into single-strand cDNA, 
synthesized into double-strand cDNA, and transcribed 
into cRNA in vitro using the T7RiboMAX Express 
Large Scale RNA Production System (Promega, 
Madison, WI, USA). After reverse transcription with 
random primers, cRNA products were marked with 
the Klenow enzyme.
 Samples were hybridized using a hybridization 
solution (25% formamide, 3× standard saline citrate 
[SSC], 0.2% sodium dodecyl sulfate [SDS], 5× 
Denhart's) at 42°C overnight in a humid environment. 
Subsequently, slides were washed with washing 
solution I (2× SSC, 0.2% SDS) at 42°C for 4 min, 
followed by washing solution II (2× SSC). Arrays 
were scanned using CapitalBio's confocal scanner 
LuxScan 10K-A (Beijing, China). An intensity-
dependent lowess program in the R language package 
was used to normalize two channel ratio values. 
Statistical data and differential analysis files were 
generated by SAM software 3.0 (Stanford University, 
Stanford, CA, USA).

2% glutaraldehyde for 2 h at 4°C. After washing with 
PBS, they were fixed for 1 h with osmium tetroxide at 
4°C and then washed twice with double distilled water. 
Following dehydration with alcohol, they were dried. 
At last, samples were stuck to a metal sample table with 
paste which can conduct electricity, covered by a metal 
membrane and then observed using scanning electron 
microscopy.

2.4. Histomorphology performances under light 
microscope

Paraffin-embedded sections of lung tissue were de-
paraffinized in xylene and ethanol, stained with 
hematoxylin-esoin (H&E) and observed under a 
light microscope (Nikon Corporation, Tokyo, Japan). 
Trachea pathology grade was judged according to 
a modified criterion designed by Barbera et al. (11) 
(Table 1).

2.5. General appearances observation and body mass 
growth index calculation

Animal general appearances were observed during the 
whole process, which included animal movement, fur 
appearance, weight growth, respiration situation and 
cough severity. Animal body mass growth index was 
calculated as follows: Body mass growth index = (body 
mass before experiment – body mass after experiment) 
/body mass before experiment.

Figure 1. Schema of treatment. LPS (200 μg) was injected into rats through trachea at day 1 and day 14. CS was given twice 
per day from day 2 to day 28 (except day 14). Animals were kept at −20°C for 5 min/day from day 22 to day 29. Rats received 2 
mL of XQLD therapy daily (0.6 g/mL) from day 30 to day 43. All the animals were sacrificed at day 44.

Table 1. Criterion of trachea pathology alteration grades

Histology appearances under microscope

Cilia lodging, adhesion and  depletion
Epithelial cell degeneration, necrosis and desquamate
Beaker cell proliferation
Epitheliial squamous metaplasia
Mucous hyperemia and swelling
Lymphocyte infiltration
Mononuclear macrophage infiltration
Neutrophil infiltration
Eosinophilic cell infiltration
Smooth muscle cell breakage/hyperplasia

Abreviations: HP, high power microscope.

No
No
No
No
No
No
No
No
No
No

< 1/4 circle
< 1/4 circle
< 1/4 circle
< 1/4 circle
< 1/4 circle
Lymphoctes can be seen
< 10 /HP
< 10/HP
< 10/HP
< 1/4 circle

1/4-1/2circle
1/4-1/2 circle
1/4-1/2 circle
1/4-1/2 circle
1/4-1/2 circle
Follicle can be seen
10-20/HP
10-20/HP
10-20/HP
1/4-1/2 circle

> 1/2circle
> 1/2 circle
> 1/2 circle
> 1/2 circle
> 1/2 circle
> 5 follicles
> 20/HP
> 20/HP
> 20/HP
> 1/2 circle

Grade

  0                            1                                               2                                        3
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2.7. Statistical analysis

SPSS 15.0 for Windows was used for all analyses. All 
data are expressed as mean ± standard deviation (mean 
± S.D.). One-factor ANOVA was used for measurement 
data comparison of every group and a q-test was 
used for comparison of two groups. Comparisons of 
numerical data among groups were performed by χ2 
test. Difference between mean values is judged to be 
statistically significant when p < 0.05.

3. Results

3.1. Trachea morphology and pathology appearances 
under scanning electron microscope and light 
microscope

The scanning electron microscope showed that trachea 
cilia in the control group were uniform and in the same 
direction. However, there were lodging, adhesion and 
depletion with large amounts of secretion in the model 
group. Compared to the model group, the XQLD 
therapy group was obviously improved (Figure 2A).
 We selected bronchioles (diameter: 700-1,200 μm) 

and lumen (the shortest diameter/the longest diameter 
≥ 0.7) to analyze inflammation responses and small 
airway modeling. Histomorphology observations under 
the light microscope in the three groups are shown in 
Table 2 and Figure 2B. There were severe inflammatory 
responses  in  the  model  group and increased 
lymphocytes, monocytes and neutrophils can be seen 
in lung tissues. This phenomenon was accompanied 
by cilia lodging, adhesion and depletion, epithelial cell 
degeneration, necrosis and desquamate, goblet cell 
proliferation, epithelial squamous metaplasia, mucous 
hyperemia and swelling. These pathological changes 
confirmed that our COPD models were established 
successfully. After XQLD therapy, inflammatory 
responses were obviously relieved and the numbers of 
inflammatory cells, including lymphocytes, monocytes, 
and neutrophils, decreased significantly. Meanwhile, 
pathological changes of cilia, epithelial cells, goblet 
cells, epithelium and mucous membranes were 
dramatically relieved. 

3.2. General appearances

Rats in the control group were active and restless, with 

Figure 2. Trachea morphology and pathology appearances under scanning electron microscope and light microscope. 
Control group, Wistar rats without any treatment; Model group, rat COPD models treated with PBS; Therapy group, rat COPD 
models received Xiaoqinglong decoction therapy. (A) Alteration of trachea ultramicrostructure. Trachea tissues were collected 
and observed under scanning electron microscope. Control group (left, magnification ×6,000): Trachea cilia were uniform 
with same direction. Model group (middle, magnification ×6,000): Trachea cilia diminished dramatically. Depletion and large 
amounts of secretion can be seen. Therapy group (right, magnification ×6,000): After XQLD therapy, trachea cilia increased in 
a consistent direction and the secretions were obviously decreased. (B) Pathology appearance of trachea. Control group (left, 
magnification ×100): Epithelium of bronchiole was smooth and there was no inflammation cell infiltration, no hyperemia or 
no swelling. Model group (middle, magnification ×100): Bronchial lumen expansion, cilia adhesion and desquamated, goblet 
cell proliferation, surrounding blood capillary fibrosis hyperplasia were severe. More inflammatory cell infiltration could be 
found. Therapy group (right, magnification ×100): Inflammation around trachea lessened after XQLD therapy. The number of 
inflammatory cells decreased dramatically.
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smooth and burnished fur. Their body mass increased 
gradually and respiration was stable. Before XQLD 
therapy, rats in the model group and therapy group 
usually stayed still, extradoed and wriggled with 
gathered fur. Their body mass increased slowly and 
respiration was short accompanied by frequent cough. 
Cough appeared at the first day of CS and lasted to the 
end of our experiment. At day 28, rats in the model 
group and therapy group appeared to have shortness 
of breath. These symptoms of rats in the therapy group 
were obviously alleviated after XQLD therapy. Body 
mass growth indexes in the three groups are shown in 
Figure 3.

