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ABSTRACT
Health effect assessments based on natural killer (NK) cells are an important 

emerging area of human health. We recruited 90 forest staff members in Xitou, 
Taiwan and 110 urban staff members in Taipei to investigate the health effects of 
forest environment exposure on NK cells (CD3−/CD56+) and activating NK cells (CD3−/
CD56+/CD69+) in humans. We also invited 11 middle-aged volunteers in a pilot study 
to participate in a five-day/four-night forest trip to Xitou forest to investigate the 
health effects of a forest trip on NK cells and activating NK cells. Results showed that 
NK cells were higher in the forest group (19.5 ± 9.1%) than in the urban group (16.4 
± 8.4%). In particular, the percentage of NK cells was significantly higher in the forest 
group than in the urban group among the subgroups of male, a higher body mass 
index (≥ 25 kg/m2), without hypertension, lower high-sensitivity C-reactive protein, 
hyperglycemia, without smoking habit, and with tea drinking habit. After the five-day 
trip in Xitou forest, the percentage of activating NK cells of the invited participants 
from Taipei increased significantly after the trip to Xitou forest (0.83 ± 0.39% vs. 
1.72 ± 0.1%). The percentage of activating NK cells was 1.13 ± 0.43%, which was 
higher than the baseline value of 0.77 ± 0.38% before the forest trip among the seven 
subjects who participated in the follow-up study four days after returning to Taipei. 
This study suggests that exposure to forest environments might enhance the immune 
response of NK cells and activating NK cells in humans.

INTRODUCTION 

Natural killer (NK) cells are a subset of lymphocytes 
with a distinct morphology and the ability to directly kill 
certain target cells via one or more cytolytic mechanisms. 
They are important in the human endocrine and immune 
systems to induce tumor or virus-infected targeted cell 
death [1, 2]. Activating NK cells produce anti-cancer 
proteins, such as perforin and granzyme, in host anti-

cancer defense mechanisms, where the targeting of cancer 
cells is known to be of critical importance [2]. Among 
the cytolytic effector lymphocytes in the innate immune 
system, NK cells are especially critical for immune 
surveillance of tumors [2–4]. Studies have shown that 
immunosuppression is common after standard anti-cancer 
treatments and that NK cells are particularly suppressed. 
For example, peripheral blood natural cytotoxicity is 
diminished significantly in breast cancer patients [3–5]. 
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Human immune systems are highly diverse and not 
completely understood at present, but recent studies 
indicate that environmental and non-heritable factors make 
much larger contributions than heritable factors [6, 7]. 
Considerable evidence indicates that forest environments 
can enhance the percentage and function of NK cells and 
intracellular anti-cancer proteins in lymphocytes [8–12]. 
Thus, exposure to a forest environment can have health-
promoting effects.

Forest environments may have some positive health 
effects on physiological and psychological activities. In 
particular, the beneficial physiological health effects of a 
forest environment enhance immune functions, including 
human NK cells [8–10], decrease sympathetic nerve 
activity, enhance parasympathetic nerve activity, and 
lower blood pressure, pulse rate, heart rate variability, and 
cholesterol concentration [13–20]. Forest environments 
are more greatly associated with positive health effects 
on subclinical cardiovascular disease and health-related 
quality of life compared with urban environments [21]. 
Exposure to a forest environment significantly suppressed 
sympathetic activity and increased parasympathetic 
activity in young Japanese male adults who participated 
in a three-day/two-night field experiment compared with 
an urban environment according to a heart rate variability 
analysis [14]. Phytoncides from wood essential oils, such 
as α-pinene and limonene, have been shown to induce 
human NK cells, as well as the expression levels of 
perforin, granzyme A, and granulysin [22]. Studies have 
reported that a forest trip enhanced human NK cells and 
intracellular anti-cancer protein levels in lymphocytes; 
moreover, the increased NK cell activity lasted for more 
than seven days after the forest trip [8–11]. However, 
these previous studies investigated only the experimental 
effects of a short-term forest trip on human NK cells. 
More studies are required to evaluate the health effects 
of exposure to a forest environment on human NK cells. 

