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1. Introduction

Population aging is prevalent worldwide, and the number of older 
adults is increasing at an accelerating rate [1].  It is estimated that 
by 2050, among many nations worldwide at least 20% of the na-
tional population will be aged  60 years [1].  Of note, the most 
substantial increase has been observed in the oldest-old group 
(aged > 85 y).  Population aging occurs at various rates in differ-
ent geographic regions.  Although at present, Europe contains the 
most aged population, it is anticipated that by 2050, Asia, South 
America, and Africa will experience the most rapid rate of in-

crease in population aging.
These demographic changes exert substantial growing pres-

sure on health care in many countries worldwide [2].  A paradigm 
shift is urgently required in the care for complex chronic diseases 
and disabilities [2].  Concurrently, we are standing at the dawn 
of a profound change in our understanding of the aging process, 
which represents the primary biological underpinning of most 
chronic diseases and late-life disabilities [3].  Armed with these 
advances, we have the unique opportunity to address these grand 
challenges by designing and implementing an effective and sus-
tainable health care system for aging populations.
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ABSTRACT

A chronic disease in older adults usually runs a course that is less predictable than in younger individuals.  
Unexplained variations in disease incidence, prognosis, therapeutic responses, and toxicity are frequently 
observed among older adults.  This heterogeneity poses huge challenges to the current one-size-fits-all 
health care systems, and calls for more personalized managements of chronic diseases in older adults.  Ag-
ing is characterized by progressive deterioration of bodily functions with increasing risk of failure over time.  
The entire process is hierarchically organized, and progresses from intracellular events to changes at system-
ic and ultimately organism levels at different rates among different individuals. Aging biology exerts great 
influences on the development and progression of most age-related chronic diseases.  Thus, aging biology 
could contribute to the complexity of illnesses that increase with age, and aging biomarkers possess a great 
potential to enable personalized health risk assessment and health care.  We review evidences supporting 
the roles of aging biomarkers in risk assessment of prevalent age-related diseases.  Frailty phenotype is an 
objectively measured indicator of advanced-stage aging that is characterized by organism-level dysfunction.  
In contrast, altered inflammation markers level signifies an earlier stage between cellular abnormalities and 
systems dysfunction.  Results of human observational studies and randomized controlled trials indicate that 
these measures, albeit simple, greatly facilitate classification of older patients with cancer, chronic kidney 
disease, cardiovascular diseases and type 2 diabetes mellitus into groups that vary in disease incidence, 
prognosis and therapeutic response/toxicity.  As the detailed mechanisms underlying the complex biologic 
process of aging are unraveled in the future, a larger array of biomarkers that correlate with biologic aging at 
different stages will be discovered.  Following the translational research framework described in this article, 
these research efforts would result in innovations in disease prevention and management that address the 
huge unmet health needs of aging populations.
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2. Challenges of health care in an aging population

Health care for older people differs from that for younger adults 
and presents great and unique challenges.  Older adults are highly 
susceptible to diseases and disabilities [4].  The prevalence of 
many chronic diseases, including cardiovascular diseases, cancers, 
diabetes and respiratory diseases, is high in the elderly popula-
tion and continues to increase [4-6].  Moreover, older adults tend 
to have multiple coexisting health conditions.  The prevalence of 
multimorbidity, defined as the coexistence of  2 chronic diseases 
or conditions, increases considerably with age and is projected to 
increase further [7, 8].  Individuals with multiple coexisting health 
conditions exhibit different and more complex health care needs 
compared with those with a single health condition [9-11].  In ad-
dition, adults with multiple health conditions exhibit considerable 
differences regarding their health status and health care needs [9, 
12].  This heterogeneity in the health status and health care needs 
among older adults challenges the current one-size-fits-all health 
care systems based on the single-disease paradigm [7, 13-15]. 

This heterogeneity in health status increases with age and 
is predominantly observed in older adults (Figure 1) [7, 9, 16].  
This heterogeneity is largely attributed to the complex interac-
tions among host factors and disease biology [17-19].  During 
the course of a chronic disease, numerous host factors, including 
comorbid age-related conditions, could have profound effects on 
disease development and progression, thereby altering disease 
risk, health outcomes, and responses to interventions.  These al-
terations often cause unforeseen variations in disease incidence, 
prognosis, therapeutic responses, and toxicity among older adults.  
With the lack of complete consideration of these host factors, 
traditional single disease paradigm fails to completely explain, 

predict, and manage these variations [7, 13-15].  Examples are 
discussed in this section to explain this concept.

Cancer is prevalent in older adults [20].  Over half of new 
cancers occur in the elderly population [20, 21].  However, despite  
rapid progress in this field, how to deliver optimal care for older 
adults with cancer remains unclear [14, 15, 19, 22].  Complex 
interactions between host biology and cancer biology could re-
sult in unpredictable variations in cancer progression, prognosis, 
treatment responses, and toxicities in an individual.  For instance, 
many chronic illnesses afflicting older adults could affect the 
overall survival and prognosis of most types of cancer [23, 24].  
Studies have even indicated that comorbid illnesses prevalent in 
older patients with cancer could directly affect the cancer biol-
ogy [25-27].  In addition, accumulating evidence suggests that 
chronic diseases may enhance the toxicity of chemotherapy and 
alter treatment responses [28-30].  The resulting heterogeneity in 
patients with cancer precludes the appropriate extrapolation of 
clinical trial results derived from younger or more selective older 
populations [14, 15, 19, 22].

Similarly, the management of cardiovascular diseases in older 
adults is complicated by the heterogeneity in the health status of 
each individual patient.  Various chronic diseases or conditions 
are prevalent in older adults with cardiovascular disease and 
could considerably affect the disease progression and prognosis 
through unclear mechanisms [7, 24, 31-35].  For instance, studies  
have reported that coexisting chronic kidney disease greatly in-
creases the risk of cardiovascular morbidity and mortality [31-
33].  Diabetes and myriads of related metabolic disorders not only 
increase the risk of developing cardiovascular disease for older 
adults but also accelerate the progression of vascular pathologies 
[24, 34, 36-38].  Indeed, evidence indicates bidirectional or even 
more complicated relationships among these chronic diseases 
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Fig. 1 - Model of Disease Development.  Environmental exposure plus host’s susceptibility (baseline risk) initiates the disease 
development process, which progresses from the preclinical to the clinical stage and ultimately the irreversible stage [102].  
However, as organisms age, an increasing number of host factors could potentially interact the process at any stage, leading to 
unforeseen heterogeneity in the disease development that could not be explained by this model.
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with each disease increasing the risk for the other and resulting in 
a poorer prognosis than with either disease alone [39].  Further-
more, the benefits and harms of treatment of one disease could 
considerably vary among older patients with different profiles 
of comorbid conditions [12, 39-41].  The detailed mechanism is 
presently a subject of intensive research.  Without considering 
these complex interactions and the resulting variations, it is likely 
that an older individual at a high risk of developing cardiovascu-
lar disease would not be targeted for preventive measures (or vice 
versa), assigned a prognosis that is questionable after developing 
the disease, and provided an intervention to which the patient  
responds poorly or with unintended side effects [42, 43].

To provide optimal care for older adults, breakthrough in-
novations are required in disease prevention, diagnosis, and man-
agement, based on the uniqueness of individual patients in the 
complex interaction among host factors and disease biology.

3. Personalized medicine

Personalized medicine is defined as tailoring health care based 
on the individual characteristics of each patient [44].  This is 
achieved by classifying individuals into groups that exhibit varied 
disease susceptibility, disease activity, or treatment responses, 
which thus enables focusing preventive or therapeutic interven-
tions on those who will benefit and sparing those who will not 
[44].  This classification is based on health risk assessment and 
relies on the detailed and complete understanding of healthy and 
diseased states.  With recent rapid advances in the understanding 
of the molecular underpinnings of these states, it is possible to de-
sign individualized health care plans based on a person’s unique 
attributes [17, 19, 22, 42, 44].

Personalized health risk assessment is the core of personalized 
health care.  Traditionally, health risk is assessed using clinical, 
demographic, and laboratory risk factors; examples include the 
well-known “factors of risk” obtained from the Framingham coro-
nary heart disease model [45].  This approach remains essentially 
unaltered and is still widely used in risk prediction.  Although 
these risk factors could be routinely collected in a cost-effective 
way during clinical practice, their values in personalized health 
care have been limited by their relatively low accuracy in predict-

ing health outcomes [46-49].  Compared with the traditional risk 
factors, an individual’s characteristics that are directly related to 
the diseases pathogenesis could provide more insights into the 
biologic process, starting from baseline disease susceptibility to 
disease progression and therapeutic response, thereby allowing 
more accurate and individualized health risk assessment (Figure 2) 
[17, 19, 50]. 

These characteristics that could be objectively measured and 
evaluated as indicators of normal biological processes, pathogenic 
processes, or pharmacological responses to a therapeutic interven-
tion of an individual are commonly known as biomarkers and are 
considered the core of personalized health care [44, 50-53].  Most 
recent efforts in realizing personalized medicine have largely fo-
cused on the use of an individual’s genomic information [17-19, 
44, 50, 54].  However, any biomarker could potentially enable the 
following key tasks in personalized medicine: baseline risk as-
sessment, tracking preclinical and clinical progression, predicting 
health outcomes, therapeutic responses, and toxicity [44, 50, 52, 
53]. 

Different biomarkers may play distinct roles in personalized 
disease screening, diagnosis, prognosis assignment, and therapeu-
tic decisions.  For instance, a genetic biomarker that indicates an 
upstream biologic process in the causal pathway of a disease may 
enhance baseline risk assessment, prediction of therapeutic re-
sponse, and health outcomes, thereby contributing to personalized 
diseases screening, diseases prevention, therapeutic decisions, 
and prognosis assignment [17-19, 44, 50, 54].  A dynamic bio-
marker, which indicates ongoing biological activities (e.g. imag-
ing markers, metabolomic markers, proteomic markers, and other 
objectively measured characteristics) is informative in tracking 
preclinical and clinical disease progression, early diagnosis, and 
predicting associated health outcomes [44, 50, 53].

Translating biomarkers discoveries into clinical applications 
typically requires 4 phases of research [55].  The first research 
(T1) phase examines the candidate applications of a biomarker 
in screening, diagnosis, prognosis, or therapeutic decisions by, 
for instance, determining the association of the biomarker with 
a health outcome in human observational studies.  The second 
phase (T2) assesses the clinical utility of the biomarker, and evi-
dence-based guidelines are established.  The third (T3) and fourth 
(T4) phases examine the dissemination of the practice guidelines 

Baseline risk
Preclinical

progression 
Disease
initiation

Disease
progression 

Irreversible
damage 

Baseline risk
assessment 

Refine risk assessment;
Tracking preclinical
progression  

Early
diagnosis 

Tracking clinical progression;
Predicting health outcomes (events);
Predicting therapeutic response/toxicity

Pe
rs

on
al

iz
ed

H
ea

lth
 C

ar
e 

B
io

m
ar

ke
rs

Stable biomarkers (genetic biomarker)

Dynamic biomarkers (e.g. imaging, metabolomic, proteomic, other objectively
measured characteristics) 

Fig. 2 - Central roles of biomarkers in personalized medicine.  Biomarkers that indicate the activities of diseases pathogenesis at 
each stage could enhance baseline risk assessment, tracking of preclinical and clinical progression, prediction of health outcomes, 
therapeutic response or toxicity, thereby enabling personalized disease screening, prevention, diagnosis, prognosis assignment, 
and therapeutic decisions.  Different biomarkers may play distinct roles.
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into clinical practice and its effects on human health, respectively.

4. Translating aging biology to individualized 
health care for older people with complex  
health care needs

By using biomarkers indicating host biology that profoundly af-
fects disease pathogenesis, personalized health risk assessment 
would facilitate classification of heterogeneous older patients into 
groups that vary in disease incidence, progression, prognosis, 
therapeutic response, and toxicity and set the stage for individu-
ally tailored disease prevention, diagnosis, and management for 
each older patient.  It is increasingly recognized that biology of 
aging exerts great influences on the pathogenesis of most chronic 
diseases prevalent in older adults [3, 56-60].  Thus, an individual’s 
characteristics that can be objectively measured and evaluated as 
an indicator of aging biology may serve as a universal biomarker 
with wide applications and great potential to renovate health care 
in aging population.

4.1. Aging biology

Aging is characterized by progressive deterioration of bodily 
functions with increasing risk of failure over time [61, 62].  This 
time-dependent phenomenon typically results from the accumula-
tion of damage over the lifetime, which could differ among dif- 
ferent individuals [63].  Decades of research and recent rapid 
progress has improved the understanding of the possible causes 
of this damage, the detailed nature of the damage, the processes 
through which the damage accumulates and leads to progressive 

deterioration of bodily function and increases the risk of failure 
[3, 63].  The entire process is hierarchically organized, beginning 
from intracellular events and followed by changes at cellular, 
systemic, and ultimately organism levels (Figure 3).  The intracel-
lular and cellular events that contribute to aging include genomic 
instability, telomere attrition, epigenetic alterations, loss of pro-
teostasis, deregulated nutrient sensing, mitochondrial dysfunction, 
cellular senescence, stem cell exhaustion, and altered intercellular 
communication (Figure 3) [3].  The consequent damage can alter 
cell population or function, thereby leading to dysfunctioning 
of physiological systems (e.g. immune system, musculoskeletal 
system, cardiovascular system, endocrine system, and neurologic 
systems) (Figure 3).  The survival and health of an organism  
relies on the dynamic interactions among multiple physiologi-
cal systems, which allow the organism to mount an appropriate  
response when challenged by stress, thereby maintaining homeo-
stasis.  Reduced functioning of multiple systems could degrade 
these dynamic interactions, consequently impairing the mecha-
nisms responsible for maintaining homeostasis and increasing the 
risk of failure at the organism level (e.g. onset and progression of 
clinical diseases, death, and disability) in the presence of stress [3, 
63].

As a result of the detailed elucidation of aging biology, nu-
merous biomarkers that are associated with aging biology at vari-
ous stages are being discovered.  Moreover, emerging evidence 
indicates that these biomarkers of aging could revolutionize 
health care by facilitating personalized health risk assessment and 
individualized health care for older people.  Examples will be 
provided below.  We focus on biomarkers which are progressing 
through the translational research phases described previously and 
may have potential use in health care in the near future.
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Fig. 3 - A hierarchical aging model.  Cellular abnormalities, including genomic instability, telomere attrition, epigenetic altera- 
tions, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and  
altered intercellular communication, lead to dysfunction of physiological systems, which, once reaching a threshold, causes 
organism-level dysfunction characterized by an increased risk of failure (e.g. death and disability).
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4.2. Frailty phenotype and health risk assessment

As described previously, once aging progresses to advanced stages  
involving organism-level dysfunction, it could precipitate organism- 
level failure when challenged by stress and lead to clinical disease 
initiation or progression, disability, and death.  Therefore, bio-
markers indicating this stage of aging could be applied to predict 
morbidity, mortality, disability, and other adverse health outcomes 
in older adults and classify older patients into groups with varying  
disease risk, prognosis, and therapeutic response or toxicity, 
thereby setting the stage for customized disease management for 
each older patient.