3.3. Analysis of gene expression profiles

Genes were judged to be differentially expressed genes 
when the mean value exceeded 2.5 or lower than 0.375 
to increase research reliability. A comparison of gene 
expression between model group and control group 
indicated that there were 56 differentially expressed 
genes which included 32 up-regulated genes and 24 
down-regulated genes. The known genes are shown 
in Table 3. Comparison of gene expression between 
therapy group and control group showed that there 
were only 11 differentially expressed genes, including 
5 up-regulated genes (3 of them were also up-regulated 
genes in model group) and 6 down-regulated genes. 
Our data indicated that expression of 29 up-regulated 
genes and 24 down-regulated genes were modified by 
XQLD therapy and there was no difference when these 
genes expression were compared to their expression in 
control group. 
 A functional classification of the differentially 
expressed genes between model group and control 
group is shown in Figure 4. The number of differently 
expressed genes related to immune and inflammation 
responses is the largest except for not classified and 
functionally unclassified genes. Other differently 
expressed genes were involved in metabolism, gene 
expression, cell transportation, cell cycle, and cell 

proliferation. 

4. Discussion

CS represents the most important environmental risk 
factors for respiratory diseases and it is the first risk 
for COPD (12,13). However, it needs a long time 
to establish rat COPD models with CS only. LPS is 
the major component of Gram-negative bacterium 
adventitia. It can damage airway epithelium directly, 
activate macrophages, lymphocytes, and neutrophils, 
induce bronchi chronic inflammation and cause 
emphysema formation. It stimulates secretion of 
specific pro-inflammatory molecules from circulating 
monocytes, such as IL-6 and monocyte chemotactic 
protein-1, and thereby aggravates progress of COPD 
(14). In this study, the COPD model was established 
by a modified method of combining fumigation and 
lipopolysaccharide (LPS) intra-tracheal dripping (4). 
Pathology appearances under a scanning electron 

Figure 3. Body mass growth index in three groups. Control 
group, Wistar rats without any treatment; Model group, rat 
COPD models treated with PBS; Therapy group, rat COPD 
models received Xiaoqinglong decoction therapy. Rat body 
mass growth indexes in indicated groups were measured. 
It was obviously lower in model group and therapy group 
than that in the control group. Compared with model group, 
rat weight growth index increased significantly after XQLD 
therapy (p < 0.01).

Table 2. Inflammation responses and small airway reconstitutions in indicated groups

Histology appearances under microscope

Cilia lodging, adhesion and depletion
Epithelial cell degeneration, necrosis and desquamate
Beaker cell proliferation
Epithelial squamous metaplasia
Mucous hyperemia and swelling
Lymphocyte infiltration
Mononuclear macrophage infiltration
Neutrophil infiltration
Eosinophilic cell infiltration
Smooth muscle cell breakage/hyperplasia

Model group, rat COPD models treated with PBS; Therapy group, rat COPD models received Xiaoqinglong decoction therapy; Control group, 
Wistar rats without any treatment.

Model group

2-3
2-3
1-3
2-3
1-3
2-3
1

1-2
1

1-3

Therapy group

1-2
1-2
1-2
1-2
1-2
1-3
1

1-2
1

1-2

Control group

0
0-1
0
0
0

0-1
0-1
0-1
0
0

Grade
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microscope and light microscope showed lesions in the 
rat model closely resemble COPD lesions occurring in 
humans.
 Nutritional status disorders are the most common 
extra-pulmonary manifestations of COPD. A specific 
loss of weight, characterized by lean body mass (LBS), 
is observed in some COPD patients (15). In our study, 
animals in the model group and therapy group showed 
lower weight growth indexes than those in the control 
group (p < 0.01). Compared with the model group, 
the changes of general appearance, including LBS, in 
the therapy group demonstrated that XQLD was an 
effective drug which can relieve COPD symptoms.
 Modern pharmacology studies have indicated 
that XQLD could down-regulate expression of 
γ-glutamylcysteine synthetase and nuclear factor-κB in 
bronchial and alveolar epithelium of COPD rats, which 
maybe responsible for gene expression regulation 
through multiple mechanisms. Our gene expression 
profiles analysis showed that the number of differently 
expressed genes between the model group and control 
group was 56 while there were only 11 differently 
expressed genes in the therapy group when compared 
to the control group. The genes involved were in 
immune and inflammation reactions, metabolism, cell 
transportation and cell cycle, signal transduction and 
gene regulation. Twenty-nine up-regulated genes and 
24 down-regulated genes in the model group became 
non-differentially expressed genes after XQLD therapy. 
The changes of genes expression after XQLD treatment 

reflected that complicated genetic regulations were 
involved in the progression of COPD. 
 Di ffe ren t ia l ly  expressed  genes  re la ted  to 
immune response and inflammation mainly included 
immunoglobulin heavy chain 1a (serum IgG2a), 
arginase 1, alpha 2,6-sialyltransferase, leukotriene 
A4 hydrolase, FK506 binding protein 9 (FKBP9), and 
CEA-related cell adhesion molecule-1 (CEACAM-1). 
It is known that serum IgG2a (J chain) is a small 
polypeptide, which regulates polymer formation of 
immunoglobulin (Ig)A and IgM (16). Arginase-1 
is an enzyme in arginine metabolism which plays 
an important role in asthma by decreasing nitric 
oxide production and increasing formation of 
peroxynitrite, polyamines and l-proline (17). Alpha 
2,6-sialyltransferase is an acute-phase reactant and 
it is a Golgi membrane-bound enzyme (18). The 
leukotrienes are a family of lipid mediators involved in 
inflammation and allergy. Leukotriene B4 modulates 
immune responses, participates in the host defense 
against infections, and is a key mediator of PAF-
induced lethal shock. The final step in the biosynthesis 
of leukotriene B4 is catalyzed by leukotriene A4 
hydrolase, a unique bifunctional zinc metalloenzyme 
with an anion-dependent aminopeptidase activity 
(19). Immunoglobulin heavy chain 1a (serum IgG2a), 
arginase 1, alpha 2,6-sialyltransferase and leukotriene 
A4 hydrolase were up-regulated when COPD occurred. 
FK506 (tacrolimus), has powerful immunosuppressant 
properties and it can promote nerve regeneration (20). 

Table 3. Differentially expressed genes in model group when compared with control group 

Gene name

Up-regulated genes
     Immunoglobulin joining chain
     Fructose-bisphosphate aldolase A
     Immunoglobulin heavy chain, α
     Fertility related protein WMP1
     Norvegicus nucleoporin 62 (Nup62)
     Immunoglobulin heavy chain 1a (serum IgG2a)
     Chaperonin containing TCP1, subunit 5 (epsilon)
     Complement component 1, s subcomponent
     CD36 molecule (thrombospondin receptor) (Cd36)
     Arginase, liver (Arg1)
     Sorting nexin 25 (Snx25)
     (α-N-acetyl-neuraminyl-2,3-β-galactosyl-1,3)-N-
     acetylgalactosaminide α-2,6-sialyltransferase 3 (St6galnac3)
     Leukotriene A4 hydrolase (Lta4h)
Down-regulated genes
     6-Pyruvoyl-tetrahydropterin synthase (Pts)
     3'-Phosphoadenosine 5'-phosphosulfate synthase 2 (Papss2)
     Immunoglobulin superfamily, member 10 (Igsf10)
     FK506 binding protein 9 (Fkbp9)
     Developmental arteries and neural crest EGF-like protein fibulin 5 (Fbln5)
     CEA-related cell adhesion molecule 1
     Acyl-coenzyme A oxidase 1, palmitoyl (Acox1)
     Group specific component (Gc) vitamin D binding protein 
     Vitronectin (Vtn)
     Neuronal PAS domain protein 2 (Npas2)
     Phosphatidylinositol 3-kinase, catalytic, α polypeptide (Pik3ca)
     Eukaryotic translation initiation factor 2B, subunit 1 α