The objectives of this pilot study were the following: 
(1) to determine the percentage of NK cells (CD3−/CD56+) 
and activating NK cells (CD3−/CD56+/CD69+) in people 
who live in a forest environment compared with those who 
live in an urban environment; and (2) to determine the 
health effects of a forest trip on NK cells and activating 
NK cells in participants who stayed for five days and four 
nights in a forest environment. 

RESULTS

The mean ages in the urban and forest groups were 
44.8 and 45.2 years, respectively (Table 1). The forest 
group contained more male participants (66.7%) than the 
urban group (53.6%). The systolic and diastolic blood 
pressure readings in the forest group were higher (130.3 
and 83.2 mmHg, respectively) than in the urban group. 
Lifestyle habits in terms of alcohol consumption, smoking, 
coffee, and tea differed significantly among the two 

groups. In particular, habitual tea drinking was higher in 
the forest group (87.8%) than in the urban group (62.7%). 
However, habitual coffee consumption was higher in the 
urban group (70.9%) than in the forest group (53.3%). 

The mean environmental monitoring results are 
presented in Table 2, including air pollutants, temperature, 
and relative humidity. The SO2, NO, NO2, NOx, CO, and 
temperature levels were significantly lower in the forest 
environment compared with those in Taipei (indoors and 
outdoors). However, the levels of O3 and relative humidity 
were higher in Xitou than those in Taipei. The complete 
blood cell counts are presented in Table 3. The red blood 
cell, hemoglobin, hematocrit, and white blood cell counts 
(e.g., lymphocyte and monocyte) were significantly higher 
in the forest group than those in the urban group.

Table 4 shows that the percentage of NK cells was 
positively correlated with male, age, systolic and diastolic 
blood pressure, high-sensitivity C-reactive protein, 
and fasting glucose levels. However, the percentage 
of activating NK cells was not correlated with all 
cardiovascular characteristics. 

Table 5 shows that the percentage of NK cells was 
higher in the forest group (19.5 ± 9.1%) than in the urban 
group (16.4 ± 8.4%). After adjusting for age and gender, 
the regression estimates indicated that the percentage of 
NK cells, but not activating NK cells, were significantly 
higher in the forest group than in the urban group. 
Subgroup analyses for NK cells differences between two 
groups are also shown in Table 5. The percentage of NK 
cells was significantly higher in the forest group than in 
the urban group among subgroups of male, higher BMI 
(≥ 25 kg/m2), without hypertension, lower hs-CRP levels, 
hyperglycemia (fasting glucose ≥ 100 mg/dL), without 
smoking habit, and with tea drinking habit. However, 
all subgroups did not differ significantly in terms of the 
percentage of activating NK cells between the two groups.

Table 6 shows that among the 11 participants, 
27.3% were male and the average age was 60.4 years. The 
participants from Taipei were invited to attend a forest trip 
(five-day/four-night) to the Xitou Nature Education Area 
from January 6 to 10, 2014. No event of skin wound or bee 
bites was reported by the participants during the forest trip. 
Compared with the measurements obtained in Taipei one 
day before the forest trip, the percentage of activating NK 
cells increased significantly among the 11 participants after 
the forest trip (p = 0.002). However, no significant difference 
in their percentage of NK cells was observed after the 
forest trip, as shown in Table 6A. Although the percentage 
of activating NK cells in the participants decreased after 
the participants left the forest, the forest trip significantly 
increased the percentage of activating NK cells compared 
with pre-forest trip levels. This change lasted for at least four 
days, as shown in Table 6B. The percentage of activating 
NK cells was 1.13 ± 0.43%, which was higher than the 
baseline value of 0.77 ± 0.38% before the forest trip among 
the seven subjects who completed in the follow-up study.
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DISCUSSION