An example of this class of biomarker is frailty, which is an 
objectively measured indicator of aging reaching the organism 
level [64-66].  As expected, it is characterized by increased vul-
nerability and a decreased ability to maintain homeostasis [64-
66].  In addition, this vulnerability is caused by reduced reserve 
capacity of the interconnected physiological systems that adapt  
to stressors, leading to an increased risk of homeostasis failure 
[64-66].  According to the original operational definition of the 
frailty phenotype proposed by Fried et al, a person is considered 
frail when  3 of the following 5 criteria are present: unintentional 
weight loss, muscle weakness, slow walking speed, low physical 
activity, or exhaustion (Table 1) [67].  Older adults with one or  
2 of the criteria are considered prefrail, whereas those without  
any criteria are considered robust [67].

Accumulating evidence supports the utility of frailty phe-
notype in personalized health risk assessment for older people.  
Table 2 outlines these studies.  Prospective observational studies 
have repeatedly revealed that frailty predicts multiple adverse 
health outcomes, including disabilities and death [67-70].  In ad-
dition, a higher degree of frailty is associated with greater risks.  
Studies have further demonstrated that frailty could be applied for 
risk stratification among patients with chronic diseases.  In a re-
cent study, Ness et al observed that patients with cancer who were 
frail were more likely to die as compared to those who were not 
frail [71].  Among 1576 incident patients receiving maintenance 
dialysis, Bao et al observed that frailty was associated with a high 
risk of future hospitalization and death [72].  Emerging evidence 
has suggested that frailty phenotype may predict incident clinical 
diseases[71], although further research is required in this area.

As a simple objective characteristic, gait speed is considered a 
major component of the frailty phenotype.  Similar to frailty, slow 
gait speed alone has been shown to be a strong and independent 

predictor of numerous major health outcomes in older adults [73, 
74].  Older adults with slow gait speed are at a high risk of future 
disability [74, 75].  A pooled analysis of 9 major cohort studies 
demonstrated that a slow gait speed predicted mortality in older 
people [76].  Adult patients with chronic kidney disease who 
walked slower were at a higher risk of death [77].  Dumurgier et 
al observed that older adults with slow walking speed exhibited 
an approximately 3-fold higher risk of cardiovascular death [78].  
Roles of gait speed in risk stratification among patients with  
cardiovascular diseases have been further supported by recent 
studies [79, 80].  In particular, Afilalo et al reported that older 
patients with slow walking speed were more likely to experience 
complications, including postoperative mortality and major mor-
bidity, following cardiac surgery [80].  Older adults with slow gait 
speed were at higher risk of developing clinical diseases in the 
future [81].

The clinical utility of frailty phenotype was recently examined 
in a randomized controlled trial, wherein the authors investigated 
whether frailty assessment has the potential to change the man-
agement of complex chronic diseases prevalent in older adults 
and improve outcomes [82].  Treatment of type 2 diabetes melli-
tus in older adults is challenging.  Both inadequate treatment and 
treatment complications (e.g. hypoglycemia) are major concerns 
that are frequently encountered among older patients [83].  Using 
a randomized controlled trial, Strain et al demonstrated that drug 
treatment guided by frailty assessment is feasible.  In addition, 
this individualized care could not only facilitate adequate treat-
ment but also minimize the risk of treatment complications [82].

4.3. Inflammation markers and health risk assessment

Inflammation causes aging and represents a crucial cellular-level 
process that could lead to dysfunction of multiple physiological 
systems and subsequent organism-level dysfunction [3, 84].  In-
flammation not only accelerates aging but also plays a major role  
in the pathogenesis and progression of age-related diseases [85-87].   
For instance, a recent large-scale human genetic study suggested 
that interleukin-6 (IL-6) signaling pathway is causally related to 
coronary heart disease [88].  The biology of aging exerts major 
influences on the pathogenesis of chronic diseases through in-
flammation [3, 84]. 

Inflammation associated with aging is often determined by 
measuring the levels of cytokines, including IL-6, interleukin-1  
(IL-1 ) and tumor necrosis factor-  (TNF- ), in the blood [84, 

Table 1 – Frailty phenotype according to Fried et al. [67]a.
Criteria Frailty Characteristics Measure
1 Weight loss (unintentional) >10 lbs lost unintentionally in prior year (reported)

Shrinking
Sarcopenia

2 Muscle weakness Grip strength below cutoff value, [67] adjusted for sex and body mass index
3 Exhaustion Answering “moderate or most of the time” to “I feel that everything I do is an effort” and “I 

cannot get going.”Poor endurance
4 Slow walking speed Walking speed below cutoff value, [67] based on the time to walk 15 feet, adjusting for sex 

and standing height.
5 Low physical activity Kilocalories expended per week (< 383 kcal/wk in men and < 270 kcal/wk in women)

aAn individual is considered frail when  3 of the 5 criteria are present.  People with one or 2 of the criteria are considered prefrail, whereas 
those without any criteria are considered robust (adapted from Wu et al. [66]).
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Table 2 – Studies supporting the roles of frailty in personalized health risk assessment.
Studies Markers Design Population Outcomes Key Findings Translation Phasea

Fried  
et al. [67]

Frailty  
phenotype

Longitudinal  
study (7 y)

5317 men and  
women  
aged  65 y

Hospitalization,  
falls, disability,  
and mortality 

Frailty phenotype predicted  
incident hospitalization, falls,  
worsening disability, and death.

T1

Bandeen- Roche  
et al. [69]

Frailty  
phenotype

Longitudinal  
study (3 y)

1438 women  
aged  65 y

Institutionalization,  
disability, and  
mortality

Frailty phenotype predicted 
incident institutionalization, 
worsening disability, and death.

T1

Ensrud  
et al. [70]

Frailty 
phenotype

Longitudinal 
study (4.5 y)

6701 women  
aged  69 y

Falls, disability,  
and mortality

Frailty phenotype predicted 
incident falls, worsening 
disability, and death.

T1

Ness  
et al. [71]

Frailty 
phenotype

Longitudinal  
study

1922 adult 
childhood-cancer 
survivors  
aged  18 y

Morbidity and 
mortality

Frailty phenotype predicted 
incident morbidity and death.

T1

Bao  
et al. [72]

Frailty 
phenotype

Longitudinal  
study (1.2 y)

1576 incident 
patients receiving  
maintenance 
dialysis

Hospitalization  
and mortality 

Frailty phenotype predicted 
incident hospitalization and 
death.

T1

Strain  
et al. [82]

Frailty 
phenotype

Marker-guided 
randomized 
control trial  
(24 wk)

278 patients with  
type 2 diabetes  
aged  70 y

Proportion of  
patients reaching
HbA1c target and 
HbA1c reduction 
(Vildagliptin vs. 
placebo)

Frailty-guided drug treatment  
was effective in achieving  
HbA1c target and HbA1c 
reduction without any  
tolerability concerns.

T2

Studenski  
et al. [76]

Gait speed Longitudinal 
study (6-15 y)

34 485 men and 
women  
aged  65 y

Mortality Slower gait speed was  
associated with higher risk  
of death.

T1

Dumurgier  
et al. [78]

Gait speed Longitudinal 
study

3208 men and 
women  
aged  65 y

Mortality Slower gait speed predicted 
incident cardiovascular death.

T1

Chaudhry  
et al. [79]

Gait speed Longitudinal 
study (3.4 y)

758 men and 
women aged  65  
y with incident 
heart failure. 

Hospitalization Gait speed less than 0.8 m/s 
predicted incident  
hospitalization.

T1

Afilalo  
et al. [80]

Gait speed Longitudinal 
study (5.2 y)

131 men and 
women aged  70  
y receiving  
cardiac surgery

Inpatient 
postoperative  
mortality and 
major morbidity

Gait speed less than 0.8 
m/s predicted inpatient 
postoperative mortality  
and major morbidity.

T1

Roshanravan  
et al. [77]

Gait speed Longitudinal 
study (3 y)

385 adult patient 
aged > 18 y with 
chronic kidney 
disease 

Mortality Slower gait speed was  
associated with higher risk  
of death.

T1

McGinn  
et al. [81]

Gait speed Longitudinal 
study (5.2 y)

13048 women  
aged  65 y

Incident ischemic 
stroke

Slower gait speed was  
associated with higher risk  
of incident ischemic stroke.

T1

aRefer the text for detailed description.

89].  Acute phase proteins (e.g. C-reactive protein), which are 
produced by liver cells in response to gp140-meditated transsig-
naling triggered by IL-6 and easily detected in circulating blood, 
represent another group of biomarkers frequently used to assess 
inflammation of aging [90]. 

Studies have revealed that these inflammatory biomarkers 
could be useful in predicting morbidity, mortality, disability, and 
multiple adverse health outcomes (Table 3).  High inflammatory 
marker levels are associated with higher risks of multiple adverse 
health outcomes, including falls, disabilities, and death among 

older adults [91-94].  Moreover, studies have suggested that in-
flammatory markers may aid in risk stratification among patients 
with chronic diseases.  For instance, Volpato et al observed that 
increased serum IL-6 levels predicted death among older women 
with cardiovascular disease [95].  Another study revealed that 
among patients receiving isolated elective coronary artery bypass 
grafting, those with an IL-6 gene promoter variant associated with 
high postoperative IL-6 levels were more likely to experience 
postoperative atrial fibrillation as a major postoperative complica-
tion [96].  Furthermore, as an indicator of upstream intracellular 
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and cellular events that cause aging, these inflammatory markers 
predicted the incidence of multiple age-related chronic diseases 
[97-101].

5. Conclusion and future perspectives

The biology of aging greatly influences the development and pro-
gression of most diseases, disabilities, and other health conditions 
among older adults.  Therefore, detailed elucidation of the aging 
process would shed new light on the common pathway contribut-
ing to complex chronic illnesses developing in later stages of life 
and facilitate the development of universal biomarkers that can 
personalize health risk assessment and health care in older pa-
tients with a wide range of health conditions.

Frailty phenotype and inflammatory markers show great 
promise in this regard.  However, further investigations (T2, T3,  

and T4 studies) are required to firmly establish their clinical utility 
in health risk assessment.  Concurrently, with increasing knowl-
edge regarding the detailed aging process, novel biomarkers that 
correlate with biologic aging at different stages can be discov-
ered.  Similarly, their potential roles in personalized health risk 
assessments in older patients should also be critically examined  
in human studies, beginning from the T1 phase of translational 
research.  These efforts will ultimately unleash a renovation of 
health care that meets the needs of the increasingly aged popula-
tion worldwide.

Open Access This article is distributed under terms of the Creative  
Commons Attribution License which permits any use, distribution, 
and reproduction in any medium, provided original author(s) and 
source are credited.

Table 3 – Studies supporting the roles of inflammatory markers in personalized health risk assessment.
Studies Markers Design Population Outcomes Key Findings Translation Phasea

Akbaraly  
et al. [91]

IL-6 Longitudinal 
study (10 y)

3044 men and 
women  
aged  49 y

Morbidity and  
mortality

High levels of IL-6 predicted 
incident cardiovascular disease 
and death.

T1

Newman  
et al. [92]

IL-6 Longitudinal 
study (16 y)

5888 men and 
women  
aged  65 y

Mortality High levels of IL-6 predicted 
death.

T1

Jenny  
et al. [93]

CRP, 
fibrinogen

Longitudinal 
study (5 y)

5828 men and 
women  
aged  65 y

Mortality High levels of CRP and  
fibrinogen were more strongly 
associated with death in older  
men than women and more 
strongly associated with early 
than late death.

T1

Cohen  
et al. [94]

IL-6, 
D-dimer

Longitudinal 
study (5 y)

1723 men and 
women  
aged  72 y

Mortality and  
disability

High levels of IL-6 and  
D-dimer predicted death  
and disability

T1

Kalogeropoulos  
et al. [97]

IL-6, 
TNF- ,  
CRP

Longitudinal 
study (9.4 y)

2610 men and 
women  
aged  70 y

Incident heart  
failure 

High levels of IL-6 and TNF-  
predicted incident heart failure.

T1

Cesari  
et al. [98]

IL-6, 
TNF- ,  
CRP

Longitudinal 
study (3.6 y)

2225 men and 
women  
aged  70 y

Incident coronary  
heart disease, stroke,  
and congestive heart 
failure 

High levels of IL-6 and TNF-  
predicted incident coronary  
heart disease, stroke, and 
congestive heart failure.

T1

Pradhan  
et al. [99]

IL-6, CRP Prospective, 
nested  
case-control 
study (2.9 y)

608 women  
aged  50 y

Incident coronary  
heart disease

High levels of IL-6 and CRP 
predicted incident coronary  
heart disease.

T1

Volpato  
et al. [95]

IL-6 Longitudinal 
study (3 y)

620 women  
aged  65 y

Mortality High levels of IL-6 predicted 
death among those with 
cardiovascular disease.

T1

Pradhan  
et al. [100]

IL-6, CRP Prospective, 
nested  
case-control 
study (4 y)

550 women  
aged  45 y

Incident type 2  
diabetes

High levels of IL-6 and CRP 
predicted incident type 2  
diabetes.

T1

Hu  
et al. [101]

IL-6,  
TNF-  
receptor 2, 
CRP

Prospective, 
nested  
case-control 
study (10 y)

1522 women  
aged  43 y

Incident type 2  
diabetes

High levels of IL-6, TNF-  
receptor 2 and CRP predicted 
incident type 2 diabetes.