Mean ratio

6.872
4.708
4.556
3.884
3.832
3.813
3.446
2.967
2.901
2.727
2.533
2.519

2.504

0.371
0.353
0.351
0.344
0.343
0.341
0.340
0.330
0.322
0.295
0.244
0.227

Function

Immune
Metabolism
Immune
Spermatogenesis
Gene expression
Immune
Cell transportation and cycle
Immune
Signal transduction
Immune and inflammation
Cell transportation and cell cycle
Immune and inflammation

Immune and inflammation

Metabolism
Metabolism
Immune
Immune and inflammation
Signal transduction
Immune and inflammation
Metabolism
Metabolism
Cell migration and fibrosis
Gene expression
Signal transduction
Gene expression

267
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FKBP9 encodes a protein related to FK506-binding 
protein 6 (65 kDa, FKBP65) which binds to FK506 
(21) and plays an immunosuppression role. CEACAM1 
appears to play a unique role among the neutrophil 
CEACAMs (22). Both FKBP9 and CEACAM1 genes 
were down-regulated in the model group compared to 
the control group. 
 There were also some differentially expressed 
genes related to gene expression regulation in the 
model group when compared to the control group. 
These genes included nuclear pore protein p62 
(Nup62), neuronal PAS domain protein 2 (NPAS2) and 
the α-subunit of eukaryotic initiation factor 2B (eIF-
2B). Transcription factor Sp1 plays an important role 
in the expression of many cellular genes and it must 
interact with p62, through its C-terminus, to bring 
transcribeable DNA in contact with the transcription 
factors (23). In COPD rats, increased expression of p62 
suggested up-regulated transcription of some genes. 
NPAS2 is a transcription factor expressed primarily in 
the mammalian forebrain (24) and it is an important 
transcription factor associated with circadian rhythms 
(25). Phosphorylation of eIF-2 is one of the best known 
mechanisms regulating protein synthesis in a wide 
range of eukaryotic cells, from yeast to human (26). In 
COPD rat models, NPAS2 and eIF-2 were negatively 
regulated but their roles in COPD are still unclear.
 Some other  different ial ly expressed genes 

between the model group and control group had a 
relationship with metabolism and signal transduction. 
Fructose-bisphosphate aldolase A (Muscle-type 
aldolase) involved in glycometabolism, was up-
regulated while 6-pyruvoyl-tetrahydropterin synthase, 
3'-phosphoadenosine 5'-phosphosulfate synthetase 
2  and acyl-coA oxidase  were down-regulated. 
Differentially expressed genes associated with signal 
transduction included epidermal growth factor (EGF)-
related peptides and phosphatidylinositol 3-kinase 
catalytic subunit α (PIK3CA). Both of these were down-
regulated while their expression had no significant 
differencebetween the therapy group and control group. 
And also, there were some genes whose functions were 
not clear. They perhaps played a novel or important role 
in COPD genesis and development. Further study is 
still needed to explore these unknown genes.

5. Conclusion

Our results showed XQLD was an effective drug for 
COPD treatment and its function was related to gene 
expression alteration. A functional classification of 
differentially expressed genes indicated complex 
mechanisms involved in the genesis and development 
of COPD. Our results facilitate further investigation 
of the molecular mechanisms underlying the genesis 
and development of COPD and help us to understand 
mechanisms of XQLD in COPD therapy. 
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1. Introduction

Asahara  e t  a l .  (1 )  f i r s t  r epor ted  the  ro le  o f 
circulating endothelial progenitor cells (EPCs) in 
neovascularization and vasculogenesis in 1997. Over 
the past few decades, several studies have indicated 
that transplantation of EPCs effectively restored injured 
endothelia, repaired limb ischemia (2), myocardial 
ischemia (3), and carotid artery injury (4), and promoted 
vascular graft survival (5). A recent study by the current 
authors showed that transplantation of peripheral blood-
derived EPCs effectively attenuated endotoxin-induced 
acute lung injury as a result of the paracrine effect of 
VEGF (6).
 However, low concentrations of EPCs in peripheral 
blood precluded the extensive use of EPCs. A study 
indicated that VEGF stimulates the proliferation, 
migration, and survival of endothelial cells, in turn 

facilitating endothelialization with EPCs and recovery 
of endothelial function (7). VEGF was first discovered 
by Ferrara (8) and is a glucoprotein isolated from 
cattle pituitary gland follicle stellate cells. VEGF helps 
maintain vessel normal shape and integrity, promote 
vessel permeability, and facilitate endothelial cell 
proliferation and vessel production (9). Five different 
VEGF protein isoforms, including VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, and VEGF-E, have been derived 
from a single gene by alternative splicing (10). There 
are five characterized VEGF-A isomers of 121, 145, 
165, 189, and 206 amino acids in mammals that are 
generated by alternative splicing of the mRNA from 
a single gene consisting of eight exons. VEGF165 
is the most powerful function protein that promotes 
angiogenesis in the VEGF family. However, its short 
half-life and few natural sources mean that an effective 
concentration of VEGF165 cannot be maintained in 
the blood after injection. The use of ex vivo-transfected 
stem cells as vectors for gene therapy has largely solved 
this problem. A study reported that transplantation of 
VEGF-transfected EPCs increased vasculogenesis 
and required fewer EPCs than non-transfected EPCs 
(11). Moreover, the role of VEGF genes transfected 

Summary The present study investigated the effect of the VEGF165 gene on adhesion, migration, 
and proliferation of endothelial progenitor cells (EPCs) derived from peripheral blood of 
rabbits. Peripheral blood mononuclear cells were isolated from rabbits by density gradient 
centrifugation with Ficoll-Plaque Plus. EPCs were characterized by immunofluorescence 
and immunostaining. A pcDNA 3.0-hVEGF165 expression vector was constructed and 
EPCs were transfected with the pcDNA 3.0-hVEGF165 gene. The EPCs derived from 
peripheral blood of rabbits were successfully transfected with pcDNA 3.0-hVEGF165. 
ELISA showed that the expression of VEGF165 increased significantly in the EPCs 
transfected with the hVEGF165 gene compared to control cells. Compared to control 
EPCs, EPCs transfected with the hVEGF165 gene had significantly enhanced adhesion, 
migration, and proliferative ability in vitro. 

Keywords: hVEGF165 gene, endothelial progenitor cells, transfection, adhesion, migration, 
proliferation
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in EPCs has yet to be fully elucidated. Therefore, the 
current study sought to investigate the effects of EPCs 
transfected with the hVEGF165 gene on the adhesion, 
migration, and proliferative ability of EPCs in vitro.

2. Materials and Methods

2.1. Materials

New Zealand White rabbits were obtained from 
Shanghai Laboratory Animal Center, Chinese Academy 
of Sciences. Ficoll-Plaque Plus was purchased from 
Amersham Pharmacia Biotech AB (Uppsala, Sweden). 
EGM-2 MV Single Quots were obtained from Lonza 
Corp (Basel, Switzerland). DiI-acetyl-low density 
lipoprotein was purchased from Invitrogen (Carlsbad, 
CA, USA). Fluorescein isothiocyanate-ulex europaeus 
agglutinin-1 (UEA-1) was from Sigma-Aldrich 
(St. Louis, MO, USA). VEGFR2 and CD133 were 
purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). A hVEGF165 ELISA detection kit was 
provided by Chemicon International Inc., Temecula, 
CA, USA.

2.2. Isolation and culture of peripheral blood EPCs

Approval was obtained from the Animal Care and Use 
Committee of Hospital No. 455 of the PLA. Peripheral 
blood was obtained from an ear artery of New 
Zealand White rabbits (10 mL/kg). Peripheral blood 
mononuclear cells were isolated by density gradient 
centrifugation with Ficoll-Plaque Plus. Mononuclear 
cells were then washed and plated on six-well plates 
supplemented with EGM-2 MV Single Quots. 
Mononuclear cells were incubated at 37°C, 5% CO2 and 
supplied daily with EGM-2. The nonadherent cells were 
removed after 48 h of culture. On day 7 of culturing, 
the adherent cells (known as early EPCs) were detached 
with 0.025% trypsin containing 0.02% EDTA and used 
for analysis or transplantation.