This study is the first to demonstrate the health 
effects of a forest environment on human NK cells by 
comparing subjects who live in a forest environment with 
those who live in an urban environment. The effects were 
more significant in subjects of overweight, male, and with 
hyperglycemia. This finding indicates that the immune 
response of people with specific cardiovascular risk 
factors may be improved by living in a forest environment. 
In this study, we further demonstrated the health effects 
of a forest trip on immune function in terms of activating 
NK cells. For health effects of a forest environment on 
natural killer cells, studies in which 13 healthy nurses and 
12 healthy males took a three-day/two-night forest trip 
showed that the increased NK cell activation could last 
for more than seven days after the forest trip [9, 10]. Our 
finding is consistent with Li’s finding [9, 10] that a forest 
trip can enhance immune response in terms of activating 
NK cells and the effects can last for more than four days. 

Maintaining enough NK cells is essential for healthy 
aging. In general, the NK cells increased with age [23]. 
Our results showed that study subjects in the forest trip 

group had a higher NK cell percentage than the forest 
and urban groups, which might be due to the older age 
of the subjects of the forest trip group than the other two 
groups (60 vs. 45 years). NK cells (CD56+) are divided 
into CD56bright and CD56dim major subsets that have both 
different receptor profiles and functions [24]. Lutz et 
al. [25] reported that NK (CD56bright) cells proliferated 
rapidly but died relatively slowly. Aging has differential 
effects on NK (CD56bright) and NK (CD56dim) cell subsets. 
Older individuals presented with a significantly higher 
percentage of NK (CD56dim) cells but a significantly lower 
proportion of NK (CD56bright) cells, thus resulting in an 
increased NK (CD56dim) to NK (CD56bright) ratio [25, 26]. 
The age-related increase in the NK cell percentage in older 
adults may be the result of an accumulation of long-lived 
NK cells [27].

NK cells are important in the human endocrine and 
immune systems as first-line effectors to induce tumor 
or virus-infected targeted cell death [1–2]. Activating 
NK cells have the ability to directly kill certain target 
cells. Many studies have demonstrated that NK cell 
subset distribution and the change in the expression of 
early activation antigen, CD3−/CD56+/CD69+ NK cells 

Table 1: General characteristics of staff members living in urban and forest environments
Environment

Urban Forest
N = 110 N = 90 p-valued

Age (year) 44.8 ± 6.6 45.2 ± 10.6 0.704
Male sex (%) 53.64 66.67 0.062
Body mass index (kg/m2) 23.8 ± 3.48 24.59 ± 3.54 0.113
Waist (cm) 81.52 ± 9.61 84.15 ± 8.80 0.049
Systolic blood pressure (mmHg) 125.06 ± 14.01 130.34 ± 15.28 0.012
Diastolic blood pressure (mmHg) 80.07 ± 10.75 83.19 ± 10.17 0.039
Hypertension (%) 26.36 24.44 0.757
Hypertension with medication (%) 9.09 10.0 0.827
Fasting glucose (mg/dL) 85.83 ± 9.28 91.60 ± 10.92 < .001
Cholesterol (mg/dL) 188.84 ± 35.25 191.87 ± 38.69 0.563
Triglycerides (mg/dL) 106.40 ± 52.21 122.34 ± 85.22 0.123
HDL-cholesterol (mg/dL) 56.57 ± 14.65 54.81 ± 11.78 0.347
LDL-cholesterol (mg/dL) 113.08 ± 30.19 118.30 ± 34.71 0.257
hs-CRP (mg/dL) 0.14 ± 0.18 0.21 ± 0.45 0.169
Alcohol drinking a (%) 18.18 36.67 0.003
Smoking habit b (%) 20.91 34.44 0.032
Exercise habit c (%) 54.72 59.55 0.497
Coffee (%) 70.91 53.33 0.010
Tea (%) 62.73 87.78 < .001