T1

aRefer the text for detailed description.
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1. The current status of personalized radiotherapy

The ultimate goal of radiotherapy for cancer is to regain control 
of the growth of the cancer, and at the same time, minimize the 
possible adverse effects of the radiotherapy.  However, there is 
no denying that cancer patients receiving radiotherapy alone or 
in combination with chemotherapy display a lot of individual dif-
ference in tissue responses.  Even though amazing technological 
improvements have enabled a more precise focusing and killing 
of the tumor cells, there is still some normal tissue that is inevita-
bly exposed to radiation and that becomes abnormal [1].  In some 
cancer survivors, this radiation exposure leads to cytotoxicity,  
tissue toxicity or organ dysfunction and affects their quality of 
life.  This is of particular importance for those patients diagnosed 
with early-stage localized cancer with a favorable prognosis who 
may live for a number of years after cancer therapy in the hospital.   
With increasing cure rates for common cancers such as nasopha-

ryngeal carcinoma, oral, breast, lung, prostate and cervical can-
cers, ‘survivorship issues’ are attracting more and more attention 
and discussion among patients and their relatives [2].  Thus, it is 
critical for radiologists and doctors to reconsider the morbidity 
that could result from radiotherapy and the necessary steps that 
might be undertaken to prevent these complications, as well as to 
consider offering alternative treatments to patients at the highest 
risk.  The study of the possible links between genomic variations 
and responses to radiation therapy, radiogenomic cancer study, is 
a multi-disciplinary and practically translational field of research.  
If successful, the work would not only lead to strategies that re-
duce the negative impact of these toxicities for cancer patients, 
but also lessen the financial burden placed on the health care sys-
tem to care for people suffering from radiation-induced injuries.  
Identification of sensitive patients would also permit safe dose 
escalation in more resistant individuals, leading to an increase in 
local control and cure for some cancers.  Therefore, radiogenomic 
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ABSTRACT

During the last twenty years, mounting studies have supported the hypothesis that there is a genetic com-
ponent that plays an important role in clinically observed variability in individual tissue/organ toxicity after 
radiotherapy.  We propose the term “Personalized Radiogenomics” for the translational study of individual 
genetic variations that may associate with or contribute to the responses of tissues to radiation therapy used 
in the treatment of all types of cancer. The missions of personalized radiogenomic research are 1) to reveal 
the related genes, proteins, and biological pathways responsible for non-tumor or tumor tissue toxicity re-
sulting from radiotherapy that could be targeted with radio-sensitizing and/or radio-protective agents, and 
2) to identify specific genetic markers that can be used in risk prediction and evaluation models before and 
after clinical cancer surgery.  For the members of the Terry Fox Cancer Research Lab in China Medical 
University and Hospital, the long-term goal is to develop SNP-based risk models that can be used to stratify 
patients to more precisely tailored radiotherapy protocols.  Worldwide, the field  has evolved over the last 
two decades in parallel with rapid advances in genetic and genomic technology, moving step by step from 
narrowly focused candidate gene studies to large-scale, collaborative genome-wide association studies.  This 
article will summarize the candidate gene association studies published so far from the Terry Fox Cancer  
Research Lab as well as worldwide on the risk of radiation-related cancers and highlight some whole-
genome association studies showing feasibility in fulfilling the dream of personalized radiogenomic cancer 
therapy.
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cancer therapy has the dual potential to both reduce toxicity and 
to permit dose escalation in personalizing radiotherapy [3].

2. The spirits of single nucleotide polymorphisms 
and genome-wide analysis studies

Single nucleotide polymorphisms (SNPs) account for most of 
the known genetic variation among individuals and are usually 
defined as polymorphisms in which the minor variant (allele) is 
present in at least 1% of an investigated population.  Non-syn-
onymous SNPs can affect protein function by altering the amino 
acid composition or by affecting various aspects of the sequential 
transcriptional and translational outcomes.  However, most SNPs 
are located in regions without any apparent genes or yet-identified 
functional elements.  About 11.8 million SNPs are now included 
in the National Center for Biotechnology Information’s public da-
tabase (www.ncbi.nlm.nih.gov/projects/SNP).  Among them, less 
than half of the SNPs have been validated experimentally, while 
the rest are yet-unconfirmed variations mainly identified through 
computational prediction and analysis.  SNPs are not uniformly 
distributed among the 3 billion base pair (bp) human genome and 
there are more than 10,000,000 of them identified.the average 
length of a gene is about 27,000 bp.  That about 100 SNPs are 
present nearby or within a typical gene.  Most SNPs are dbSNP 
(about 80%) and are single nucleotide variations, also known as 
“true” or “typical” SNPs.  The remaining SNPs are mainly small 
insertions/deletions including one or a few nucleotides and this 
type of SNP is called “INDELs”.

Now we turn to the radiogenomic studies about the annotation 
for the SNPs.  In the following we are going to discuss briefly 
and concisely the two commonly used methodologies, candidate 
gene approach and genome-wide analysis study (GWAS)., Initial 
radiogenomic research focused on candidate gene studies, i.e. 
studying common SNPs in gene-encoding proteins associated 
with responses to radiation, such as those in charge of DNA repair 
and cytoskeleton remodeling.  This approach by candidate gene 
studies has the advantage of a relatively low cost, and it uses a 
priori knowledge about the biological functions involved in radia-
tion response, thus it limits the scope of studies to a manageable 
number of investigated genes.  Prior to recent improvements in 
the technology for large-scale genotyping and advances in the 
field of meta-analysis genetic statistics, this approach allowed 
oncological scientists to conduct affordable studies with modest 
sample sizes, often with one thousand individuals or less.  For in-
stance, the Terry Fox Cancer Research lab has collected hundreds  
of lung, liver, gastric, colorectal, renal, bladder and prostate cancer  
patients in central Taiwan.  We have also recruited thousands of 
patients for the most prevalent cancers we are interested in such 
as oral and breast cancer.  Statistically, significant associations 
were reported for SNPs in a variety of candidate genes and many 
of these studies have been reviewed previously [4-12].  These as-
sociations have to be replicated in validation studies in both the 
same ethnicity and others to strengthen their contributions to the 
whole world, or they will have little  value in clinical practice [13].  
Part of the reason for the lack of reproducible results for most 
of the SNPs investigated is due to shortcomings in study design, 
inclusion and exclusion criteria, and experimental performing 
progresses such as failure to control for individual ancestry and 
failure to correct P-values for multiple-factor stratification and ad 
adjustment.  These problems may be further compounded by pub-
lication bias.  From a statistical point of view, the candidate gene 

approach considerably reduces the dimensionality of the data set 
and therefore efficiently increases the statistical power with a 
limited sample size.  From a biological point of view, however, 
it may be too restrictive to search for SNPs only in the relatively 
limited genes that are widely accepted as being involved in radia-
tion damage induction and processing.

The candidate gene approach has also been used to study 
the association between genetic variants and disease suscepti-
bility and outcomes.  Up to now, the genomics community has 
recognized several important limitations for this approach.  One 
problem is that many studies assay just one or a few SNPs within 
a gene of interest, but many genes contain tens to hundreds of 
common SNPs [14].  While careful study design can take advan-
tage of linkage disequilibrium between SNPs to capture a large 
proportion of variation within a gene region, most candidate gene 
studies have not performed this type of analysis.  This is not in 
itself a limitation to the candidate gene approach, but it does 
reflect how studies have been performed until recently.  A more 
serious biological limitation is that we are only just beginning 
to understand the effects that SNPs have on gene expression and 
protein function.  It is often the case that some SNPs found to be 
associated with a disease or phenotype of interest are not them-
selves protein coding variants, but often candidates for affecting 
transcriptional regulation of a gene that may not be the nearest in 
proximity.  For instance, the prostate cancer risk-associated SNP 
rs339331 lies within a HOXB13 transcription factor binding site 
and affects the expression of a more distant gene, RFX6 [15].  
MicroRNAs such as mir27 may affect the expression of HOXA10 
[16].  Most of all, many of the SNPs selected for candidate gene 
studies of cancer risk were not replicated in larger GWAS or 
other populations [17, 18].  So, while some of the candidate genes 
themselves proved to be of importance, this limited approach to 
SNP selection prevented identification of the most important loci.  
At present, in the radiogenomic candidate gene studies, the SNPs 
are selected on the basis of changes in the amino acid sequence 
of the candidate gene, similar to other candidate gene studies.  
Potentially important SNPs that lie in regulatory regions affecting  
expression of the candidate genes have likely been missed using this  
limited approach.  Finally, the candidate gene approach relies on the  
completeness and accuracy of our understanding of the biology  
behind normal tissue reactions to radiation exposure.  Much 
knowledge of the biological response to radiation comes from 
cell-based studies, but less is known about what occurs in whole 
tissues, or interacting tissue systems, upon exposure to radiation.

In response to the lack of success of candidate gene SNP studies  
and recognition of the above-mentioned limitations inherent in 
this approach, the focus of radiogenomics has shifted towards 
GWAS.  The Radiogenomics Consortium (RGC) was established 
[19, 20] to enable the collaboration and data sharing needed to 
obtain the large sample sizes and multiple studies required for 
effective GWAS.  The RGC is a National Cancer Institute/NIH-
supported Cancer Epidemiology Consortium (http://epi.grants.
cancer.gov/Consortia/single/rgc.html) that’s overall aim is to pro-
vide a structure in which tissue samples and data can be pooled 
from investigators performing radiogenomics work on a global 
scale.  The RGC has been essential in facilitating a shift in radiog-
enomics from narrowly focused single center studies to a multi-
institutional approach and from candidate gene studies towards a 
broader, genome-wide approach.

With the rapid development in the technological and quality 
controlling systems, arrays in biochips have been made available 
that allow the simultaneous analysis (genotyping) of  hundreds of 
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thousands of SNPs in each sample.  Using the available informa-
tion provided by the Human Genome Project and the customer-
made service from the genotyping company, it is very convenient 
now for scientists to design SNP arrays that span the entire ge-
nome.  The HapMap project describes the statistical relatedness 
of SNPs by providing a catalog of how SNPs are organized on 
chromosomes and distributed among different populations (www.
hapmap.org).  Adjacent SNPs are often linked together into some 
boxes, and regions of linked variants that are inherited together 
are known as “haplotypes”.  Typically, only about 5 different com-
mon haplotypes (with frequencies ~5%) are found in most parts 
of human genome [21].  Within a given haplotype, it is therefore 
possible to identify particular variants that can predict or “tag” the 
presence of particular variants at other sites.  These SNPs that can 
be used to uniquely identify haplotypes are known as “tag” SNPs.  
A good GWAS researcher has to pay more attention to the selec-
tion of the investigated samples, ensure a sufficient sample size, 
and control the stratification criteria, not just collect more and 
more funding for their research project.  In Taiwan, some clinical 
researchers are naïve and apply for huge amounts of funding for a 
project with only the methodology of GWAS for a simple disease.  
The feasibility of such a project may be enhanced with the mo-
nopoly of the specific patients for the disease, but it lacks  insight 
and prospective for the near future.

3. The efforts toward revealing cancer  
susceptibility genotypes for Taiwan cancer  
patients from the point of view of radiologists

Environmental carcinogens such as radiation may induce DNA 
single and double strand breaks in the cells and those double 
strand breaks are a very severe type of DNA damage which should 
be repaired by the DNA double strand break repair subpathway as 
soon as possible [22, 23].  Mechanically, if cells cannot remove 
them immediately by means of homologous recombination (HR) 
and non-homologous end-joining (NHEJ), those DNA double 
strand breaks may induce precancerous lesions and cancer itself 
as well [24, 25].  Thus, it is reasonable to propose a hypothesis 
that genetic polymorphisms in DNA double strand break repair 
genes influence DNA repair capacity and confer predisposition  
to several cancers, including skin [26], breast [4, 27], liver [28], 
gastric [6] and oral cancer [7, 8].  Because of this, we have devoted  
ourselves for years to the mission of finding potential cancer 
biomarkers for Taiwanese cancer patients as the cancer predictive 
and preventive targets.  Please keep in mind that the results of a 
study with a candidate gene approach may not be as splendid as 
a GWAS, but the significance may be even more solid and useful 
in clinical practice.   From 2008 to 2011, we were investigating 
the contribution of X-ray cross-complementing groups 4, 5 and 
6 (XRCC4, 5 and 6) genotypes to common cancers in Taiwan.  
XRCC4 is found to restore DNA double strand break repair and 
has the ability to support V(D)J recombination of transiently in-
troduced substrates in the XR-1 CHO cell line [29].  The XRCC4 
protein interacts directly with Ku70/Ku80, and it is hypothesized 
that XRCC4 may serve as a flexible tether between Ku70/Ku80 
and its associated protein ligase 4 [30].  We have found that those 
who had G/T or G/G at XRCC4 G-1394T (rs6869366) showed 
a 3.79-fold (95% confidence interval = 1.47-9.82) increased risk 
of gastric cancer compared to those with T/T [6].  As for oral 
cancer, those who had heterozygous del/ins at XRCC4 intron 3 
(rs28360071) showed a 1.57-fold (95% confidence interval = 

1.12-2.21) increased risk of oral cancer compared to those with 
ins/ins [7].  The genotypes of the former SNP were also associ-
ated with the personal susceptibility for other types of cancer, 
such as myoma [31], endometriosis [32], childhood leukemia [33], 
breast [34], prostate [35], bladder [36], lung [37], and colorectal 
cancer [38]; while the latter was also associated with childhood 
leukemia [33].  In addition to these two novel SNPs, the XRCC4 
codon 247 (rs3734091) was also associated with increased oral 
cancer risk [39].  As for XRCC5 (also named Ku80), there were 
significant differences between oral cancer and control groups in 
the distributions of their genotypes (P = 0.0038) and allelic fre-
quencies (P = 0.0044) in the Ku80 promoter G-1401T (rs828907) 
SNP [9].  After the stratification of personal betel nut chewing 
status, it was found that the G/T plus T/T genotypes at Ku80 pro-
moter G-1401T significantly enhanced the risk only in the areca 
chewers (odds ratio = 1.603; 95% confidence interval = 1.053-
2.011), not in the non-areca chewers [9].  This risk genotype is 
also associated with an increased risk of bladder [40], colorectal 
[41] and breast cancer [42] in Taiwan.  Similarly, the genotype of 
XRCC6 (also named Ku70), could be associated with pterygium 
risk at T-991C (rs5751129) [43], oral [8], gastric [44], kidney [45], 
and liver cancer [28] as well as childhood leukemia [46].  As for 
this important SNP at the promoter region, the genotype-pheno-
type correlation was proved at transcriptional and translational 
levels.  The results showed that the mRNA and protein expression 
levels in HCC tissues had significantly lower XRCC6 mRNA and 
protein expressions in the HCC samples with TC/CC genotypes 
compared with those with the TT genotype (P = 0.0037 and 0.0003, 
respectively) [28].  The most valuable literature produced from 
the candidate gene rationale in our mind is the findings that the 
A-2841T polymorphism of SLC2A1, one member of the facili-
tated glucose transporter family, was significantly associated with 
2-[fluorine-18]-fluoro-2-deoxy-D-glucose-uptake in combina-
tion with the apurinic/apyimidinic endonuclease Asp148Glu (T 
to G) polymorphism in the squamous cell type of non-small-cell 
lung cancer [47].  As far as radiologists are concerned, the uptake 
of 18F-deoxyglucose (FDG) of PET, expressed as the SUVmax, 
is largely dependent on glucose metabolism in lung cancer.  
SLC2A1 is reported to be the primary glucose transporter of glu-
cose metabolism, and the literature has shown that overexpression 
of SLC2A1 plays a critical role in the survival and rapid growth 
of the cancer cells in a suboptimal environment [48].  It is also 
reported that high FDG uptake is associated with lower overall 
survival and disease-free survival among non-small cell lung can-
cer patients [49].