2.3. Characterization of EPCs

The EPCs isolated from rabbits were characterized as 
previously described (8). Cells were incubated with 10 
μg/mL DiI-acetyl-low density lipoprotein (LDL) and 
5 μg/mL fluorescein isothiocyanate-Ulex europaeus 
agglutinin-1 (UEA-1). The staining of acetyl-LDL 
and UEA-1 in cultured EPCs was detected under 
fluorescence confocal microscopy at the absorption 
wavelengths of 555 and 490 nm, respectively. Dual 
fluorescent staining positive for both fluorescein 
isothiocyanate-labeled UEA-1 and DiI-labeled 
acetyl-LDL (double-positive cells) served to identify 
differentiating EPCs. Immunostaining of vascular 
endothelial growth factor receptor 2 and CD133 was 
performed as previously described.

2.4. Construction and identification of a pcDNA 
3.0-hVEGF165 expression vector

The recombinant retroviral vectors pLXSN-KDRp-
VEGF165 and pcDNA 3.0 vectors were constructed 
in this laboratory. PLXSN-KDRp-VEGF165 was 
digested by Bam HI and Xhol to release KDRp-
VEGF165. The KDRp-VEGF165 fragment was ligated 
with Bam HI and Xhol digested pcDNA 3.0 to form 
a pcDNA 3.0-KDRp-VEGF165 recombinant vector. 
Then, pcDNA 3.0-KDRp-VEGF165 was digested with 
EcoR I to remove KDRp and self-ligated to generate a 
pcDNA 3.0-VEGF165 recombinant plasmid. pcDNA 
3.0-VEGF165 was verified by Xhol I and Hind III 
digestion and sequencing analysis.

2.5. Transfection of EPCs with the pcDNA 3.0-hVEGF165 
expression vector 

After EPCs were cultured for 7 days according to the 
manufacturer's instructions in the DOTAP Liposomal 
kit, EPCs were transfected with pcDNA 3.0-hVEGF165 
and eGFP (group A). EPCs transfected with null-
plasmid (group B) and nontransfected EPCs (group C) 
served as controls. After 24 h, the EPCs were detected 
using fluorescent microscopy. 

2.6. ELISA detection of VEGF165 expression in vitro

pcDNA 3.0-hVEGF165-transfected EPCs were grown 
in six-well plates at a cell density of 1 × 105 cells per 
well, using EPCs transfected with null-plasmid and 
nontransfected MSCs as controls. The supernatant were 
harvested at two-day intervals from day 1 to day 7 post-
transfection. The samples were centrifuged and then 
stored at −70°C until the assay. A human VEGF165 
ELISA kit was used to detect the VEGF165 protein 
secreted from transfected EPCs in accordance with the 
manufacturer's instructions.

2.7. Detection of the adhesive ability of EPCs
 
pcDNA 3.0-hVEGF165-transfected EPCs and null-
plasmid and nontransfected EPCs were washed with 
PBS and gently detached with 0.25% trypsin. After 
centrifugation and resuspension in EGM-2, identical 
cell numbers were replated onto fibronectin-coated 
culture dishes and incubated for 30 min at 37°C. 
Adherent cells were counted.

2.8. Migration assay

EPC migration was evaluated using a transwell chamber 
assay. In brief, the pcDNA 3.0-hVEGF165-transfected 
EPCs and null-plasmid and nontransfected EPCs were 
detached with 0.25% trypsin, and then 1 × 105 EPCs in 
200 μL EGM-2 were seeded in the upper chamber of a 
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3. Results

3.1. Characterization of EPCs

Seven days after cultivation, EPCs (approximately 2-3 
× 106 cells) proliferated from 20 mL peripheral blood 
of each rabbit. Formation of monolayer colonies with 
a "cobblestone" appearance was also observed after 
2 weeks of culturing in endothelial basic medium 
2 (Figure 1A). The EPCs also displayed expression 
of endothelial markers vascular endothelial growth 
factor receptor 2 (Figure 1B) and CD133 (Figure 1C). 
Fluorescence confocal microscopy showed that these 
early EPCs exhibited phenotyping of endothelial cells, 
including incorporation of DiI-ac-LDL and binding of 
fluorescein isothiocyanate-UEA-1. Dual fluorescent 
staining positive for both fluorescein isothiocyanate 
labeled UEA-1 and DiI-ac-LDL (double-positive cell) 
served to identify differentiating EPCs (Figures 1D-1F).

3.2. Identification of the pcDNA 3.0-hVEGF165 
expression vector

3.2.1. Fluorescence detection of hVEGF165-eGFP-
transfected EPCs

In inverted fluorescence microscopy, EPCs had little 
green fluorescence 1 day after transfection with 
hVEGF165-eGFP (Figure 2A). Forty-eight h after 
transfection with hVEGF165-eGFP, EPCs fluoresced 
green (Figure 2B). Moreover, after day 3 hVEGF165-
eGFP-transfected EPCs had substantial  green 

transwell cell culture insert (5 μm pore size). VEGF (50 
ng/mL, PeproTech, Rocky Hill, NJ, USA) in EGM-2 
was placed in the lower chamber. After incubation for 6 
h at 37°C, the membranes were washed with phosphate 
buffer solution (PBS) and fixed with methanol. EPCs 
were stained with 4,6-diamidino-2-phenylindole (DAPI) 
solution. Light microscopy (400-fold magnification) 
was used to count the numbers of EPCs that had 
migrated to the lower surface of the membrane from 
five random fields in five domains. 

2.9. MTT assay of EPC proliferation

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay was used to 
determine EPC proliferation. pcDNA 3.0-hVEGF165-
transfected EPCs and null-plasmid and nontransfected 
EPCs were digested with 0.25% trypsin and then 
cultured in 96-well plates (200 μL/well). EPCs were 
supplemented with 10 μL MTT (5 g/L, Sigma-Aldrich) 
and incubated for another 4h. The supernatant was then 
discarded by aspiration and the EPC preparation was 
shaken with 150 μL dimethyl sulfoxide (DMSO) for 10 
min before the OD value was measured at 490 nm.

2.10. Statistical analysis

All data are presented as mean ± S.D. Parametric data 
were analyzed using one-way ANOVA and variations 
in different groups were compared using the Turkey 
post hoc test. p < 0.05 was considered statistically 
significance.

Figure 1. Characterization of EPCs. Cultured for 14 days, EPCs grew into monolayer with a "cobblestone" appearance (A, 
100× magnification). Immunofluorescent EPCs were positive for cytoplasmic vascular endothelial growth factor receptor 2 and 
CD133 (B, 200× magnification, and C, 200× magnification, green fluorescence). Nuclei were counterstained in blue fluorescence. 
Fluorescence confocal microscopy (200× magnification) revealed that after day 7 the endothelial progenitors were positive for 
the uptake of DiI-acLDL (D, red fluorescence) and for staining of FITC-UEA-1 (E, green fluorescence). D and E results are 
superimposed in panel F (yellow fluorescence).



www.biosciencetrends.com

BioScience Trends. 2012; 6(5):270-275. 273

fluorescence (Figures 2C and 2D).

3.2.2. VEGF165 protein levels in EPCs

VEGF protein expression was confirmed by ELISA. As 
shown in Figure 3, the VEGF protein level in group A 
was higher than that in group B (p < 0.05) and group C 
(p < 0.05). Moreover, the level increased significantly 
after 3 days, reaching 1,255 pg/mL after 7 days. 