HDL and LDL cholesterol: high-density and low-density lipoprotein cholesterol; hs-CRP: high-sensitivity C-reactive protein; 
adrinking habit: drinking alcohol once or more per week; bsmoking habit: current smoker and ex-smoker; cexercise habit: 
three times with at least 30 min each per week; dContinuous variables were expressed as mean ± SD, and t-test was used to 
perform comparisons. 
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with respect to clinical response [5, 28–30]. Although 
the activating NK cells have been established to have 
the ability to attack the target cells, we still have to 
actually carry out the activity assay of killing target cells 
for understanding NK cell activity. In general, NK cell 
activity was assayed according to the standard microtiter 
51Cr-release assay [28, 31]. Consistent evidence from 
both epidemiological and experimental studies have 
demonstrated that alcohol consumption [32–33], physical 
exercise [34], circadian variation [35], menstruation [36], 
cancer [37–38], age [26, 39], smoking habits [40–41], and 
environment [10] can affect NK cell activity in human. 
Furthermore, many studies have demonstrated that a 
forest environment can enhance the immune response 
as measured by NK cell activity, and the percentage and 
absolute numbers of NK cells [8–10].

NK cells in humans are dependent on environmental 
factors, alcohol consumption, physical exercise, circadian 
variation, and food [28, 31, 35, 42–43]. Previous studies 
also suggest that exposure to phytoncides and decreased 
stress hormone levels may have partially contributed to 
the increases in human NK cells after the forest trip. In 
particular, both the environmental factors related to the 
forest and cardiovascular characteristics were the major 
factors that affected human NK cells. The specific features 
of the Xitou forest comprise the biogenic volatile organic 
compounds emitted by the leaves of Cryptomeria japonica 
trees, including phytoncides such as α-pinene, limonene, 
and cedrol [44]. A previous study in Japan showed that 
subjects with healthy lifestyles, such as nonsmokers and 
those who exercised regularly, had significantly higher 
NK cells and more perforin, granulysin, and granzyme 
A/B-expressing cells than subjects with poor lifestyles 
[45]. Effects of phytoncides from wood essential oils 
significantly increased NK cell, and perforin, granulysin, 
and granzyme A/B-expressing cells, whereas they 
significantly decreased the percentage of T cells, thereby 

indicating that phytoncide exposure may affect human 
immune function [46]. 

We also measured the phytoncides and negative 
ions during outdoor monitoring of forest and urban 
environments and indoor monitoring of a wooden house 
made of Western red cedar (Thuja plicata) during the 
forest trip (Supplementary Tables 1 and 2). We detected 
several phytoncides such as α-pinene, limonene, and 
(1R)-(-)-Myrtenol in the outdoor forest fields and 
α-pinene, limonene, (1R)-(-)-Myrtenol, camphor, and 
β-caryophllene in the indoor wood house. Studies 
suggested that phytoncides may partially contribute to the 
enhanced activating NK cells during the forest trip [8–11]. 
Our study also demonstrated that most cardiovascular 
characteristics (age, male gender, SBP, and triglyceride, 
hs-CRP, fasting glucose levels, and smoking and tea 
drinking habits) affected NK cell percentage, thereby 
indicating the potentially confounding factors of NK cell 
measurements. 

Furthermore, we detected significantly lower 
concentrations of gaseous air pollutants, such as NO, 
NO2, NOx, SO2, and CO, in the forest environment 
compared with the urban environment during the study 
period. Thus, the beneficial effects on immune function 
suggest a potential link between the better air quality in 
the forest environment and human health. Ambient air 
pollution can affect child and perinatal health on immune 
function by low-dose insults as compared with adult health 
[47–50]. Exposure to air pollutant toxicity may cause 
immunosuppression and result in increased expression of 
aberrant immune responses [47].