4. Other outstanding research, especially those 
GWAS in radiogenomic cancer research

In the first few years, RGC was successful in enabling radiog-
enomic researchers to complete and publish several GWAS on 
radiotherapy toxicity.  The first radiogenomic GWAS report was a 
small pilot study with a sample size of only seventy-nine patients 
with erectile dysfunction following radiotherapy for prostate 
cancer [50].  Despite the relatively small sample size, one SNP 
was identified with a very significant P-value (P = 5.5*10-8) and 
several others were identified that were suggestive of significance 
(P < 1.0*10-6).  While this study only included a discovery set, 
and the SNPs identified must be validated, it highlights the po-
tential of GWAS in surveying genes not previously known to be 
important for radiotherapy response [50].  The most important 
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SNP identified in this study is located within the FSHR gene, 
which encodes the follicle stimulating hormone receptor involved 
in gonad development and function [51].  While it may have 
been expected to reveal a significant association of those genes 
involved in DNA damage recognition and/or relevant DNA repair 
pathways, this study also identified a SNP on a gene involved in 
normal cellular function.  This finding does not mean that those 
genes known to be involved in routine radiation responses do not 
play a role in the etiology of radiation-induced toxicities, but sug-
gests that other tissue-specific pathways may also be of some im-
portance and play a role in the radiogenomics.  This is evidence 
that a rough GWAS with less SNPs investigated or too small of a 
sample size may have lost lots of information and got too many 
false-positive findings, even with significant P-values.  This kind 
of finding, or other studies revealing those unknown SNPs with-
out any gene nearby, may add complexity and provide insight to 
cancer genomics and radiogenomics.

A second GWAS study in radiogenomics we want to discuss 
here was another study of prostate cancer patients who were as-
sessed for three toxicity endpoints following radiotherapy: urinary 
toxicity, erectile dysfunction, and rectal bleeding [52].  This study 
included a moderate population with about 800 prostate cancer 
patients, and the dataset was split into  discovery and replication 
sets.  For the urinary toxicity and erectile dysfunction endpoints, 
the top SNPs fell short of genome-wide significance, but for each 
endpoint, several suggestive loci were identified.  An 8-SNP hap-
lotype block was associated with urinary toxicity, in which the 
top SNP rs17779457 was associated with a 2.7-fold increase on 
the American Urological Association Symptom Score (AUASS) 
(95% CI 1.2, 4.1) in the discovery set and a 2.4-fold increase (95% 
CI 1.1, 3.6) in the replication set (P-value = 6.5*10-7) [52].  This 
haplotype block is located within IFNK, a member of the type I 
interferon family of immunological genes in charge of inhibiting 
IL-12 signaling and modulating the cytokine release from in-
nate immune system cells [53].  SNP rs11648233 was associated 
with erectile dysfunction (P-value=9.1*10-5), and this SNP is 
located within the 17-beta-hydroxysteroid dehydrogenase II gene 
(HSD17B2) that catalyzes the oxidative metabolism of androgens 
[54].  The top locus associated with rectal bleeding contained two 
SNPs in linkage-disequilibrium, of which rs7120482 with a minor 
allele frequency (MAF) of 0.37, approached the strict cut-off for 
genome-wide significance with a P-value of 5.4*10-8, and thus 
represents a promising risk locus [55].  This locus lies upstream 
of SLC36A4, which can modulate the activity of the mammalian 
target of the rapamycin complex 1 (mTORC1) signaling cascade 
that affects angiogenesis, proliferation, cell survival, and cellular 
radiosensitization [56-59].  The study revealed several SNPs as-
sociated with intracellular radiosensitivity from the radiogenomic 
viewpoint of radio-oncologists.

A third GWAS study famous in radiogenomics was about 
three interesting SNPs among prostate cancer patients, with each 
of the three being associated with a syndrome of prostate cancer 
patients.  They were associated with decreased urinary stream, 
rectal incontinence, and increased urinary frequency, respectively 
[60].  But the findings in the discovery database could not be  
represented in validate populations.  Similarly, in 1,194 breast 
cancer patients, one SNP neared genome-wide significance in 
the discovery set for association with telangiectasia but was not 
replicated in an independent dataset [61].  From this example we 
know that it is not easy to find a set of conclusive SNPs for either 
early predictors of radiosensitivity or prognosis outcomes.

In addition to these kinds of GWAS, recent studies have 

begun to investigate variation in mitochondrial DNA (mtDNA).  
There are compelling reasons to hypothesize that such variation 
could be important in radiation responses, including the role that 
the mitochondria and mtDNA-encoded genes have on apoptosis 
signaling and generation of reactive oxygen species.  Two studies 
examined the association between mtDNA variation and radio-
therapy responses.  The first, in 32 nasopharyngeal carcinoma 
patients treated with radiotherapy, found that individuals with ≥ 
grade 2 fibrosis had more nonsynonymous mtDNA variants than 
individuals with ≤ grade 2 fibrosis [61].  This study also identified 
a significant association between the nonsynonymous A10398G 
variant in the NADH dehydrogenase subunit 3 gene and fibrosis.  
A second larger study of 606 prostate cancer patients evaluated 
for radiotherapy-related urinary and gastrointestinal toxicity, did 
not find any significant associations among a panel of mtDNA 
variants, including the A10398G variant [62].  Up to now we 
know that most of the research is performed among prostate can-
cer patients since it is the most prevalent cancer among males in 
the USA.  The mtDNA has less DNA repair system proteins than 
the genome in the nucleus and is possibly associated with most 
aging diseases including all types of cancer.  Of course, further 
large-scale studies of mtDNA are also in urgent need to provide 
definitive answers for radiogenomics.

5. Future directions for radiogenomic cancer 
research and therapy

Clinical radiosensitivity represents the response to a fairly well-
defined exposure (i.e., radiotherapy), but it is in other respects a 
complex phenomenon, and future research efforts must be aware 
of this fact.  The normal tissue response to radiotherapy is made 
up of a number of different distinctive types of normal tissue re-
actions.  It has been a long standing discussion in radiogenomics 
whether we should expect genetic factors to have a general impact 
on radiosensitivity across different types of reactions or if the im-
pact would be specific to certain reactions [63].  The GWAS re-
cently published by Barnett et al. may shed light on this question.  
Even though this study had substantially more power to detect 
associations for overall toxicity, the strongest associations were in 
fact shown for individual endpoints [60].  This observation may 
seem at odds with the fact that most of the rare radiosensitive 
syndromes with Mendelian inheritance seem to inflict a general 
enhancement of clinical radioresponsiveness [64].  Nevertheless, 
the observation is consistent with clinical data indicating that no 
strong association exists between the risks of developing different 
types of normal tissue toxicity [65, 66].  Thus, the initial results of 
GWAS underline the importance of not only looking for associa-
tions with regard to overall toxicity but also addressing separate 
toxicity endpoints.  Future efforts should take this into consider-
ation when developing study designs and data analysis plans.

Going forward, three main directions are promising in ful-
filling the dream of personalized radiogenomics.  The first is to 
enlarge the sample size and expand the investigated cancer from 
prostate cancer to others as well.  The second is to establish a 
worldwide bioinformatic databank for annotation of these novel 
SNPs for radiogenomics.  The third is to establish individual cell 
lines from the patients to investigate their radiosensitivity and 
redioresponsiveness in order to selectively kill cancer cells while 
protecting non-tumor cells.

To substantially increase the size and number of studies has 
been proposed by the OncoArray consortium [67] and cancer 
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genomics researchers from nearly 50 countries have formed a col-
laborative group that is currently in the process of genotyping over 
400,000 DNA samples, of which roughly 200,000 are from people 
diagnosed with either prostate, breast, lung, colorectal or ovar-
ian cancer, using a custom SNP platform called the OncoArray.   
This SNP microarray has both a GWAS backbone consisting of 
260,000 SNPs plus 440,000 SNPs that have been associated with 
one or more type of cancer or cancer-related outcome.  This in-
cludes approximately 2,000 SNPs nominated by investigators for 
which initial evidence was obtained linking them with variation 
in toxicity following radiotherapy.  This worldwide collaboration 
will permit a large expansion in sample size for radiogenomic 
studies and shorten the time required to discover useful radiog-
enomic biomarkers.

As for establishing a worldwide bioinformatic databank for 
annotation of these novel SNPs for radiogenomics, the participa-
tion of nurses, caretakers, patients, and relatives are as important 
as that of surgeons and scientists.  The nurses should record the 
behaviors and lifestyles with the help of the patients and their 
relatives, the caretakers should record the responses and adverse 
effects of the patients to concurrent chemoradiotherapy or radio-
therapy with or without nutrition supplements such as AVEMAR.

The last part is the culturing of tumor and non-tumor cells 
from the patients during surgery and examining their individual 
sensitivity to those known or unknown combinations of radiation 
with radiosensitizers or radioprotectors.  The ideal protocol for 
radiotherapy is to kill most of the tumor cells while protecting 
most of the non-tumor cells.  However, the dose of both chemo- 
or radio-therapy should be fine-tuned according to the cells from 
each patient, and it is not easy to reach such an optimized condi-
tion.  Only with the establishment of all  three parts can we com-
plete the perfect predictive models for personalized radiogenomic 
cancer therapy.  In a perfect model, the records in part I for the 
genomic factors and in part II for the environmental factors will 
be used to stratify patients according to their predicted risk level, 
and then each patient will be arranged to a treatment protocol with 

the experimental data gathered from part III.  For instance, indi-
viduals predicted to be at a high risk for developing normal tissue 
toxicity may experience better outcomes if given a more targeted 
form of radiotherapy.  Alternatively, treatment protocols that 
avoid radiatherapy, such as the use of surgery or chemotherapy, 
may be more appropriate for this proportion of cancer patients.  
For the majority of individuals who are predicted to be at low risk 
for toxicity, dose escalation protocols could be tested with an aim 
to improve cancer cell killing rates without increasing toxicity to 
normal cells.  In addition, we anticipate that the genes and path-
ways uncovered by agnostic approaches to genotyping studies 
will lead to novel hypotheses regarding the biology of radiation 
response.  Investigations of these hypotheses could lead to the de-
velopment of molecular interventions for preventing the adverse 
effects of radiation on normal tissues and organs.  A personalized 
therapy evaluation system is shown in Figure 1.

6. Conclusion

We strongly believe that the dream of personalized cancer therapy 
and medicine will be fulfilled in the near future.  Before that, the 
predictive systems for cancer drug resistance, responses to radio-
therapy or radiochemotherapy, and cellular toxicity to radiotherapy  
or radiochemotherapy should be as widely disseminated and care-
fully studiedas possible.  Although the ongoing development of 
radiogenomic cancer research is promising, the participation of 
all of us is needed if we are to end the war against cancer.
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1. Introduction

Embryonic stem cells (ESCs) have the ability to differentiate into 
ectodermal, endodermal, and mesodermal derivatives, giving 
them significant potential for clinical cell therapy applications.  A 
lot of neurodegenerative diseases, including Parkinson’s disease 
and Alzheimer disease, do not have effective therapeutic methods.  
Cell therapy may become a powerful strategy to future clinical 
applications.  However, neurons are hard to isolate and culture 
for clinical applications.  For this reason, one of the sources to get 
neurons for future cell therapeutic applications for neurodegener-
ative diseases is ESC.  Highly efficient approaches to differentiate 
ESCs into functional neurons are critical for modeling neurologi-
cal disorders and testing potential therapies [1].  Previous studies 
have shown that a virus could be used to over-express neural-
related genes to increase the differentiation efficiency [2, 3], but 

such a method is difficult to use in clinical applications.  Protein 
transduction-based methods or small compounds can be efficient, 
safe alternatives to overcome this challenge [4].  In this study, 
we tried to discover if the extract of traditional Chinese medicine 
could increase the neurons-differentiation efficiency from ESCs.  
After we tested ten traditional Chinese medicines, we found that 
Sambucus williamsii had the potential to enhance neural-related 
genes (Nesin and TuJ1) expression levels.  For this reason, we 
used Sambucus williamsii as our candidate extract to increase the 
differentiation efficiency of ESCs.

Sambucus williamsii is widely distributed in the North of China,  
Korea, and Japan [5].  In China, it has been used as a medicine 
for the treatment of bone and joint diseases for thousands of years 
[5].  Previous studies have shown that the compounds isolated 
from Sambucus williamsii can stimulate effects on osteoblastic 
UMR106 cell proliferation [6].  This research also showed that 
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ABSTRACT

The pluripotent stem cells, including embryonic stem cells (ESCs), are capable of self-renewal and differen-
tiation into any cell type, thus making them the focus of many clinical application studies.  However, the ef-
ficiency of ESCs differentiated into neurons needs to improve.  In this study, we tried to increase efficiently 
to a neural fate in the presence of various transitional Chinese medicines through a three-step differentia-
tion strategy.  From extracts of 10 transitional Chinese medicine candidates, we determined that Sambucus  
williamsii (SW) extract triggers the up-regulation of Nestin and Tuj1 (neuron cells markers) gene expression 
levels.  After determining the different concentrations of SW extract, the number of neurons in the 200 μg/ml  
SW extract group was higher than the control, 50, 100, and 400 μg/ml SW extract groups. In addition, the 
number of neurons in the 200 μg/ml SW extract group was higher and higher after each time passage (three 
times).  We also detected the Oct4, Sox2 (stem cells markers), Tuj1, and Nestin genes expression levels by 
RT-PCR.  In the differentiated process, Oct4 and Sox2 genes decreased while the Tuj1 and Nestin genes ex-
pression levels increased.  In summary, we demonstrated that SW could induce pluripotent stem cells differ-
entiated into neurons.  Thus, SW might become a powerful material for neurons–differentiating strategies.
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Sambucus williamsii could increase bone mass and bone strength 
in ovariectomized rats [7].  However, the correlation between 
Sambucus williamsii and stem cells differentiation is unclear. 

In this study, we used the ethanol extract of Sambucus wil-
liamsii to test the neurons differentiation ability of ESCs.  We 
used a three-step differentiation strategy to differentiate ESCs into 
neurons (Figure 1).  The genes expression levels of neural related 
genes were determined after Sambucus williamsii treatment by 
real-time PCR.  After differentiating, immunefluoresce analysis 
and RT-PCR were used to test the optimal Sambucus williamsii 
concentrations for differentiating ESCs into neurons.  In the end, 
we demonstrated that Sambucus williamsii could increase the 
neurons-differentiated efficiency of ESCs. 

2. Materials and methods

2.1. Mouse embryonic fibroblast (MEF) cultures

Approval for all experimental protocols was applied for and re-
ceived from the Institutional Animal Care and Use Committee 
of China Medical University.  MEF isolation was performed as 
previously described [8].  Cells were collected from 13.5-day-
old C57BL/6 mouse embryos retrieved by Cesarean section from 
mice purchased from the Taiwan National Laboratory Animal 
Center.  Internal organs, legs, and heads were removed and re-
maining embryo parts digested with Trypsin.  Cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) containing 
10% heat-inactivated fetal bovine serum (FBS), penicillin (100 
U/ml), streptomycin (100 μg/ml), non-essential amino acids (0.1 
mM), and L-glutamine (2 mM) in a humidified incubator (37°C) 
with 5% CO2 (all chemicals and solutions from GIBCO BRL).  
MEF was treated with 10 μg/ml mitomycin C to become the 
feeder layers for the stem cell culture.