3.3. Assay of EPC adhesion

To  i n v e s t i g a t e  t h e  p o s s i b i l i t y  t h a t  p c D N A 
3.0-hVEGF165-transfected EPCs alter the adhesion 
of EPCs, an adhesion assay was performed. EPC 
adhesion was significantly enhanced in the pcDNA 
3.0-hVEGF165-transfected EPCs (66.2 ± 6.4, Figure 4) 
compared to the null-plasmid-transfected EPCs (33.5 ± 
4.4) and nontransfected EPCs (35.7 ± 6.3). 

3.4. Assay of EPC migration

The influence of VEGF165-transfected EPC migration 
was analyzed in a transwell chamber assay. As shown 
in Figure 5, the migration of EPCs was significantly 
enhanced in group A (43.6 ± 2.5) compared to group B 
(19.8 ± 2.8) and group C (17.6 ± 3.2) (p < 0. 01).

3.5. Assay of EPC proliferation

The MTT assay was used to detect the proliferative 
activity of transfected EPCs. The in vitro proliferative 

activity of the pcDNA 3.0-hVEGF165-transfected EPCs 
(0.53 ± 0.04) was greater than that of the null-plasmid-
transfected EPCs (0.35 ± 0.02) and nontransfected 
EPCs (0.31 ± 0.02) (p < 0.05). The proliferative activity 
of null-plasmid-transfected EPCs was similar to that of 
nontransfected EPCs (Figure 6). 

4. Discussion

In the present study, EPCs derived from peripheral 
blood of rabbits were successfully transfected with 
the pcDNA 3.0-hVEGF165 gene. The expression of 

Figure 3. ELISA detection of VEGF165 protein levels in 
EPCs. VEGF protein expression was detected with ELISA. 
VEGF protein level in group A was higher than that in group 
B and group C. Moreover, the VEGF protein level increased 
significantly (*p < 0.05, A vs. B and C; n = 5 different 
samples in each group) after 3 days, reaching 1,255 pg/mL 
after 7 days. Data are presented as mean ± S.D. Statistical 
analysis was performed using ANOVA followed by the 
Turkey multiple comparison test.

Figure 2. Fluorescence detection of hVEGF165-eGFP-
transfected EPCs. Fluorescence microscopy revealed little 
green fluorescence 1 day after EPCs were transfected with 
hVEGF165-eGFP (A, 200× magnification). Two days after 
transfection with hVEGF165-eGFP, EPCs fluoresced green 
(B, 200× magnification). Moreover, after day 3 hVEGF165-
eGFP-transfected EPCs had substantial green fluorescence (C, 
200× magnification; D, 400× magnification).

Figure 4. Assay of EPC adhesion. To investigate the 
possibility that the pcDNA 3.0-hVEGF165-transfected 
EPCs alters the adhesion of EPCs, an adhesion assay was 
performed. Compared with the null-plasmid transfected EPCs 
and nontransfected EPCs, EPC adhesion was significantly 
enhanced (*p < 0.05, A vs. B and C; n = 5 different samples in 
each group) in the pcDNA 3.0-hVEGF165-transfected EPCs. 
Data are presented as mean ± S.D. Statistical analysis was 
performed using ANOVA followed by the Turkey multiple 
comparison tests.
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VEGF165 increased significantly in EPCs transfected 
with the hVEGF165 gene. Moreover, EPCs transfected 
with the hVEGF165 gene had significantly enhanced 
adhesion, migration, and proliferative ability. 
 Previous studies indicated that EPCs harvested 
from the peripheral circulation proliferated ex vivo and 
EPCs transplanted in vivo play an important role in 
angiogenesis and repair of injured endothelium (12-14). 
More recent findings suggest that transplantation of 
circulating EPCs into an injured vascular wall has 

beneficial effects on vascular structure and function 
(15-18). Transplantation of EPCs derived from 
peripheral blood thus constitutes a novel therapeutic 
strategy that could provide a robust source of viable 
endothelial cells to supplement the contribution 
of endothelial cells. However, healthy adults only 
have 2-3/mL of EPCs in peripheral blood. Patients 
with diabetes who are receiving a transplantation of 
EPCs have fewer, dysfunctional, and rapidly aging 
EPCs. Although culture and amplification of EPCs 
ex vivo can increase the quantity and purity of EPCs, 
EPC dysfunction in the peripheral blood restricted 
the extensive use of EPCs. Therefore, an important 
challenge was to provide EPCs of sufficient quantity 
and function for transplantation. 
 Gene transfer of EPCs during in vitro expansion 
could be used to achieve phenotypic modulation of 
EPCs. Furthermore, phenotypic modulation of EPCs 
might also reduce the number of EPCs required for 
optimal transplantation after in vitro expansion and 
thus serve to address a practical limitation of EPC 
transplantation, namely the volume of blood required 
to extract an optimal number of EPCs for autologous 
transplantation. A study indicated that VEGF stimulates 
proliferation, migration, and survival of endothelial 
cells, in turn facilitating endothelialization with EPCs 
and recovery of endothelial function (7). A recent 
study found that EPCs produced and secreted more 
proangiogenic cytokines, such as VEGF, promoting 
angiogenesis (6). Because of its short half-life, 
however, an effective concentration of VEGF cannot 
be maintained in the blood after injection. The use of in 
vitro-transfected stems cells as vectors for gene therapy 
has largely solved this problem. A study reported that 
transplantation of VEGF gene-modified EPCs reduced 
limb ischemia and improved neovascularization 
compared to control EPCs. The dose of VEGF-
transfected EPCs transplanted was 30 times lower than 
that of nontransfected EPCs (11).
 The current findings showed that hVEGF165 gene-
modified EPCs increased the levels of VEGF protein 
and enhanced the ability of EPCs to adhere, migrate, 
and proliferate. The results of in vitro studies provided 
potential insights into the mechanisms responsible 
for the in vivo outcomes. First, EPCs transfected 
with the hVEGF165 may increase overexpression 
of VEGF, which has paracrine effects that promote 
the restoration of injured endothelial cells. Previous 
studies demonstrated that VEGF induced upregulation 
of certain endothelial cell integrins and matrix 
proteins (19). Second, EPCs transfected with the 
hVEGF165 gene enhance the adhesion, migration, 
and proliferation of EPCs in the quiescent endothelial 
cell monolayer, and the survival of EPCs is probably 
due to the reduced requirement for harvested EPCs. 
Therefore, EPCs likely operate as vector stem cells, 
promoting local overexpression of VEGF that may in 

Figure 5. Assay of EPC migration. The influence of 
VEGF165-transfected EPC migration was analyzed in a 
transwell chamber assay. Using light microscopy (400-fold 
magnification), the numbers of EPCs that had migrated to the 
lower surface of the membrane were counted in five random 
fields in five domains. EPC migration was significantly 
enhanced (*p < 0.05, A vs. B and C; n = 5 different fields in 
each group) in group A compared to group B and group C. 
Data are presented as mean ± S.D. Statistical analysis was 
performed using ANOVA followed by the Turkey multiple 
comparison test. 