The strength of this study was the consistent 
detection of health effects in terms of increased 
percentage of NK cells in the observation study among 
workers living in forest environment and activating NK 
cells among middle-aged adults who went on the short-
term forest trip. The results of air quality monitoring 

Table 2: Comparisons of the air quality and meteorological data in the forest and urban environments
Forest Urban

P1 value P2 value
aN = 96 Indoor N = 94 outdoor N = 96

SO2
 (ppb) 0.45 ± 0.46 0.17 ± 0.18 3.04 ± 1.43 < .001 < .001

NO (ppb) 0.27 ± 0.24 39.22 ± 22.97 12.45 ± 11.6 < .001 < .001
NO2

 (ppb) 2.61 ± 2.19 4.45 ± 1.61 30.34 ± 9.02 < .001 < .001
NOx (ppb) 2.44 ± 2.17 43.67 ± 22.14 42.79 ± 18.4 < .001 < .001
CO (ppm) 0.37 ± 0.19 1.09 ± 0.51 0.87 ± 0.31 < .001 < .001
O3 (ppb) 27.48 ± 16.15 6.65 ± 0.73 13.56 ± 10.4 < .001 < .001
Temperature (°C) 13.05 ± 1.91 17.94 ± 1.03 17.35 ± 1.69 < .001 < .001
Relative humidity 91.36 ± 5.60 67.86 ± 2.86 82.33 ± 6.45 < .001 < .001

P1 value corresponds to t-test comparisons of the Xitou and urban sites (indoor). P2 value corresponds to t-test comparisons of 
the Xitou and Wanhua sites (outdoor) of the Environmental Protection Agency, Taipei, Taiwan. aN corresponds to the sample 
size for the hourly average data.
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in Xitou forest are better than those in Taipei in this 
study and our previous study [21]. However, this study 
has several limitations. First, the differences in NK cell 
percentage between the two groups are associated with 
the cardiovascular characteristics of participants, such as 
hypertension status, hs-CRP levels, male, hyperglycemia, 
and being overweight. Thus, the results may overestimate 
the difference between two groups. However, controlling 
all confounding factors would result in over-adjustment. 
These factors may have attenuated the health effects of 
the forest environment on the percentage of NK cells. 
Second, although our study indicated the health effects 
of a forest trip on activating NK cells, we could not 
infer that the actual benefits were due to phytoncides 
in Xitou forest. The specific health effects of biogenic 
volatile organic compounds from tree leaves in forest 
environments were not investigated during this study, 
however the real measurements of phytoncides in the 
major tree of Xitou forest have been demonstrated in 
this study site [44]. Third, we did not compare the same 
study group in the urban trip with the group who went on 
the forest trip in terms of the percentage of NK cells and 
activating NK cells. Fourth, the sample size of the forest 
trip group is relatively small, which may cause the results 
to be overestimated or underestimated. Fifth, the small 
difference in the percentage of NK cells and activation 
NK cells cannot provide strong evidence that will allow 
us to infer the beneficial effects of exposure to a forest 
environment. 

In conclusion, this study suggests that exposure to 
forest environments might enhance the immune response 
of NK cells and activating NK cells in humans. The health 
effects of a forest environment are important areas of research. 
Further studies are anticipated to understand the mechanisms 
that mediate the health effects of forest environments. Such 
studies should consider not only the phenomenological 
observations but also the potential influencing factors of NK 
cells and activating NK cells in humans.

MATERIALS AND METHODS 

Study design and population

The study design aimed to determine the health 
effects on NK cells among staff members who live in a 
forest environment compared with those of who live in 
an urban environment. We recruited 90 staff members 
who live in the forest and 110 urban staff members who 
live in Taipei for an observational pilot study, which was 
conducted in the forest or urban environment for more 
than one year (Supplementary Figure 1). All participants 
provided informed consent before being subjected to 
cardiovascular health and biochemical examinations and 
NK cell measurements. The health examinations of forest 
participants were conducted from January 6 to 10, 2014 
in Xitou, NTU Experimental Forest, Nantou County, and 
from January 14 to 17, 2014 for urban participants in 
Taipei. 