2.2. Mouse ESC cultures

Mouse ESCs (from the Taiwan Bioresource Collection and Re-

search Center) were cultured in DMEM with 15% FBS (Hyclone, 
UT, USA), non-essential amino acids (0.1 mM), L-glutamine (2 
mM), β-mercaptoethanol (0.2 mM) (GIBCO BRL), and LIF (4 
ng/ml) (Millipore) in a humidified incubator at 37°C with 5% 
CO2.

2.3. The strategy of ESC differentiated into neurons

All three-step differentiation procedures were modified from 
standard protocols previously described [9, 10] and shown in 
Figure 1.  Briefly, ESCs were transferred to Ultra-Low attached 
culture dishes in ES medium without LIF to generate embryoid 
bodies (EB).  After 4 days, the embryoid bodies were transferred 
to normal dishes containing medium with or without the extract 
of Sambucus williamsii for neurons selection (P1).  After 4 days, 
cells were subcultured to P2 generation.  P3 generation also fol-
lowed the same strategy.  Immunefluoresces analysis was used for 
P1, P2, and P3 neurons.

2.4. Real-time PCR and reverse transcription PCR

Total RNA was extracted from ESCs, EB, P1, P2, and P3 neurons 
using TRIzol (Invitrogen) [11], with concentrations determined 
by spectrophotometry.  Complementary DNA was produced from 
mRNA (5 mg) using a SuperScript III Reverse Transcriptase Kit 
(Invitrogen).  Real-time PCR was used to determine Nestin and 
Tuj1 gene expression levels as previously described [11].  PCR 
conditions were predenatured at 94°C for 5 min followed by 28 
cycles of amplification at 94°C for 30 s, 60°C for 30 s, and 72°C 
for 1 min, followed by a 10-min extension step at 72°C.  PCR was 
performed with ExTaq (Takara) to detect the expression levels of 
the Oct4, Sox2, Tuj1, Nestin and β-actin genes.

2.5. Immunofluorescent (IF) antibody assays

IF antibody assays were performed as previously described [8].  
Cultured cells were placed on slides, treated with fixing solution 
I (4% paraformaldehyde plus 400 mM sucrose in PBS) and held 
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formation
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Fig. 1 - The three-step strategy to differentiate ESCs into neurons.
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Fig. 2 - Nestin and Tuj1 gene expression levels in the P2 generation treated with various concentrations of Sambucus williamsii 
extract (real-time PCR). 

Fig. 3 - Nestin and Tuj1 expression levels after immunofluorescent staining in the P3 generation treated with various concen- 
trations of Sambucus williamsii extract.  Nuclei were stained with DAPI (blue).
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at 37°C for 30 min.  Slides were then treated with fixing solution 
II (fixing solution I plus 0.5% Triton X-100) and held at room 
temperature for 15 min.  After washing with PBS, slides were 
treated with a blocking buffer (0.5% BSA in PBS) at room tem-
perature for 1 h and washed three additional times with PBS prior 
to reacting with various primary antibodies (anti-Nestin [abcam] 
or anti-Tuj1 [GeneTex]) at 1:100 dilutions, either overnight at 4°C 
or for 1 h at 37°C.  Slides were washed five times with cold PBS 
before reacting with FITC-conjugated anti-mouse IgG or TRITC-
conjugated anti-rabbit IgG (Sigma-Aldrich).  After four more 
washes with cold PBS, slides were mounted and observed using a 
fluorescence microscope.  DNA was stained with DAPI (Sigma-
Aldrich) to localize nuclei.

3. Results

3.1. Neural related gene expression levels increased after 
Sambucus williamsii treatment

In order to determine that Sambucus williamsii could induce the 
neural related gene expression levels and increase the efficiency 
of ESCs differentiation into neurons, we measured Nestin and 
Tuj1 expression levels in the P3 generation after 50, 100, 200 and 
400 μg/ml Sambucus williamsii treatment.  As shown in Figure 
2, Nestin expression levels increased after the 50, 100 and 200 
μg/ml Sambucus williamsii treatment compared with the control 
group, especially in the 50 μg/ml.  The Tuj1 expression levels 
also increased in the 50, 100 and 200 μg/ml Sambucus williamsii 
treatment group compared with the control group.  This data in-
dicates that Sambucus williamsii has the potential to induce the 
ESCs toward neuron differentiation. 

3.2. Neural related protein expression levels increased after 
Sambucus williamsii treatment

After we determined the neural related genes expression levels 
increased after Sambucus williamsii treatment, we turned our at-
tention to detecting the real differentiating ability of Sambucus 

williamsii.  The differentiating strategy shown in Figure 1 and the 
P3 generation neurons was neural-related protein levels detected 
by IF analysis.  In Figure 3, the results show that Nestin and Tuj1 
protein expression levels in the 50, 100 and 200 μg/ml Sambucus 
williamsii treatment groups are higher than the control group and 
have the dose-response effect.  Interestingly, Nestin and Tuj1 pro-
tein expression levels in the 400 μg/ml Sambucus williamsii treat-
ment group were not higher than the control group.  Nestin and 
Tuj1 expression mean the cells were neurons.  Furthermore, this 
data shows the 200 μg/ml Sambucus williamsii treatment to have 
the optimal concentration to differentiate ESCs into neurons.

3.3. Neurons differentiation efficiency higher and higher 
though passage the cells

In our differentiating strategy, after passing through EB in normal  
dishes, cells cultured in a medium containing Sambucus wil-
liamsii passed to the P3 generation.  If the Sambucus williamsii 
could induce ESCs to neurons, the percentage of neurons should 
increase during the passage times.  In order to test this hypothesis, 
we used Nestin and Tuj1 as the neuron markers to detect the ex-
pression levels during the passage times.  In Figure 4, Nestin and 
Tuj1 expression levels increased from the P1 to the P3 generation 
by IF assay.  In addition, RT-PCR results also show that Nestin 
and Tuj1 gene expression levels increased from the P1 to the P3 
generation.  The whole stem cell markers’, Oct4 and Sox2, gene 
expression levels decreased during the P1 to the P3 generations 
(Figure 5).  These data indicate that the medium containing Sam-
bucus williamsii leads the ESCs toward neuron differentiation. 

4. Discussion

Cell therapy will become a highly potential therapeutic method 
for many diseases that do not currently have efficient therapeu-
tic methods, especially neurodegenerative diseases.  However, 
neurons are hard to obtain and isolate.  An efficient strategy to 
differentiate ESCs into neurons is very important in future cell 
therapy.  Previous studies have shown that a virus could be used 
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to over-express neural-related genes to increase the differentiation 
efficiency [2, 3] but such a method is hard to use for clinical ap-
plications.  Protein transduction-based methods can be efficient, 
safe alternatives to overcome this challenge [4].  However, it is 
difficult for protein to cross cell membranes and so there is a need 
to use fusion proteins (Tat proteins [12-14], for example).  Fusion  
proteins still have some problems that involve injuring cell mem-
branes.  For these reasons, small molecules may be a better candi-
date for neurons differentiation. 

In this study, we used a three-step differentiation strategy to 
determine that Sambucus williamsii could induce ESCs to differ-
entiate into neurons.  Most of studies have shown the application 
of Sambucus williamsii in bone and osteoblastic research [6, 7].  
This is the first study to investigate the correlation between Sam-
bucus williamsii and stem cells differentiation.  In the end, we are 
confident we found a new applicationfor Sambucus williamsii.

In conclusion, this study discovered a traditional Chinese 
medicine that could potentially be used to increase the differen-
tiation efficiency of ESCs into neurons.  In addition, a simple 
method to differentiate ESCs into neurons was also developed.  
It should prove helpful in future neurons therapy from the pluri-
potent stem cells, including induced pluripotent stem (iPS) cells.  
We hope it will also be helpful in the future clinical application of 
cell therapy.
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1. Introduction

Embryonic stem cells (ESCs) have the ability to differentiate into 
ectodermal, endodermal, and mesodermal derivatives, giving 
them significant potential for clinical cell therapy applications.  A 
lot of neurodegenerative diseases, including Parkinson’s disease 
and Alzheimer disease, do not have effective therapeutic methods.  
Cell therapy may become a powerful strategy to future clinical 
applications.  However, neurons are hard to isolate and culture 
for clinical applications.  For this reason, one of the sources to get 
neurons for future cell therapeutic applications for neurodegener-
ative diseases is ESC.  Highly efficient approaches to differentiate 
ESCs into functional neurons are critical for modeling neurologi-
cal disorders and testing potential therapies [1].  Previous studies 
have shown that a virus could be used to over-express neural-
related genes to increase the differentiation efficiency [2, 3], but 

such a method is difficult to use in clinical applications.  Protein 
transduction-based methods or small compounds can be efficient, 
safe alternatives to overcome this challenge [4].  In this study, 
we tried to discover if the extract of traditional Chinese medicine 
could increase the neurons-differentiation efficiency from ESCs.  
After we tested ten traditional Chinese medicines, we found that 
Sambucus williamsii had the potential to enhance neural-related 
genes (Nesin and TuJ1) expression levels.  For this reason, we 
used Sambucus williamsii as our candidate extract to increase the 
differentiation efficiency of ESCs.

Sambucus williamsii is widely distributed in the North of China,  
Korea, and Japan [5].  In China, it has been used as a medicine 
for the treatment of bone and joint diseases for thousands of years 
[5].  Previous studies have shown that the compounds isolated 
from Sambucus williamsii can stimulate effects on osteoblastic 
UMR106 cell proliferation [6].  This research also showed that 
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ABSTRACT

The pluripotent stem cells, including embryonic stem cells (ESCs), are capable of self-renewal and differen-
tiation into any cell type, thus making them the focus of many clinical application studies.  However, the ef-
ficiency of ESCs differentiated into neurons needs to improve.  In this study, we tried to increase efficiently 
to a neural fate in the presence of various transitional Chinese medicines through a three-step differentia-
tion strategy.  From extracts of 10 transitional Chinese medicine candidates, we determined that Sambucus  
williamsii (SW) extract triggers the up-regulation of Nestin and Tuj1 (neuron cells markers) gene expression 
levels.  After determining the different concentrations of SW extract, the number of neurons in the 200 μg/ml  
SW extract group was higher than the control, 50, 100, and 400 μg/ml SW extract groups. In addition, the 
number of neurons in the 200 μg/ml SW extract group was higher and higher after each time passage (three 
times).  We also detected the Oct4, Sox2 (stem cells markers), Tuj1, and Nestin genes expression levels by 
RT-PCR.  In the differentiated process, Oct4 and Sox2 genes decreased while the Tuj1 and Nestin genes ex-
pression levels increased.  In summary, we demonstrated that SW could induce pluripotent stem cells differ-
entiated into neurons.  Thus, SW might become a powerful material for neurons–differentiating strategies.
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Sambucus williamsii could increase bone mass and bone strength 
in ovariectomized rats [7].  However, the correlation between 
Sambucus williamsii and stem cells differentiation is unclear. 

In this study, we used the ethanol extract of Sambucus wil-
liamsii to test the neurons differentiation ability of ESCs.  We 
used a three-step differentiation strategy to differentiate ESCs into 
neurons (Figure 1).  The genes expression levels of neural related 
genes were determined after Sambucus williamsii treatment by 
real-time PCR.  After differentiating, immunefluoresce analysis 
and RT-PCR were used to test the optimal Sambucus williamsii 
concentrations for differentiating ESCs into neurons.  In the end, 
we demonstrated that Sambucus williamsii could increase the 
neurons-differentiated efficiency of ESCs. 

2. Materials and methods

2.1. Mouse embryonic fibroblast (MEF) cultures

Approval for all experimental protocols was applied for and re-
ceived from the Institutional Animal Care and Use Committee 
of China Medical University.  MEF isolation was performed as 
previously described [8].  Cells were collected from 13.5-day-
old C57BL/6 mouse embryos retrieved by Cesarean section from 
mice purchased from the Taiwan National Laboratory Animal 
Center.  Internal organs, legs, and heads were removed and re-
maining embryo parts digested with Trypsin.  Cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) containing 
10% heat-inactivated fetal bovine serum (FBS), penicillin (100 
U/ml), streptomycin (100 μg/ml), non-essential amino acids (0.1 
mM), and L-glutamine (2 mM) in a humidified incubator (37°C) 
with 5% CO2 (all chemicals and solutions from GIBCO BRL).  
MEF was treated with 10 μg/ml mitomycin C to become the 
feeder layers for the stem cell culture.

2.2. Mouse ESC cultures

Mouse ESCs (from the Taiwan Bioresource Collection and Re-

search Center) were cultured in DMEM with 15% FBS (Hyclone, 
UT, USA), non-essential amino acids (0.1 mM), L-glutamine (2 
mM), β-mercaptoethanol (0.2 mM) (GIBCO BRL), and LIF (4 
ng/ml) (Millipore) in a humidified incubator at 37°C with 5% 
CO2.

2.3. The strategy of ESC differentiated into neurons

All three-step differentiation procedures were modified from 
standard protocols previously described [9, 10] and shown in 
Figure 1.  Briefly, ESCs were transferred to Ultra-Low attached 
culture dishes in ES medium without LIF to generate embryoid 
bodies (EB).  After 4 days, the embryoid bodies were transferred 
to normal dishes containing medium with or without the extract 
of Sambucus williamsii for neurons selection (P1).  After 4 days, 
cells were subcultured to P2 generation.  P3 generation also fol-
lowed the same strategy.  Immunefluoresces analysis was used for 
P1, P2, and P3 neurons.

2.4. Real-time PCR and reverse transcription PCR

Total RNA was extracted from ESCs, EB, P1, P2, and P3 neurons 
using TRIzol (Invitrogen) [11], with concentrations determined 
by spectrophotometry.  Complementary DNA was produced from 
mRNA (5 mg) using a SuperScript III Reverse Transcriptase Kit 
(Invitrogen).  Real-time PCR was used to determine Nestin and 
Tuj1 gene expression levels as previously described [11].  PCR 
conditions were predenatured at 94°C for 5 min followed by 28 
cycles of amplification at 94°C for 30 s, 60°C for 30 s, and 72°C 
for 1 min, followed by a 10-min extension step at 72°C.  PCR was 
performed with ExTaq (Takara) to detect the expression levels of 
the Oct4, Sox2, Tuj1, Nestin and β-actin genes.

2.5. Immunofluorescent (IF) antibody assays

IF antibody assays were performed as previously described [8].  
Cultured cells were placed on slides, treated with fixing solution 
I (4% paraformaldehyde plus 400 mM sucrose in PBS) and held 
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ES medium
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Fig. 1 - The three-step strategy to differentiate ESCs into neurons.
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Fig. 3 - Nestin and Tuj1 expression levels after immunofluorescent staining in the P3 generation treated with various concen- 
trations of Sambucus williamsii extract.  Nuclei were stained with DAPI (blue).