Figure 6. MTT assay of EPC proliferation. The MTT 
assay was used to detect the proliferative activity of 
transfected EPCs. The in vitro proliferative activity of pcDNA 
3.0-hVEGF165-transfected EPCs was greater than that of 
null-plasmid transfected EPCs and nontransfected EPCs. The 
proliferative activity of null-plasmid transfected EPCs was 
similar to that of nontransfected EPCs (*p < 0.05, A vs. B and 
C; n = 6 different samples in each group). Data are presented 
as mean ± S.D. Statistical analysis was performed using 
ANOVA followed by the Turkey multiple comparison test.
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turn promote migration, proliferation, and remodeling 
of differentiated endothelial cells residing in the target 
tissue.
 In conclusion, in vitro, EPCs were successfully 
transfected with the hVEGF165 gene. The expression 
of VEGF165 increased and adhesion, migration, and 
proliferative ability were significantly enhanced in 
EPCs transfected with the hVEGF165 gene. 
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1. Introduction

In complicated thoracic aortic surgeries using 
cardiopulmonary bypass (CPB), circulatory arrest is 
needed to obtain a bloodless surgical field (1). During 
circulatory arrest, either selective cerebral perfusion 
(SCP) or retrograde cerebral perfusion (RCP) with 
deep hypothermia is performed for cerebral protection 
(2). SCP is employed in many institutions but requires 
extra arterial cannulation and, in some cases, an extra 
arterial pump; thus, it is relatively complicated and 
time-consuming (3). In contrast, RCP can be instituted 
easily just by clamping the venous drainage tube of 
the inferior vena cava (IVC), snaring the superior vena 

cava (SVC) cannula, and counter-rotating the CPB 
pump (4). However, this method is associated with two 
major concerns: insufficient cerebral oxygen supply (5) 
and cerebral edema with increased intracranial pressure 
due to high venous pressure (6). Cerebral edema caused 
by RCP has been found in animal models (6,7) but not 
specifically in humans. Because the intracranial space 
is limited by the cranium, cerebral edema can cause 
pressurization of the non-parenchymal area, vessels, 
and cerebral ventricles. When intracranial vessels are 
pressurized from the outside, their vascular resistance 
increases (8,9). 
 In the current study, Doppler echocardiography 
was used to evaluate the carotid arteries to determine 
whether cerebral vessel resistance increases after RCP. 
Intra-operative transesophageal echocardiography 
(TEE) was performed during the surgeries except 
where contraindicated. Carotid artery flow was detected 
with a TEE probe at the pharynx (10,11). In some 
patients, blood flow was followed distal to the carotid 

Summary Deep hypothermic circulatory arrest (DHCA) with retrograde cerebral perfusion (RCP) 
under high central venous pressure (CVP) is often used in aortic arch surgery under 
cardiopulmonary bypass (CPB). We hypothesized that DHCA with RCP under high CVP 
causes cerebral vascular compression because of increased perivascular pressure due 
to extravasation of fluid into intracranial tissue. In a retrospective study, we evaluated 
the pulsatility index (PI) and resistance index (RI) of the internal carotid arteries (ICA) 
and external carotid arteries (ECA) before and after CPB in 15 patients who underwent 
DHCA/RCP (group 1) and 17 patients who underwent regular CPB without DHCA/RCP 
(group 2). Both indices are known to reflect vascular resistance distal to the measurement 
point. The PI and RI of the ICA increased significantly after the procedure in group 1 but 
did not change in group 2. The PI and RI of the ECA did not change in either group. In 
group 1, the rate of increase in PI and RI correlated with the duration of RCP, which was 
significantly higher in patients who had postoperative delirium than in patients who did 
not experience postoperative delirium. As increases in PI/RI after DHCA/RCP occurred 
only in the ICA, we concluded that the changes were due to compression of vessels as a 
result of increased perivascular pressure. The greater increase in the PI/RI in patients who 
experienced postoperative delirium indicates that increased perivascular pressure plays a 
role in the occurrence of postoperative delirium after DHCA/RCP.

Keywords: Pulsatility index, resistance index, transesophageal echocardiography, delirium
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bifurcation between the ICA and ECA. The peak 
systolic velocity (PSV), end-diastolic velocity (EDV), 
and mean velocity (MV) were measured using pulsed-
wave Doppler ultrasound (12,13). The pulsatility index 
(PI) and resistance index (RI) are known to reflect 
vascular resistance distal to the position where the 
Doppler signal is received (14,15). PI is calculated as 
(PSV-EDV)/MV and RI as (PSV-EDV)/PSV. PI and 
RI were used to determine whether signs of increased 
cerebral vascular resistance were present after RCP.

2. Materials and Methods

2.1. Patients

This study was approved by the internal review board 
of the University of Tokyo Hospital. Informed consent 
was waived because of the retrospective nature of the 
study. Written informed consent for intra-operative 
TEE was obtained preoperatively. Data used were from 
carotid artery Doppler flow studies of 32 adult patients 
who underwent cardiovascular surgery at this institution 
between July 2008 and October 2010.

2.2. Data collection

Baseline Doppler data were collected when the TEE 
probe was inserted into the patient's esophagus. Post-
CPB Doppler data were obtained just before the TEE 
probe was withdrawn from the patient's esophagus at 
the end of surgery. The carotid arteries were evaluated 
whenever they were easily visualized at the time 
of probe insertion and withdrawal to ensure that no 
pathology in these vessels was missed before surgery 
and that no new lesion was present after the surgery. 
The carotid artery was identified on one side or the 
other and traced peripherally towards the carotid bulb 
using color flow Doppler imaging. After the bifurcation 
at the carotid bulb, the vessel with flow parallel to the 
Doppler beam was the ICA, and the vessel with flow 
at an oblique angle to the Doppler beam was the ECA 
(11). Blood flow in the ICA and ECA was recorded 
Using pulsed-wave Doppler. At least three consecutive 
heartbeats were recorded and the average PI and RI 
calculated. Heart rate (HR), mean arterial blood pressure 
(MAP), hematocrit, and PaCO2 were also recorded at the 
time of the Doppler measurements. Data from patients 
who were not in sinus or atrial pacing rhythm were 
excluded from analysis.
 RCP was  used  in  a l l  cases  in  which  deep 
hypothermic circulatory arrest (DHCA) was employed 
(group 1). When the tympanic temperature reached 
18°C, CPB pump flow was stopped and the aortic 
aneurysm opened. RCP was performed by perfusing 
oxygenated blood through the SVC cannula as the 
IVC cannula was occluded and the SVC snared (16). 
The CPB flow rate was adjusted and periodically 

changed from 150 mL/min to 800 mL/min every 30 
sec to vary the SVC pressure from 25 mmHg to 35 
mmHg. This is designated 'RCP with intermittent 
pressure augmentation (IPA-RCP)' (17,18) and was 
used in all RCP cases. The target for the lowest 
rectal temperature during regular CPB without 
DHCA (group 2) was 32°C. In both groups, general 
anesthesia was induced with 5 mg/kg thiopental and 
2 mcg/kg fentanyl, and end-tracheal intubation was 
facilitated with 0.1 mg/kg vecuronium. Anesthesia 
was maintained with 1% to 2% of sevoflurane and 
supplemental fentanyl. No additional medication for 
neuroprotection was given. The α-stat method of pH 
control was used in all cases. At the time of aorta cross-
clamp release, low doses of catecholamine (dopamine 
3-5 mcg/kg/min) and vasodilators (nitroglycerin 0.3-0.5 
mcg/kg/min, nicardipine 0.5-1 mg/h) were started and 
continued until after the patients were transferred to the 
intensive care unit.
 Bilateral cerebral oxygen saturation (ScO2) was 
monitored continuously in all patients using near 
infrared spectroscopy (NIRO 200, Hamamatsu 
Photonics, Hamamatsu, Japan). ScO2 values usually 
decrease during CPB and return to pre-operative values 
after termination of CPB. The change from the baseline, 
when initial PI and RI data were collected, was 
calculated for the minimal value during CPB and for 
the value at the end of surgery, when post-CPB PI and 
RI data were collected. The presence of postoperative 
delirium was determined by reviewing patient records 
from the intensive care unit after surgery.

2.3. Statistical analysis

Analysis of variance (ANOVA) with the Best-Hsu's 
MCB test was used to compare groups 1 and 2. 
Wilcoxon matched-pair sign-rank tests were used to 
compare the baseline and post-CPB values in each 
group.