To demonstrate the health effects of a forest trip 
on middle-aged subjects, we recruited 15 middle-aged 
volunteers who had been living in Taipei for more 
than one year in a small pilot study (Supplementary  
Figure 2). Subjects with clinical diabetes, major diseases, 
and documented cardiovascular diseases were excluded. 
All participants had to undergo cardiovascular health and 
biochemical examinations, and their NK cells had to be 
measured before the forest trip. A total of 11 participants 
with a mean age of 60.4 years were selected. To prevent 
interference by dietary habits, each subject had to be 
subjected to dietary control (limited dietary fat and calorie 
intake according to the National Cholesterol Education 
Program Step 1 diet) [51] for at least 10 days before 
leaving for Xitou forest. 

These 11 subjects joined a five-day/four-night 
forest trip in Xitou Experimental Forest from January 6 
to 10, 2014. During the forest trip, all participants had to 
maintain dietary control and walking exercise. On the first 

Table 3: Comparisons of complete blood cell counts for the urban and forest groups
Urban Forest
N = 110 N = 90 p-valuea

Red blood cell (106/μL) 4.97 ± 0.61 5.18 ± 0.60 0.014
Hemoglobin (g/dL) 14.18 ± 1.83 15.03 ± 1.57 0.001
Hematocrit (%) 42.4 ± 4.48 44.19 ± 3.89 0.003
White blood cell (103/μL) 5.76 ± 1.43 6.29 ± 1.54 0.013
Neutrophil (103/μL) 3.36 ± 1.05 3.63 ± 1.20 0.093
Lymphocyte (103/μL) 1.93 ± 0.56 2.10 ± 0.59 0.034
Monocyte (103/μL) 0.30 ± 0.11 0.35 ± 0.11 0.005
Eosinophil (103/μL) 0.13 ± 0.10 0.16 ± 0.11 0.066
Basophil (103/μL) 0.03 ± 0.02 0.03 ± 0.02 0.439
Platelet (103/μL) 258.17 ± 51.62 251.48 ± 47.41 0.345

aContinuous variables were expressed as mean ± SD, and t-tests were used to perform comparisons.
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day, the participants walked for 1.5 hours (approximately 
1.8 km) in the afternoon in a forest field and then stayed 
in a wooden house in the forest. In the next three days, 
the participants walked in two different forest fields for 
1.5 hours in the morning and afternoon, respectively. On 
the fifth day, after their blood was drawn and a health 
examination was completed, all participants finished the 
forest trip and returned to Taipei. We took blood samples 
prior to the forest trip as a control sample on January 
3. Overnight fasting blood was also sampled for each 
participant on the final day (January 10, 2014) of the 
forest trip and on the fourth day (January 14, 2014) after 
the forest trip. All blood samples were obtained at 9:00 
a.m. on the study day and were placed in an ice/water box 
at 4°C. Assays were performed within four hours from the 
blood being drawn to measure the white blood cell counts, 
percentage of activating NK cells, and proportions of NK 
cells in peripheral blood. To prevent the potential bias of 
NK cells due to skin injury or bee bites during the forest 
trip, every participant had to record any skin injury or bee 
bites if they occurred. 

This study was approved on the thirty-seventh 
meeting (January 30, 2013) of the Research Ethics 
Committee of the NTU Hospital. All participants provided 
their written informed consent before receiving a series of 
detailed examinations and questionnaires.

Site descriptions of the forest and urban 
environments

The NTU Experimental Forest in Xitou and the 
interior office of a commercial building in Taipei served 
as the forest and urban environment sites, respectively. 

The Xitou Experimental Forest covers approximately 
2,349 ha and is mainly a natural hardwood forest with 
some plantations that predominantly contain conifers. 
The annual rainfall was 2,590 mm between 1941 and 
2010, where 80% of the rainfall occurred between 
May and September. The mean relative humidity and 
temperature from 2011 to 2015 were 88% and 18°C, 
respectively, according to the Xitou monitoring station 
of the NTU Experimental Forest. Our environmental 
monitoring site was located at an elevation of 1150 m near 
the meteorological station (23°40N 120°47E) of Xitou 
Experimental Forest. The commercial building was a 
financial building located near the Taipei main station in 
Taipei. Our study subjects worked for a financial securities 
corporation. Interior office air quality monitoring was 
conducted on the twenty-first floors of the commercial 
building. The mean relative humidity and temperature 
were 73% and 24°C, respectively, according to the Taipei 
monitoring station of the Central Weather Bureau [52]. 