DAPI DAPI DAPI DAPI DAPI

Nestin Nestin Nestin Nestin Nestin

DAPI/Nestin DAPI/Nestin DAPI/Nestin DAPI/Nestin DAPI/Nestin

100 μm 100 μm 100 μm 100 μm 100 μm

100 μm 100 μm 100 μm 100 μm 100 μm

100 μm 100 μm 100 μm 100 μm 100 μm

DAPI DAPI DAPI DAPI DAPI

Tuj1 Tuj1 Tuj1 Tuj1 Tuj1

DAPI/Tuj1 DAPI/Tuj1 DAPI/Tuj1 DAPI/Tuj1 DAPI/Tuj1

100 μm 100 μm 100 μm 100 μm 100 μm

100 μm 100 μm 100 μm 100 μm 100 μm

100 μm 100 μm 100 μm 100 μm 100 μm

Control 50 μg/ml 100 μg/ml 200 μg/ml 400 μg/ml

Control 50 μg/ml 100 μg/ml 200 μg/ml 400 μg/ml



22BioMedicine | http://biomedicine.cmu.edu.tw/ March 2015 | Volume 5 | Issue 1 | e30

at 37°C for 30 min.  Slides were then treated with fixing solution 
II (fixing solution I plus 0.5% Triton X-100) and held at room 
temperature for 15 min.  After washing with PBS, slides were 
treated with a blocking buffer (0.5% BSA in PBS) at room tem-
perature for 1 h and washed three additional times with PBS prior 
to reacting with various primary antibodies (anti-Nestin [abcam] 
or anti-Tuj1 [GeneTex]) at 1:100 dilutions, either overnight at 4°C 
or for 1 h at 37°C.  Slides were washed five times with cold PBS 
before reacting with FITC-conjugated anti-mouse IgG or TRITC-
conjugated anti-rabbit IgG (Sigma-Aldrich).  After four more 
washes with cold PBS, slides were mounted and observed using a 
fluorescence microscope.  DNA was stained with DAPI (Sigma-
Aldrich) to localize nuclei.

3. Results

3.1. Neural related gene expression levels increased after 
Sambucus williamsii treatment

In order to determine that Sambucus williamsii could induce the 
neural related gene expression levels and increase the efficiency 
of ESCs differentiation into neurons, we measured Nestin and 
Tuj1 expression levels in the P3 generation after 50, 100, 200 and 
400 μg/ml Sambucus williamsii treatment.  As shown in Figure 
2, Nestin expression levels increased after the 50, 100 and 200 
μg/ml Sambucus williamsii treatment compared with the control 
group, especially in the 50 μg/ml.  The Tuj1 expression levels 
also increased in the 50, 100 and 200 μg/ml Sambucus williamsii 
treatment group compared with the control group.  This data in-
dicates that Sambucus williamsii has the potential to induce the 
ESCs toward neuron differentiation. 

3.2. Neural related protein expression levels increased after 
Sambucus williamsii treatment

After we determined the neural related genes expression levels 
increased after Sambucus williamsii treatment, we turned our at-
tention to detecting the real differentiating ability of Sambucus 

williamsii.  The differentiating strategy shown in Figure 1 and the 
P3 generation neurons was neural-related protein levels detected 
by IF analysis.  In Figure 3, the results show that Nestin and Tuj1 
protein expression levels in the 50, 100 and 200 μg/ml Sambucus 
williamsii treatment groups are higher than the control group and 
have the dose-response effect.  Interestingly, Nestin and Tuj1 pro-
tein expression levels in the 400 μg/ml Sambucus williamsii treat-
ment group were not higher than the control group.  Nestin and 
Tuj1 expression mean the cells were neurons.  Furthermore, this 
data shows the 200 μg/ml Sambucus williamsii treatment to have 
the optimal concentration to differentiate ESCs into neurons.

3.3. Neurons differentiation efficiency higher and higher 
though passage the cells

In our differentiating strategy, after passing through EB in normal  
dishes, cells cultured in a medium containing Sambucus wil-
liamsii passed to the P3 generation.  If the Sambucus williamsii 
could induce ESCs to neurons, the percentage of neurons should 
increase during the passage times.  In order to test this hypothesis, 
we used Nestin and Tuj1 as the neuron markers to detect the ex-
pression levels during the passage times.  In Figure 4, Nestin and 
Tuj1 expression levels increased from the P1 to the P3 generation 
by IF assay.  In addition, RT-PCR results also show that Nestin 
and Tuj1 gene expression levels increased from the P1 to the P3 
generation.  The whole stem cell markers’, Oct4 and Sox2, gene 
expression levels decreased during the P1 to the P3 generations 
(Figure 5).  These data indicate that the medium containing Sam-
bucus williamsii leads the ESCs toward neuron differentiation. 

4. Discussion

Cell therapy will become a highly potential therapeutic method 
for many diseases that do not currently have efficient therapeu-
tic methods, especially neurodegenerative diseases.  However, 
neurons are hard to obtain and isolate.  An efficient strategy to 
differentiate ESCs into neurons is very important in future cell 
therapy.  Previous studies have shown that a virus could be used 
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to over-express neural-related genes to increase the differentiation 
efficiency [2, 3] but such a method is hard to use for clinical ap-
plications.  Protein transduction-based methods can be efficient, 
safe alternatives to overcome this challenge [4].  However, it is 
difficult for protein to cross cell membranes and so there is a need 
to use fusion proteins (Tat proteins [12-14], for example).  Fusion  
proteins still have some problems that involve injuring cell mem-
branes.  For these reasons, small molecules may be a better candi-
date for neurons differentiation. 

In this study, we used a three-step differentiation strategy to 
determine that Sambucus williamsii could induce ESCs to differ-
entiate into neurons.  Most of studies have shown the application 
of Sambucus williamsii in bone and osteoblastic research [6, 7].  
This is the first study to investigate the correlation between Sam-
bucus williamsii and stem cells differentiation.  In the end, we are 
confident we found a new applicationfor Sambucus williamsii.

In conclusion, this study discovered a traditional Chinese 
medicine that could potentially be used to increase the differen-
tiation efficiency of ESCs into neurons.  In addition, a simple 
method to differentiate ESCs into neurons was also developed.  
It should prove helpful in future neurons therapy from the pluri-
potent stem cells, including induced pluripotent stem (iPS) cells.  
We hope it will also be helpful in the future clinical application of 
cell therapy.

Acknowledgements

This study is supported in part by the Taiwan Ministry of Health 
and Welfare Clinical Trial and Research Center of Excellence 
(MOHW104-TDU-B-212-113002), and China Medical University 
(CMU101-NSC-06).

Declaration of Interest

The authors declare no conflicts of interest for this work.

Open Access This article is distributed under terms of the Creative  
Commons Attribution License which permits any use, distribution, 
and reproduction in any medium, provided original author(s) and 
source are credited.

REFERENCES

  [1] Sagal J, Zhan X, Xu J, Tilghman J, Karuppagounder SS, Chen L, 
et al.  Proneural transcription factor Atoh1 drives highly efficient 
differentiation of human pluripotent stem cells into dopaminergic 
neurons.  Stem Cells Transl Med 2014; 3: 888-98.

  [2] Studer L.  Derivation of dopaminergic neurons from pluripotent stem 
cells.  Prog Brain Res 2012; 200: 243-63.

  [3] Hegarty SV, Sullivan AM, O’Keeffe GW.  Midbrain dopaminergic 
neurons: a review of the molecular circuitry that regulates their de-
velopment.  Dev Biol 2013; 379: 123-38.

  [4] Fathi A, Rasouli H, Yeganeh M, Salekdeh GH, Baharvand H.  Ef-
ficient Differentiation of Human Embryonic Stem Cells Toward 
Dopaminergic Neurons Using Recombinant LMX1A Factor.  Mol 
Biotechnol 2014.

  [5] Xiao HH, Dai Y, Wong MS, Yao XS.  New lignans from the bioac-
tive fraction of Sambucus williamsii Hance and proliferation activi-
ties on osteoblastic-like UMR106 cells.  Fitoterapia 2014; 94: 29-35.

  [6] Yang XJ, Wong MS, Wang NL, Chan SC, Yao XS.  Lignans from 
the stems of Sambucus williamsii and their effects on osteoblastic 
UMR106 cells.  J Asian Nat Prod Res 2007; 9: 583-91.

  [7] Xie F, Wu CF, Zhang Y, Yao XS, Cheung PY, Chan AS, et al.  In-
crease in bone mass and bone strength by Sambucus williamsii 
HANCE in ovariectomized rats.  Biol Pharm Bull 2005; 28: 1879-85.

  [8] Liu SP, Harn HJ, Chien YJ, Chang CH, Hsu CY, Fu RH, et al.  n-
Butylidenephthalide (BP) maintains stem cell pluripotency by acti-
vating Jak2/Stat3 pathway and increases the efficiency of iPS cells 
generation.  PLoS One 2012; 7: e44024.

  [9] Kawasaki H, Mizuseki K, Nishikawa S, Kaneko S, Kuwana Y, Na-
kanishi S, et al.  Induction of midbrain dopaminergic neurons from 
ES cells by stromal cell-derived inducing activity.  Neuron 2000; 28: 
31-40.

[10] Lee SH, Lumelsky N, Studer L, Auerbach JM, McKay RD.  Efficient 
generation of midbrain and hindbrain neurons from mouse embry-
onic stem cells.  Nat Biotechnol 2000; 18: 675-9.

[11] Liu SP, Fu RH, Wu DC, Hsu CY, Chang CH, Lee W, et al.  Mouse-
induced pluripotent stem cells generated under hypoxic conditions 
in the absence of viral infection and oncogenic factors and used for 
ischemic stroke therapy.  Stem Cells Dev 2014; 23: 421-33.

[12] Gump JM, Dowdy SF.  TAT transduction: the molecular mechanism 
and therapeutic prospects.  Trends Mol Med 2007; 13: 443-8.

[13] Dietz GP, Bahr M.  Synthesis of cell-penetrating peptides and their 
application in neurobiology.  Methods Mol Biol 2007; 399: 181-98.

[14] Dietz GP, Bahr M.  Delivery of bioactive molecules into the cell: the 
Trojan horse approach.  Mol Cell Neurosci 2004; 27: 85-131.

Fig. 5 - Gene expression levels of Oct4, Sox2, Tuj1, and Nestin 
in ESCs, EB, P1, P2 and P3 generations as measured by re- 
verse transcription (RT)-PCR.

Oct4

Sox2

Tuj1

Nestin

Actin

ES P1P2P3EB



33BioMedicine | http://biomedicine.cmu.edu.tw/ March 2015 | Volume 5 | Issue 1 | e32

BioMedicine (ISSN 2211-8039)
March 2015, Vol. 5, No. 1, Article 5, Pages 33-38

Original article

Lipopolysaccharide-promoted proliferation of Caco-2 cells  
is mediated by c-Src induction and ERK activation
Tsung-Yao Lina, Chiung-Wen Fana, Ming-Chei Maab,*, and Tzeng-Horng Leuc,**

aInstitute of Biochemistry, Chung Shan Medical University, Taichung 402, Taiwan
bInstitute of Medical Science, China Medical University, Taichung 404, Taiwan
cDepartment of Pharmacology, College of Medicine, National Cheng Kung University, Tainan 701, Taiwan

Received 3rd of December 2014    Accepted 20th of January 2015
© Author(s) 2015. This article is published with open access by China Medical University

1. Introduction

Epithelia are tissues composed of sheets of similar cells bound 
closely together that execute different functions such as barrier, 
adsorption, or secretion.  In addition to physically providing the 
barrier against bacterial infection, epithelia also chemically emit 
chemotactic signals that attract blood-borne host defense cells to 
initiate the inflammatory responses after their injury [1].  Due to 
the production of similar polypeptide arsenals between the epi-
thelial cells and the polymorphonuclear leukocytes, the former 
are thus thought to be important effectors of innate immunity.  
Though epithelial cells lining the colon are bathed in bacteria 
and their products, they remain refractory to the threat from the 
normal bacterial flora.  However, encountering a diverse array of 
enteroinvasive bacteria, human colon epithelial cells produce not 
only proinflammatory cytokines, but also an autocrine growth-
stimulating factor, PGE2, to facilitate cellular growth [2].  These 
observations indicate that colorectal tumors may be formed or 
activated by exposure to colonic flora or by endotoxemia.

The major membrane component of Gram-negative bacteria, 
lipopolysaccharide (LPS), is a potent inflammatory stimulus, 
whose release during growth or lysis of bacteria elicits a diverse 
array of growth factors, cytokines, and inflammatory media-
tors [3, 4].  With the help of various LPS binding proteins, LPS 
induces the activation of responsive cells such as macrophages, 
endothelial cells and epithelial cells [4].  LPS forms a complex 

with the LPS binding protein (LPB) in plasma, and the resultant 
LBP-LPS complexes are recognized by CD14, present either as a 
GPI-anchored membrane glycoprotein (mCD14), or free as a se-
creted molecule (sCD14) [3, 4].  Ligation of TLR4-MD2 complex 
induces by LPS results in activation of multiple signaling proteins 
including protein tyrosine kinases, members of MAPK family and 
transcription factors [5].

c-Src is a prototype of a closely related family of nonreceptor 
tyrosine kinases that function as co-transducers of transmembrane 
signals emanating from multiple growth factor receptors [6].  To 
date, proteins such as focal adhesion kinase (FAK), Shc, cortactin, 
Eps8 and STAT3 have been established as its substrates and their 
participation in c-Src-mediated physiological activities including 
proliferation, migration, and cell survival have been established.

Colorectal cancer (CRC) is the most common gastrointestinal 
cancer.  Despite the fact that genetic events leading to its preva-
lence have been well documented [7], activation of c-Src has  
also been observed in a majority of studies [8].  Since increased 
c-Src kinase activity was usually associated with its upregulation, 
overexpression of c-Src was therefore suggested to play a criti-
cal role in colorectal tumorigenesis.  Indeed, overexpression of 
c-Src in murine fibroblasts causes their transformation [9], and 
anti-sense-mediated downregulation of c-Src in colon adenocarci-
noma cells reverts their tumorigenicity [10].  However, to date the 
precise mechanism underlying c-Src upregulation in CRC is still 
elusive.
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ABSTRACT

As a major component of the cell wall of Gram-negative bacteria, lipopolysaccharide (LPS) can be released 
into the bloodstream to cause a spectrum of pathophysiological reactions.  Despite the fact that colon epithe-
lium cells in situ are continuously exposed to LPS, their biological responses as provoked by LPS as well as 
the underlying mechanisms are poorly defined.  In the present study, we observed that LPS directly stimu-
lated growth of Caco-2 cells as well as enhanced the amounts of c-Src, which could be partly attributable to 
increased c-src transcript.  Parallel to LPS-induced c-Src expression was FAK activation and ERK activa-
tion.  Remarkably, activation of ERK and cellular proliferation by LPS could be inhibited by PP2, the spe-
cific Src inhibitor, implicating the essential role of c-Src in this process.  To our knowledge, this is the first 
report indicating that LPS can increase cellular growth via upregulation of c-Src in colon epithelial cells.
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In the present study, we observe that LPS increases the cellular  
growth of Caco-2 cells.  And consistent with this finding is the 
finding that the expression of c-Src is LPS-inducible and that re-
sults in an increase of Src-mediated Shc Tyr-317 phosphorylation, 
ERK, and FAK activation.  Application of PP2 abrogates both 
LPS-induced ERK activation and cellular proliferation.  Notably, 
this is the first report indicating how the upregulation of c-Src in 
colon cancer cells is achieved.