3. Results

3.1. Patient demographics

The mean patient age was 65.3 ± 17.5 years. Of the 
32 patients, 22 (69%) were male. Twenty-two patients 
underwent thoracic aortic surgery (n = 15 in group 1 
and n = 7 in group 2). Ten patients underwent valve 
surgery with regular CPB (n = 15 in group 1 and 
n = 17 in group 2). Operating time, CPB time, and 
the total amount of fentanyl did not differ in groups 
1 and 2 (Table 1). In both groups, HR was higher 
and the bispectral index (BIS) was lower after CPB 
compared to the baseline, but MAP, hematocrit, end-
tidal sevoflurane, nasopharyngeal temperature, and 
PaCO2 did not differ before and after CPB in either 
group or between the two groups (Table 2). The doses 
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than that in patients who did not experience delirium 
(Table 4). Moderate correlations were found between 
RCP time and increased ICA PI and RI (Figure 2). In 
group 2, the PI/RI of the patients who experienced 
delirium did not differ from the PI/RI of the patients 
who did not experience delirium.

3.3. ScO2 changes

The average change in right and left ScO2 from the 
baseline to the minimum value during CPB was 
significantly larger in group 1 than in group 2, but it 
did not differ between the two groups from the baseline 
to the end of surgery (Table 5). In group 1, the average 
change in right and left ScO2 from the baseline to the 
minimum value during CPB did not differ between 
patients who experienced delirium and patients who 
did not (39.2 vs. 34.4%, p > 0.05). No correlation was 
found between the extent of the increase in PI/RI and 
the average change in ScO2 from the baseline to the 
minimum value during CPB in group 1.

4. Discussion

In the present retrospective study, the PI and RI of the 
ICA, but not of the ECA, increased after CPB when 
DHCA with RCP was used. As the PI and RI are known 
to reflect resistance distal to the measurement point 
(14,15), results indicated that DHCA with RCP, but not 
regular CPB without DHCA, increases the resistance of 
cerebral vessels distal to the ICA.
 Cerebral blood flow and cerebrovascular resistance 
are affected by many factors, including cerebral 
electrophysiological activity, MAP, hematocrit, 
PaCO2, temperature, anesthetics, catecholamines, 
and vasodilators (20-23). BIS decreased during 
C P B ,  p o s s i b l y  r e f l e c t i n g  r e d u c e d  c e r e b r a l 
electrophysiological activity. Such activity can reduce 
cerebral blood flow and increase cerebrovascular 
resistance. The increase in HR after CPB may have 

of catecholamine and vasodilators administered in the 
operating room did not differ for the groups.

3.2. PI and RI of ICA and ECA 

The baseline PI and RI of the ICA did not differ 
between groups 1 and 2, but the post-CPB PI and RI 
of the ICA were higher in group 1 than in group 2. In 
the ECA, neither the baseline indices nor post-CPB PI 
and RI differed between the two groups. In group 1, the 
PI and RI of the ICA increased significantly after CPB 
compared to the baseline, but in group 2 the indices did 
not change after CPB. The PI and RI of the ECA did not 
change significantly after CPB in either group (Table 3, 
Figure 1). No patient suffered permanent neurological 
damage after the procedure. However, eight patients 
(four in each group) had temporary postoperative 
delirium while in the intensive care unit. Patients who 
experienced delirium were significantly older (75.0 
vs. 61.4 years old, p < 0.05) than patients who did not 
experience delirium. The operating time, CPB time, 
hematocrit, MAP, ScO2, and BIS did not differ between 
the patients who experienced delirium and patients 
who did not. In group 1, the patients who experienced 
delirium tended to be older (68.8 vs. 58.0 years, p > 
0.05) and have a longer RCP time (37.8 vs. 87.5 min, 
p < 0.05) than the patients who did not experience 
delirium. Patients with delirium tended to have a higher 
post-CPB PI and RI of the ICA, and the increase in the 
PI and RI of the ICA after CPB was significantly higher 

Table 1. Operating, CPB, and RCP time

Items

Operating time (min)
CPB time (min)
Total amount of fentanyl (mcg/kg)
DHCA time (min)
RCP time (min)

Data reported as means ± standard deviation.CPB, cardiopulmonary 
bypass; RCP, retrograde cerebral perfusion; DHCA, deep 
hypothermic circulatory arrest; N/A, not applicable.

 Group 1 
 (n = 15)

435 ± 119
213 ± 55
  19 ± 18
  61 ± 23
  53 ± 35

 Group 2 
 (n = 17)

381 ± 108
188 ± 79
  23 ± 11
     N/A
     N/A

p-value

0.2545
0.2847
0.3626
   N/A
   N/A

Table 2. Vital signs and blood gas analysis

Items

HR (beat/min)
MAP (mmHg)
Hematocrit (%)
PaCO2 (mmHg)
EtSEV (%)
BIS
TEMP naso (°C)

Data reported as mean ± standard deviation. HR, heart rate; 
MAP, mean arterial pressure; EtSEV, end-tidal sevoflurane; BIS, 
bispectral index; TEMP naso, nasopharyngeal temperature; CPB, 
cardiopulmonary bypass; DHCA, deep hypothermic circulatory 
arrest; RCP, retrograde cerebral perfusion. * p < 0.05 between the 
baseline and post-CPB in each group.

Baseline

   61 ± 10
   63 ± 15
32.9 ± 3.8
39.5 ± 5.8
  1.0 ± 0.4
   53 ± 8.2
35.5 ± 0.6

 Post CPB

   81 ± 13*

   79 ± 18
32.2 ± 3.3
37.6 ± 6.2
  1.0 ± 0.9
   41 ± 9.5*

36.0 ± 0.9

  Baseline

   62 ± 8
   72 ± 16
32.4 ± 3.7
38.5 ± 3.6
  1.2 ± 0.6
   49 ± 10.1
35.9 ± 0.7

 Post CPB

   88 ± 15*

   76 ± 13
32.0 ± 3.9
39.9 ± 4.8
  1.1 ± 0.8
   39 ± 11.3*

36.1 ± 0.8

Group 1 (n = 15) Group 2 (n = 17)

Table 3. Pulsatility and resistance indices of the internal 
carotid artery (a) and the external carotid artery (b)

Data reported as mean ± standard deviation. ICA, internal 
carotid artery; PI, pulsatility index; RI, resistance index; CPB, 
cardiopulmonary bypass; ECA, external carotid artery. * p < 0.05 
between the baseline and post-CPB. # p < 0.05 between group 1 and 
group 2.

Baseline

1.53 ± 0.48
1.78 ± 0.50

Post-CPB

2.13 ± 0.67*

1.73 ± 0.48#

(a)

ICA

Group 1 (n = 15)
Group 2 (n = 17)

Baseline

0.73 ± 0.11
0.77 ± 0.08*

Post-CPB

0.84 ± 0.09*

0.75 ± 0.07#

                PI                 RI

Baseline

2.05 ± 0.53
1.87 ± 0.51

Post-CPB

1.97 ± 0.54
1.95 ± 0.58

(b)

ECA

Group 1 (n = 15)
Group 2 (n = 17)

Baseline

0.83 ± 0.06
0.83 ± 0.09

Post-CPB

0.82 ± 0.07
0.85 ± 0.10

                PI                 RI
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affected the PI and RI, but the similar changes in BIS 
and HR in both groups do not explain why the PI 
and RI of the ICA increased only in group 1. Similar 
doses of fentanyl, catecholamine, and vasodilators 
were given to patients in both groups, so they should 
not have affected the groups differently. In addition, 
MAP, hematocrit, PaCO2, end-tidal sevoflurane, and 
nasopharyngeal temperature did not differ between the 
baseline and the end of surgery. Thus, the increase in 
cerebrovascular resistance after DHCA with RCP was a 
result of some other factor(s).
 One explanation is that DHCA with RCP may 
have increased the basic tone of the vessels. If vessels 
become hypercontractile, the PI and RI of the ECA 
would be similarly affected by the elevated capillary 
pressure. Since the indices did not change significantly 
after CPB in group 1, increased vascular tone is not 
likely to be a major mechanism. Another possible 
explanation is an increase in perivascular interstitial 

pressure around the vessel. During RCP, the SVC 
pressure was increased up to 35 mmHg. With this high 
pressure, fluid extravasation probably occurs from 
the venous lumen through the vessel wall into the 
extravascular space. Because the intracranial space 
is limited, extravasation of fluid into the cerebral 
parenchyma would cause an exaggerated increase 
in the perivascular pressure and compress the extra-
parenchymal arteries and parenchymal arterioles, 
which are major resistance vessels (24,25). This 
scenario would lead to increased PI and RI in the ICA. 
DHCA with RCP could also have caused edema in the 
extracranial tissue, but unlike the intracranial space, 
the extracranial space is not limited by the cranium. 
Thus, tissue edema would not pressurize the arteries 
and arterioles and the PI and RI of the ECA would not 
increase.
 Four of the five patients who had a RCP time of 
more than one hour experienced postoperative delirium. 