Exposure assessments

The instruments were set up in the Xitou 
Experimental Forest and in the interior office of the 
commercial building (indoor environment) in Taipei. 
The monitoring system was composed of a nitrogen 
oxide (NOx) analyzer (Model CLD 88YP, ECO Physics, 
Switzerland), a sulfur dioxide (SO2) analyzer (Model 
43i-TLE, Thermo Scientific Inc., USA), a carbon 
monoxide (CO) analyzer (Model 48i-TLE, Thermo 
Scientific Inc., USA), an ozone (O3) analyzer (Model 
49i, Thermo Scientific Inc., USA), and a temperature and 
relative humidity probe (Metone 083C, Met One Inc., 

Table 4: Correlation coefficients between NK cell, activating NK cell, and cardiovascular 
characteristics among staff members living in urban and forest environments (N = 200)

NK cell Activating NK cell
Correlation 
coefficient P-value Correlation 

coefficient P-value

Male 0.192 0.007 0.056 0.428
Age 0.260 < .001 –0.011 0.879
Body mass index 0.073 0.308 0.128 0.072
Systolic blood pressure 0.315 < .001 0.056 0.435
Diastolic blood pressure 0.353 < .001 0.081 0.256
Triglycerides 0.135 0.057 0.062 0.385
Cholesterol 0.123 0.083 –0.092 0.194
High-sensitivity C-reactive protein 0.144 0.042 0.034 0.631
Fasting glucose 0.174 0.014 –0.051 0.475
Smoking 0.057 0.424 0.054 0.450
Alcohol 0.126 0.075 –0.038 0.594
Coffee –0.136 0.056 0.049 0.487
Tea 0.064 0.366 0.027 0.697
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Oregon, USA). Forest environment monitoring data were 
collected by the environmental monitoring system from 
January 6 to 10, 2014. The SO2, NOx, CO, O3, temperature, 
and relative humidity measurements were recorded daily 
every minute throughout the examination period. 

The air conditioning in this building is a central 
control system. To obtain the indoor monitoring data of the 
urban environment, the same environmental monitoring 
system was set up in the commercial building to record 
daily data every minute from January 14 to 17, 2014. 
For each hour, air quality data were extracted from a 
monitoring data system and averaged to one result for 
each air pollutant. In addition, daily measurements of 

outdoor monitoring data of the urban environment from 
the Taipei air quality monitoring stations operated by the 
Taiwan Environmental Protection Administration were 
applied during the study period from January 14 to 17, 
2014. The monitoring stations were fully automated 
and provided hourly readings of SO2 (Ecotech 9850B, 
Australia) and NOx (Ecotech 9841B, Australia) by 
ultraviolet fluorescence, CO (Horiba APMA360, Japan) by 
non-dispersive infrared photometry, O3 (Ecotech 9810B, 
Australia) by ultraviolet photometry, temperature, and 
relative humidity (083C, Met One Inc., Oregon, USA). 

For each participant, blood pressure was measured 
twice after at least 5 min of rest in a sitting position. The 

Table 5: Comparisons of NK cell and activating NK cell between staff members living in urban and 
forest environments