2. Materials and methods

2.1. Cell lines and lysate preparation

The human colon cancer cell line, Caco-2, was utilized in this 
study.  Caco-2 cells were incubated with or without LPS (Sigma).  
The cells were lysed in ice-cold, modified RIPA buffer as de-
scribed before [11].  Lysates were centrifuged at 12,000 g for 10 
min at 4°C.  The protein amount in each lysate was determined by 
protein assay kit (Bio-Rad).  

2.2. Antibodies, immunoprecipitation and immunoblotting

For immunoblotting, 100 μg of cell lysates were resolved in an 
SDS-PAGE and Western immunoblotting with antibody as in-
dicated in the figure legend.  Src monoclonal antibodies GD11 
and 2-17 were generously provided by Dr. Sarah J. Parsons.  
Antibodies against actin, amino-terminal FAK (A17), and phos-
photyrosine (PY20) were from Santa Cruz Biotechnology (Santa 
Cruz, California); and the antibody against phosphorylated Tyr-
397 of FAK was from Upstate Biotechnology, Inc. (Lack Placid, 
NY).  The E10 monoclonal antibody recognized phosphorylated 
Thr-202 and Tyr-204 of ERK1/2 was purchased from New Eng-
land Biolabs, Inc. (Beverly, MA, USA).  The rabbit polyclonal 
antibodies recognized unphosphorylated ERK2 were purchased 
from Santa Cruz.  Western immunoblotting was performed with 
antibody of interest and detected by enhanced chemiluminescence 
(Amersham Biosciences).

2.3. Reverse transcription-polymerase chain reaction  
(RT-PCR)

Total RNA was isolated from Caco-2 cells by utilizing the Trizol 
reagent (Life Technologies, Inc.) as recommended by the manu-
facturer.  Then the RNA was quantified by spectrophotometer and 
an equal amount (5 μg) of it was reverse-transcribed into single 
stranded cDNA in a 50 μl reaction mixture containing reaction 
buffer (10 mM Tris-HCl [pH 8.3], 15 mM KCl, 0.6 mM MgCl2, 
and 2 mM DTT), 60 pmol of oligo-dT15, 40 U RNase inhibitor, 
and 200 U of M-MLV reverse transcriptase (Promega).  The reac-
tion was carried out at 42°C for 1 h.  The single stranded cDNA 
was diluted 10 times and 10 μl of it was amplified by PCR.  The 
PCR reaction was carried out in a 50-μl mixture containing reac-
tion buffer, 0.2 mM dNTP, 0.2 μM of forward primer and reverse 
primer for c-src, and 2.5 U of Taq polymerase by GeneAmp PCR 
System 2400 (Applied Biosystems).  As an internal standard, a 
pair of primers for β-actin was included at the same time.  Unless 
otherwise indicated, the following program is for c-src PCR reac-
tion: the cDNA was denatured for 5 min at 94°C and amplified 
for 30 cycles under the following conditions: 94°C, 30 sec; 60°C, 
40 sec; and 72°C, 1 min, followed by a 5-min elongation step at 
72°C.  Sequences of primer pairs used were as follows:

src: forward, 5’-CGCTGGCCGGTGGAGTGAC-3’;
 Reverse, 5’-CCAGCTTGCGGATCTTGTAGTGC-3’;
β-actin: forward: 5’-ATCATGTTTGAGACCTTCAA-3’;
 Reverse: 5’-CATCTCCTGCTCG AAGTCTA-3’. 

PCR products were resolved in a 1% agarose gel and detected by 
ethidium bormide staining.

2.4. Statistical analysis

Values given represent the mean ± SD of experiments done in 
triplicate.  Statistical significance was tested by Student’s t-test 
for either paired or unpaired data as appropriate.

3. Results

3.1. Enhanced cellular proliferation and protein tyrosyl  
phosphorylation in LPS-treated Caco-2 cells

Given that colon contains large numbers of Gram-negative bacte-
ria and colonic epithelial cells in situ are continuously exposed to 
LPS, therefore, the influence of LPS on cellular growth in human 
colon cancer cells, Caco-2, was analyzed.  As shown in Figure 1, 
compared to non-treated controls, cells exposed to LPS (10 μg/ml)  
exhibited significant mitogenesis (Figure 1).  Thus, these results 
indicate that LPS can stimulate proliferation in Caco-2 cells.  Be-
cause tyrosyl phosphorylation plays a critical role in mitogenesis, 
and to confirm that LPS can augment protein tyrosyl phosphory-
lation in colon epithelial cells, Caco-2 cells were stimulated with 
LPS for various time points.  As demonstrated in Figure 2, a re-
markable time-dependent increase of protein tyrosyl phosphoryla-
tion was detected.  This finding suggested that LPS could upregu-
late the expression and/or catalytic activity of a protein tyrosine 

Fig. 1 - LPS accelerates proliferation in Caco-2 cells.  Caco-2 
cells (5 × 105) were plated at the beginning.  After 18 h, cells 
were incubated with or without 10 μg/ml LPS for various 
times as indicated.  Total number of control and LPS-treated 
cells were counted and plotted.  The results were shown in 
means ± SD for three independent experiments performed in 
triplicate.  *P < 0.05; **P < 0.01; ***P < 0.001 as compared to 
its control counterpart.
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kinase in colon epithelial cells.

3.2. Enhancement of both c-Src protein expression and c-src 
transcript in LPS-stimulated Caco-2 cells

Previously, we have reported the induction of c-Src in LPS-
exposed macrophages [11, 12].  To determine whether a similar 
event could also occur in colon epithelial cells, the expression 
of c-Src was checked in Caco-2 treated with or without LPS for 
various time points.  As exhibited in Figure 3, compared to the 
constant expression of actin, a significant time-dependent upregu-
lation of c-Src was observed.  To further investigate the effect of 
LPS on the transcription of c-src, we performed the RT-PCR ex-
periments to analyze the transcript abundance of c-src in Caco-2 
cells stimulated with various concentrations of LPS for 96 h.  As 
demonstrated in Figure 4, after normalization with actin tran-
script, the abundance of c-src was greatly increased in response to 
LPS.  These results indicated that LPS could upregulate both the 
abundance of c-src transcript and the protein expression of c-Src 
in colon epithelial cells.

3.3. Increased FAK autophosphorylation and ERK activation 
in Caco-2 cells exposed to LPS

It is well established that FAK is a substrate for c-Src whose 
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Fig. 2 - LPS treatment leads to the enhancement of protein 
tyrosyl phosphorylation in Caco-2 cells.  Caco-2 cells were 
treated with or without 10 μg/ml LPS for various times as 
indicated.  Equal amounts of lysates (100 μg) from each sample  
were resolved by SDS-PAGE and probed with anti-pTyr Ab.   
Similar results were repeated three times and the represen- 
tative was demonstrated.  The protein markers (KDa) were 
shown on the left.
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Fig. 3 - Expression of c-Src is increased in LPS-stimulated 
Caco-2 cells.  (A) Caco-2 cells were treated with or without 
LPS (10 μg/ml) for various times as indicated.  Equal amounts 
of lysates (100 μg) from each sample were resolved by SDS-
PAGE and probed with antibodies against c-Src and actin.  (B) 
Densitometric quantification of c-Src expression normalized 
for actin protein levels; values were means ± SD from three 
measurements of (A).

Fig. 4 - The enhancement of transcript abundance of c-src in 
LPS-treated Caco-2 cells.  (A) Caco-2 cells were treated with 
various concentration of LPS for 96 h.  Total RNA was then 
harvested.  Semi-quantitative RT-PCR analysis of c-src was 
performed as described in “Materials and Methods”.  β-actin 
was utilized as an internal control for amplification of src 
efficiency.  (B) Densitometric quantification of c-src transcript 
normalized for β-actin; values were mean ± SD from three 
measurements of (A).
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kinase activity, reflected by its autophosphorylation (Pi-Y397 
FAK), can be modulated by Src-mediated FAK phosphorylation 
at Y-576, -577 and 863.  Since we have shown that LPS could 
induce c-Src expression, therefore we wanted to check its total 
enzymatic activity following LPS exposure.  Because the level 
of Pi-Y397 FAK mirrors the activation of c-Src, thus we chose it 
as the indicator to assess c-Src kinase activity.  Lysates prepared 
from Caco-2 cells treated with LPS for various time points were 
analyzed by SDS-PAGE and Western immunoblotted with anti-
bodies against Pi-Y397 FAK and FAK respectively.  As shown 
in Figure 5, while a similar amount of FAK was present in each 
sample, a remarkable time-dependent increase of FAK activity, 
measured by the level of Pi-Y397 FAK, was detected; indicating 
that accompanying  the induction of c-Src in LPS-treated Caco-2 
cells was the robust increase of its enzymatic activity.

By virtue of c-Src activation, the Raf-MEK-ERK cascade is 
triggered.  Since LPS treatment leads to the enhancement of c-Src 
expression as well as its total activity, we thereby addressed the 
point of whether LPS might increase ERK activation by deter-
mining the ERK activities in control and LPS-treated Caco-2 cells 
at various time points.  Due to the fact that MEK-mediated ERK 
phosphorylation on residues Thr-202 and Tyr-204 increased the 
enzymatic activity of ERK, we therefore applied the monoclonal 
antibody specifically recognized these phosphorylated residues 
of ERK in Western immunoblotting.  As shown in Figure 5, a 
significant time-dependent increase of phosphorylated ERK was 
detected in LPS-exposed Caco-2 cells as compared to the control 
when the expression of ERK in these cells was normalized.

3.4. PP2 abolished LPS-mediated ERK activation and  
LPS-induced proliferation in Caco-2 cells

Mounting evidence reveals that ERK activation is critical for 
cell proliferation.  The increased ERK activity accompanied 
with LPS-induced c-Src expression indicated that LPS could 
promote cellular growth via its induction of c-Src.  To prove this 
hypothesis, LPS-elicited ERK activation and mitogenesis were 
determined in Caco-2 cells pretreated with or without PP2, the 
inhibitor for Src family members.  Interestingly, PP2 not only 

abrogated LPS-increased ERK activation, but it also suppressed 
LPS-mediated cellular growth (Figure 6).  These results can be 
taken as evidence to support the role of c-Src induction in LPS-
mediated Caco-2 proliferation.  

4. Discussion

Our study proposes a pivotal role for LPS in promoting cellular 
growth via the induction of c-Src in a human colon carcinoma cell 
line (Caco-2).  Accompanied with the enhancement of c-Src is its 
augmented activity, which provokes the activation of FAK and 
ERK.  Remarkably, application of PP2 not only abrogates ERK 
activation, but it also inhibits cell proliferation in LPS-stimulated 
Caco-2 cells.  Thus, the concomitant c-Src induction, ERK activa- 
tion, and enhanced mitogenesis in colon epithelial cells in re-
sponse to LPS offer a new perspective on the contribution of LPS 
to colon carcinoma progression.

Induction of c-Src by LPS has previously been reported in 
macrophages [11, 12] that retain TLR4, the receptor for LPS.  
Here, a similar phenomenon is also observed in Caco-2, the colon 
epithelial cells.  Though epithelial cells of the gastrointestinal 
tract were initially described to lack the expression of TLR4, cur-

Fig. 5 - LPS increases Y-397 phosphorylated FAK and ERK 
activation in Caco-2 cells.  Caco-2 cells were incubated with 
LPS (10 μg/ml) for various times as indicated.  Their content 
of Y-397 phosphorylated FAK, FAK, phosphorylated ERK and  
ERK was analyzed by direct Western blot analysis, with spe- 
cific antibody against Pi-Y397 FAK, FAK, phosphorylated ERK  
(E10), and ERK, respectively.
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Fig. 6 - PP2 suppresses the LPS-increased ERK activation and  
proliferation in Caco-2 cells.  Caco-2 cells were pretreated with 
PP2 (10 μM) for 20 min and then stimulated with or without 
LPS (10 μg/ml) for 96 h.  (A) The content of phosphorylated 
ERK and ERK were determined by direct Western blot 
analysis with specific antibody against phosphorylated ERK 
(E10), and ERK, respectively.  (B) Caco-2 cells (5 × 105) were 
handled as described in (A).  After a 96-h incubation, cells of 
each treatment were harvested and counted.  The results are 
shown as means ± SD of triplicate experiments.  ***P < 0.001 
as compared to Ctrl.  ###P < 0.001 as compared to LPS-treated 
cells.  Similar results were obtained at least twice.
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rent literature has provided evidence supporting its expression in 
a spectrum of intestinal colonocytes including Caco-2 [13, 14].  
Thus, like macrophages, colon epithelial cells could also be con-
sidered as LPS-responsive. Indeed, LPS was reported to induce 
the proinflammatory cytokine IL-8 in HT29 and SW620 epithelial 
cells [15, 16] as well as prostaglandin E2 (PGE2) in human adeno-
carcinoma CE-1 cells [17].  

ERK appears to be an important signaling molecule in LPS-
initiated activation of intestinal epithelial cells (IECs).  In contrast 
to its participation in LPS-induced heat shock protein 25 (HSP25) 
in young adult mouse colon (YAMC) cells [2], ERK activation 
mediated by c-Src induction renders LPS-exposed Caco-2 cells 
more mitogenic.  It is noteworthy that in addition to ERK, LPS-
elicited proliferation can also be attributable to the generation of 
PGE2, which can act as an autocrine growth-stimulating factor 
[17].

Aberrant expression of c-Src has been closely linked to initia-
tion and progression of human CRC [18].  However, to date, no 
underlying mechanism has been proposed to elucidate the upregu-
lation of c-Src in IEC.  Given that IECs are continuously exposed 
to high concentrations of LPS in the colonic fluid, LPS-induced 
c-Src expression therefore provides an immediate explanation for 
c-Src upregulation in CRC.  Based on our studies in both mac-
rophages and epithelial cells, LPS-elicited c-Src expression seems 
to be a “universal phenomenon”.  While overexpression of c-Src 
in colon epithelial cells may cause a catastrophe, chemicals that 
attenuate its expression may provide remedies.  Indeed, sodium 
butyrate, the major fermentation product of dietary fiber, appears 
to be an ideal choice for this purpose.  In a separate, recent study, 
we have demonstrated that by virtue of reducing c-src transcript 
as well as c-Src protein expression, butyrate could effectively ar-
rest the growth of neoplasmic colonocytes [19].