Figure 1. Pulsatility indices (PI) and resistance indices (RI) of the internal carotid artery (ICA) in group 1 (CPB with 
DHCA/RCP) and in group 2 (regular CPB without DHCA/RCP) patients.

0.5

1

1.5

2

2.5

3

3.5

Baseline Post-CPB

P I o f IC A in  G ro u p  1

■ (+ ) d e liriu m
● (-) d e liriu m

p = 0.0001

0.5

0.6

0.7

0.8

0.9

1

Baseline Post-CPB

R I o f IC A in  G ro u p  1

■ (+ ) d e liriu m
● (-) d e liriu m

p = 0 .0 0 0 1

0.5

1

1.5

2

2.5

3

3.5

Baseline Post-CPB

P I o f IC A in  G ro u p  2

■ (+ ) d e liriu m
● (-) d e liriu m

p = 0 .4 8 7 4

0.5

0.6

0.7

0.8

0.9

1

Baseline Post-CPB

R I o f IC A in  G ro u p  2

■ (+ ) d e liriu m
● (-) d e liriu m

p = 0 .2 0 0 4

Table 4. Pulsatility and resistance indices of the internal carotid artery of the patients in Group 1

Items

Delirium (-) (n = 11)
Delirium (+) (n = 4)

Data reported as mean ± standard deviation. PI, pulsatility index; RI, resistance index; CPB, cardiopulmonary bypass. PI ratio = (post-CPB PI)/
(baseline PI); RI ratio = (post-CPB RI)/(baseline RI). * p < 0.05 between the baseline and post-CPB. # p < 0.05 between Delirium (-) and Delirium 
(+).

                                         PI                                         RI

Baseline

1.54 ± 0.51
1.50 ± 0.41 

Post-CPB

2.16 ± 0.29*

2.43 ± 0.46*

Baseline

0.74 ± 0.12
0.70 ± 0.08

PI ratio

1.30 ± 0.22
1.80 ± 0.46#

Post-CPB

0.81 ± 0.03*

0.87 ± 0.05*

RI ratio

1.12 ± 0.08
1.27 ± 0.20#
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A moderate correlation was found between the change 
in the PI/RI of the ICA and the duration of RCP. 
Moreover, four of the five patients whose PI increased 
more than 50% after DHCA with RCP experienced 
postoperative delirium. This finding indicates that 
increased perivascular pressure may play some role in 
causing delirium after DHCA with RCP. RCP causes 
cerebral edema in animal models (6,7). Although this 
trend has not been verified in humans, a central venous 
pressure (CVP) as high as 35 mmHg is speculated to 
cause extravasation of fluid from intracranial blood 
vessels. In both groups, the patients who experienced 
delirium tended to be older. Patient age has been 

shown to be an important factor in the occurrence of 
delirium after cardiac surgery. Other factors associated 
with postoperative delirium include renal impairment, 
chronic lung disease, extracardiac arteriopathy, poor 
mobility, and electrolyte disturbances (26). In the 
present retrospective study, RCP duration tended to 
be longer for older patients. Most likely, patient age 
and other factors, and not the increased perivascular 
pressure itself, were the major causes of postoperative 
delirium.
 ScO2 was monitored with near infrared spectroscopy 
in all cases. A number of studies have shown that 
RCP may not provide enough oxygen to the brain 
during DHCA (27-30), which is consistent with the 
current findings although the two groups had a similar 
incidence of postoperative delirium. In group 1, the 
decrease in ScO2 during CPB was not related to the 
occurrence of postoperative delirium. Thus, cerebral 
ischemia during DHCA with RCP may not be a major 
cause of postoperative delirium.

Table 5. Change in ScO2 from the baseline (%)
Items

Group 1 (n = 15)
Group 2 (n = 17)
Data reported as mean ± standard deviation. Min. = the minimum 
value. # p < 0.05 between group 1 and 2.

Min. during CPB

    −35.6 ± 14.3
    −20.0 ± 8.4#

End of surgery

    −1.1 ± 9.4
    −4.4 ± 8.4

Figure 2. Relationship between the retrograde cerebral perfusion (RCP) time and the pulsatility index ratio (PI) and 
resistance index (RI) ratio of the post-CPB to the baseline.

0.5

1

1.5

2

2.5

0 25 50 75 100 125 150

IC
A 

PI
 ra

tio

RCP time (min.)

■ (+ ) d e liriu m
● (-) d e liriu m

R2 = 0.52
p < 0.05

1

1.1

1.2

1.3

1.4

1.5

1.6

0 25 50 75 100 125 150

IC
A 

RI
 ra

tio

RCP time (min.)

R 2 =  0 .4 3
p < 0 .0 5

■ (+ ) d e liriu m
● (-) d e liriu m



www.biosciencetrends.com

BioScience Trends. 2012; 6(5):276-282. 281

 No patient underwent DHCA without RCP because 
performing DHCA without any measure aimed at 
providing oxygen to the brain is not standard practice. 
As selective antegrade cerebral perfusion was not 
performed at this institution during the period studied, 
data on this method are not available.
 The PI and RI data for the ICA and ECA were 
collected from only some of the patients who 
underwent intra-operative TEE. Some patients had a 
high bifurcation of the ICA and ECA and each vessel 
could not be followed with the TEE probe. In addition, 
only one side of the carotid artery could be examined in 
some patients, which was probably due to the acoustic 
effect of the endotracheal tube. Therefore, the laterality 
of the change could not always be assessed.
 Doppler flow data can be obtained for the ICA and 
ECA by transcutaneous carotid artery sonography rather 
than a TEE probe, but using a hand-held probe under 
all the surgical drapes and instruments is cumbersome 
and carries the risk of contaminating the sterile surgical 
field. In addition, checking the carotid artery flow 
intra-operatively, especially during aortic arch surgery, 
has other advantages, such as the detection of carotid 
malperfusion during CPB, finding a carotid dissection 
resulting from aortic cannulation, and confirming that 
debris is not flowing distally in the carotid artery at the 
time of aortic manipulation (31). Such intra-operative 
carotid monitoring can also be used during cannulation 
of the internal jugular vein (32). The current study 
suggests that monitoring carotid artery flow could also 
be used to detect potentially abnormal cerebrovascular 
dynamics.
 In conclusion, the PI and RI of the ICA, but not 
of the ECA, increased after DHCA with RCP. These 
indices did not change after regular CPB without 
DHCA. Because the PI and RI are indicators of vascular 
resistance distal to the measurement site, these results 
indicate that cerebral vascular resistance increases after 
DHCA with RCP but does not change after regular 
CPB. This phenomenon can be explained by increased 
perivascular pressure, which potentially contributes to 
delirium after cardiac surgery with DHCA and RCP.
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