In summary, our demonstration of ERK activation accom-
panied with augmented c-Src expression plays an essential role 
in LPS-mediated proliferation in IECs.  Notably, c-src was not 
among the LPS-responsive genes identified by microarrays [20, 
21].  Considering the role of c-src in transformation and its LPS-
inducible characteristic, our findings might supplement and ex-
tend the current understanding of the mechanisms by which LPS 
exerts its effects in the development of human cancers.
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1. Introduction

As the  adenoid is located at the crossroads of the upper respirato-
ry tract, adjacent to the middle ear, paranasal sinuses and orophar-
ynx, chronic adenoiditis has been associated with the pathologies 
of the neighboring structures, such as otitis media and sinusitis [1].  
The adenoid can serve as a bacterial reservoir that contributes to 
chronic otolaryngologic infections in children, infections such as  
otitis media and paranasal sinusitis [2].  The most common naso- 
pharyngeal microbes that are found in children include S. aureus, 
S. pneumoniae, and H. influenzae [3].  S. pneumoniae is frequently  
concomitant with nasopharyngeal illnesses [4], while H. influenzae  
is a common pathogen of acute otitis media [5].  S. aureus is asso- 
ciated with skin or respiratory tract diseases such as chronic ad-
enoiditis and rhinosinusitis [6, 7].  The emergence of methicillin-
resistant S. aureus (MRSA) has become an important public 
health problem, both as a rising community pathogen and with re- 

spect to its potential impact on strategies for antibiotic therapy [7].
More than one microorganism is frequently found in the na-

sopharynx and polymicrobial interactions definitely exist in the 
nasopharynx [3, 8-11].  Some bacterial species may co-exist more 
often with other species (synergistic interactions), while other 
species may compete with one another (antagonistic interactions).  
For an example of the latter: competitive interaction has been re-
ported between S. pneumoniae and S. aureus [9, 11].  However, a 
detailed description regarding the interactions between S. aureus, 
S. pneumoniae, and H. influenzae in the nasopharynx of children 
is still limited.

The purpose of this study was to analyze the nasopharyngeal 
colonizations by the bacterial species S. aureus, S. pneumoniae, 
and H. influenzae in children receiving adenoidectomy.  The inter-
actions among the bacterial species were evaluated to see whether 
the colonization status of one species influences the colonization 
of the other two species.
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ABSTRACT

Staphylococcus aureus, Streptococcus pneumoniae, and Haemophilus influenzae are the common pathogens 
that colonize in the nasopharynx of children.  Polymicrobial interactions are thought to play an important 
role in different sites throughout the human body.  However, there are currently very few studies that in-
vestigate the interactions between S. aureus, S. pneumoniae, and H. influenzae in the nasopharynx.  We 
retrospectively analyzed the adenoid tissue culture from 269 children who received adenoidectomy.  S. 
aureus, S. pneumoniae, and H. influenzae constituted the major microorganisms which were cultured from 
these adenoidectomies, at 23.4%, 21.6%, and 18.2%, respectively.  S. pneumoniae and H. influenzae were 
the most prevalent in the preschool-aged children (3 < age ≤ 6), whereas S. aureus was more prevalent in 
infants and toddlers (age ≤ 3) and school-aged children (age > 6).  Bacterial interference was found between 
S. aureus and S. pneumoniae and between S. aureus and H. influenzae, whereas there was an association 
found between S. pneumoniae and H. influenzae.  The synergism and antagonism among these three species 
are investigated in the following paper, with the possible mechanisms involved in these interactions also dis-
cussed.

DOI 10.7603/s40681-015-0006-9



40BioMedicine | http://biomedicine.cmu.edu.tw/ March 2015 | Volume 5 | Issue 1 | e33

2. Patients and methods

2.1. Patient selection

This study was carried out between January 2002 and December 
2012 and comprised patients who were examined for otorhino-
laryngologic infections, including chronic otitis media, otitis 
media with effusion, chronic rhinosinusitis, chronic adenoiditis, 
and chronic tonsillitis as well as those who were clinically diag-
nosed with upper respiratory problems.  During this period, 276 
participants were enrolled in this study and underwent routine 
adenoidectomy surgery and had a bacterial culture of their na-
sopharynx taken.  A total of 269 patients whose ages ranged from 
1 to 18 years old were analyzed.  There were 102 girls (37.9%) 
and 167 boys (62.1%).  The patients enrolled in this study had 
completed a self-administered questionnaire by their parents prior 
to being enrolled.

2.2. Ethics statement

This study was specifically approved by the Institutional Review 
Board of the China Medical University Hospital (approval num-
ber: DMR98-IRB-123, Taichung, Taiwan).

2.3. Laboratory procedure and bacterial culture

Core tissues from adenoid specimens and pus swabs from pa-
tients’ noses were streaked across Tryptic soy agar (Becton-
Dickinson, Franklin Lakes, NJ, USA) containing 5% sheep blood 
and incubated at 37°C for 18-24 h.  Bacterial isolates were identi-
fied by a standard protocol using the BD PhoenixTM Automated 
Microbiology System (Becton-Dickinson) as described in our 
previous study [7].

2.4. Statistical analysis

The relationship of between-group comparisons was performed 
using a Chi-square test with Fisher’s exact test.  The correlation of 

bacterial infections in two species was assessed by odd ratio (OR) 
analysis.  Descriptive statistics were determined as the proportion 
for categorical variables with 95% confidence intervals (CI).  Sta-
tistical analyses were carried out using the SPSS program (version 
12.0; SPSS Inc., Chicago, IL, USA).  A P value less than 0.01 
was considered statistically significant.

Table 1 – The demography of the enrolled patients.
Characteristic No. (%) 
Age (years)†

age ≤ 3   15 (5.6)
3 < age ≤ 6 138 (51.3)
6 < age ≤ 12 106 (39.4)

12 < age   10 (3.7)
Gender¶

F 102 (37.9)
M 167 (62.1)

Bacteria present 
0   37 (13.8)
1 160 (59.5)
2   56 (20.8)
≥ 3   16 (6.0)

†Age (years) of children at the time of adenoidectomy.
¶F, female; M, male.

Fig. 1 - The age-related bacterial interactions in the naso- 
pharynx of children receiving adenoidectomy.  Patients who 
enrolled in this study were stratified into four age stages: Stage  
1: age ≤ 3; Stage 2: 3 < age ≤ 6; Stage 3: 6 < age ≤ 12; Stage 4: 
age > 12.  The colonization rates of each comparison between 
two bacterial species were determined and analyzed: (A) S. 
aureus vs. S. pneumoniae; (B) S. aureus vs. H. influenzae; (C) S. 
pneumoniae vs. H. influenzae.
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3. Results

3.1. Demography of the enrolled patients

To analyze the association between the carriages of three bacterial 
species, the young children with otorhinolaryngologic infections 
who visited China Medical University Hospital were enrolled in 
this study.  The bacterial colonizations of the nasopharynx from 
children receiving adenoidectomies were then identified by a 
traditional culture method.  Of all 276 participants, 269 patients <  
18 years old were enrolled in this analysis.  We then stratified the 
patients into four age stages: stage 1: age ≤ 3; Stage 2: 3 < age ≤ 
6; Stage 3: 6 < age ≤ 12; Stage 4: age > 12.  As shown in Table 
1, there were 15, 138, 106, and 10 children in stages 1, 2, 3, and 
4, respectively.  Within this analysis, no bacterial species was 
isolated in 37 patients.  However, at least one bacterial species of 
microbial colonization was cultured in 232 patients.

3.2. The associations of bacterial colonizations in children 
receiving adenoidectomy

To further analyze the associations between the pathogens which 
colonized in children who were receiving adenoidectomies, three 
bacterial species’ (S. pneumoniae, S. aureus, and H. influenzae) 
colonization in the aforementioned stages were analyzed.  As 
shown in Figure 1A, higher rates of S. aureus colonized in pa-
tients belonging to stages 1, 3, and 4, S. pneumoniae coloniza-
tion was lower at the same stages.  Consistently, higher S. aureus 
colonization in stages 1, 3, and 4 were inversely related to H. 
influenzae infection in patients in these stages (Figure 1B).  The 
bacterial carriage of S. pneumoniae was negatively associated 
with H. influenzae in stages 1 and 4.  However, higher rates of S. 
pneumoniae colonized in stages 2 and 3, with higher rates of H. 
influenzae infection in the same stages (Figure 1C).

We then analyzed the correlation of bacterial infections in two 
species using logistic regression analysis.  As shown in Table 2, S. 
aureus, S. pneumoniae, and H. influenzae constitute major micro-
organisms cultured from these adenoidectomies, at 23.4%, 21.6% 
to 18.2%, respectively.  S. aureus colonization was significantly 
inversely associated with S. pneumoniae colonization and vice 
versa (OR = 0.31; 95% CI = 0.13-0.77, P = 0.008).  Additionally,  
a negatively associated relationship was observed between S. 
aureus and H. influenzae (OR = 0.17; 95% CI = 0.05-0.58, P = 
0.002).  Although the bacterial carriages of S. pneumoniae was 
inversely associated with H. influenzae in stages 1 and 4 (Figure 

1C), there was no significance (P = 0.325). 

4. Discussion

In this study, we investigated the colonization of the nasopharynx 
in children receiving adenoidectomies using a traditional culture 
method.  Our data showed that S. aureus, S. pneumoniae, and H. 
influenzae constitute major microorganisms cultured from the 
adenoidectomies at 23.4%, 21.6% to 18.2%, respectively (Table 
2).  These findings are similar to the previous study that S. pneu-
moniae, H. influenzae, Moraxella catarrhalis, and S. aureus are 
common nasopharyngeal colonizations found in children [3], 
though M. catarrhalis was not frequently isolated in our study.  
More than one microorganism was found in 26.8% of children 
receiving adenoidectomies, whereas no bacterium was cultured in 
13.8% of the adenoid specimens (Table 1).  The identification rate 
of microorganisms in this study may be under estimated.  With the 
advances in microbial techniques such as real-time quantitative 
polymerase chain reaction (qPCR) technique, in future studies  
there may be more diverse microorganisms identified [12].

Our study showed that S. pneumoniae and H. influenzae 
were most prevalent in stage 2 (preschool period) (3 < age ≤ 
6), whereas S. aureus was more prevalent in stage 1 (infant and 
toddler stage) (age ≤ 3) and stage 3&4 (age > 6).  This result 
demonstrated that the prevalence of bacterial species may be 
varied in different age groups.  Host factors including age may 
be important in the nasopharyngeal reservoir.  Dynamic changes 
in nasopharyngeal microflora have been described [13].  Healthy 
children were generally colonized with relatively non-pathogenic 
microbes in their nasopharynx.  S. aureus was frequently found 
in the infant period, with its carriage decreasing with a person’s 
age [14].  Conversely, S. pneumoniae and H. influenzae were not 
frequent isolates from the infant period [14] until the pre-school 
period [13].  However, carriage of potential respiratory patho-
gens such as S. pneumoniae and H. influenzae increased when 
purulent nasopharyngitis occurred [13].  In addition to age, other 
factors may influence the dynamic alterations of microbes in the 
nasopharynx.  These factors include immunity, sibling number, 
crowding, season, use of antibiotics, acute respiratory tract infec-
tion, vaccine application, and passive smoking exposure [5, 15, 
16].

Our study showed that S. aureus was inversely associated 
with S. pneumoniae and H. influenzae.  This finding is consistent 
with several previous studies about the negative association of 

Table 2 – Inverse association of bacterial colonization in the nasopharynx of children.
S. aureus S. pneumoniae H. influenzae

No. of 
isolates

No. (%) OR† (95% CI) P value¶ No. (%) OR (95% CI) P value No. (%) OR (95% CI) P value

S. aureus Positive   63
Negative 206

S. pneumoniae Positive   58   6 (10.3)
0.31 (0.13-0.77 ) 0.008

–
Negative 211 57 (27.0)

H. influenzae Positive   49 3 (4.8)
0.17 (0.05-0.58 ) 0.002

8 (13.8)
0.66 (0.29-1.51) 0.325

–
Negative 220 46 (22.3) 41 (19.4)

†OR, odd ratio.
¶P value was determined from logistic regression model.  A significant difference is indicated by a number in bold.
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S. aureus with S. pneumoniae in the nasopharynx [10, 17-19].  
Adaptive immunity has been proposed because such interference 
between S. aureus and S. pneumoniae was not shown in HIV-
infected children [10, 17].  Free radicals may be another possible 
mechanism to explain this bacterial interference as the hydrogen 
peroxide produced by S. pneumoniae could elicit bactericidal 
activity toward S. aureus and prevent its colonization [19].  The 
interference between S. aureus and H. influenzae has also been 
shown [20].  Additionally, the different susceptibility in biofilm 
formation to environment such as hyaluronic acid has been pro-
posed [21].

Contrary to the interference phenomenon between S. aureus 
and the other two species, an association was found between S. 
pneumoniae and H. influenzae, although the interaction was not 
significant.  This result was similar to the previous epidemiologic 
observations [9, 10, 22, 23].  H. influenzae has been shown to 
promote the biofilm formation in S. pneumoniae [24].  However, 
similar free radical formation was also shown in vitro that the 
formation of hydrogen peroxide from the S. pneumoniae could 
inhibit the growth of H. influenza [25].  Another epidemiologi-
cal observation showed an interference phenomenon between S. 
pneumoniae and H. influenzae, but the association could shift 
from negative to positive when M. catarrhalis appeared in the in-
teraction [3].  These studies showed the complicated phenomenon 
in the microenvironment between bacterial synergism and antago-
nism.

This study presents the microbiological dynamics and the 
microbial interactions in the nasopharynx of children receiving 
adenoidectomies.  A more complete understanding of how bacte-
ria interact with each other may be important in future designs of 
preventive or therapeutic strategies.  This may be important in the 
era of new vaccine or antimicrobial development, in which the in-
fluence of one specific bacterium may have a positive or negative 
impact on other species.  Our study confirmed the interference 
between S. aureus and both S. pneumoniae and H. influenzae, and  
a possible association between S. pneumoniae and H. influenzae.   
The potential implications of targeting these interactions may 
serve as a route towards control of bacterial infections. 

5. Conclusions

In this study, polymicrobial interactions were studied in the na-
sopharynxes of children who received adenoidectomies.  Bacte-
rial interference was found between S. aureus and S. pneumoniae 
and between S. aureus and H. influenzae, whereas, an association 
was found between S. pneumoniae and H. influenzae.  These find-
ings lead to the appreciation that many infections are polybacteria 
in nature, and that interactions between different microorganisms 
may contribute to disease progression and clinical outcomes.
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