NK cell (%) Activating NK cell (%)
Urban Forest P Urban Forest P

N N = 110 N = 90 value N = 110 N = 90 value
Crude value 16.4 ± 8.4 19.5 ± 9.1 0.01 1.81 ± 2.85 1.55 ± 1.14 0.37
Adjusted valuea 16.7 ± 0.8 19.2 ± 0.9 0.03 1.83 ± 0.22 1.53 ± 0.24 0.35
Age, years
 < 50 143 15.9 ± 7.7 17.4 ± 8.1 0.27 1.96 ± 3.17 1.5 ± 1.03 0.22
 ≥ 50 57 18.4 ± 10.7 23.0 ± 9.7 0.10 1.28 ± 0.73 1.63 ± 1.31 0.21
Gender
 Female 81 15.2 ± 8.5 16.7 ± 8.3 0.44 1.52 ± 2.47 1.57 ± 1.51 0.91
 Male 119 17.5 ± 8.3 20.9 ± 9.2 0.04 2.07 ± 3.14 1.54 ± 0.92 0.22
Body mass index (g/m2)
 < 25 131 16.4 ± 8.4 18.0 ± 8.6 0.29 1.63 ± 2.20 1.58 ± 1.27 0.88
 ≥ 25 69 16.5 ± 8.7 21.6 ± 9.4 0.02 2.29 ± 4.07 1.50 ± 0.95 0.30
Hypertension (%)
 No 149 15.6 ± 7.5 18.4 ± 8.8 0.04 1.74 ± 2.72 1.57 ± 1.19 0.61
 Yes 51 18.8 ± 10.3 23.1 ± 9.2 0.13 2.02 ± 3.23 1.48 ± 1.01 0.41
High-sensitivity C-reactive protein (mg/dL)
 < 50th 100 14.7 ± 6.9 19.1 ± 9.0 0.01 1.33 ± 1.05 1.48 ± 0.88 0.44
 ≥ 50th 100 18.5 ± 9.6 19.8 ± 9.2 0.48 2.40 ± 4.01 1.60 ± 1.32 0.19
Fasting glucose (mg/dL)
 < 100 167 16.8 ± 8.7 19.1 ± 9.4 0.11 1.87 ± 3.0 1.49 ± 1.14 0.26
 ≥ 100 33 13.4 ± 5.5 20.9 ± 7.9 0.01 1.38 ± 0.97 1.74 ± 1.14 0.37

Smoking habit
 Yes 146 17.2 ± 10.3 19.7 ± 9.0 0.33 2.57 ± 4.67 1.39 ± 0.77 0.24
 No 54 16.2 ± 7.9 19.4 ± 9.2 0.03 1.61 ± 1.16 1.63 ± 1.29 0.95
Alcohol habit
 Yes 53 17.2 ± 8.7 21.2 ± 8.4 0.10 1.67 ± 1.07 1.48 ± 0.93 0.52
 No 147 16.3 ± 8.4 18.5 ± 9.4 0.13 1.85 ± 3.11 1.58 ± 1.25 0.48
Coffee
 Yes 126 16.0 ± 8.4 18.3 ± 8.4 0.13 1.88 ± 3.32 1.62 ± 1.17 0.52
 No 74 17.4 ± 8.4 20.9 ± 9.8 0.12 16.5 ± 10.7 14.7 ± 11.2 0.48
Tea
 Yes 148 16.4 ± 8.0 19.7 ± 8.6 0.02 1.98 ± 3.49 1.51 ± 1.0 0.28
 No 52 16.5 ± 9.1 18.1 ± 12.4 0.64 15.3 ± 11.5 18.2 ± 19.0 0.63

a Regression model estimates adjusting for age and gender, and data are expressed as mean ± standard deviation in subgroup 
analyses.



Oncotarget16508www.oncotarget.com

blood samples were obtained after overnight fasting for 
10–14 hours via the antecubital vein for each participant. 
Low- and high-density lipoprotein cholesterol (LDL-C and 
HDL-C), plasma glucose and serum levels of cholesterol, 
and triglycerides were measured using an auto-analyzer 
(Toshiba, TBA-200FR; Toshiba, Tokyo, Japan). Serum 
high-sensitivity C-reactive protein (hs-CRP) was measured 
using chemiluminescent enzyme-labeled immunometric 
assay (Immulite C-Reactive Protein, Diagnostic Products 
Co., Los Angeles, USA).

Blood sample preparation and flow cytometry 
analysis

The samples were prepared according to the 
method described by Jackson et al. 1986 [31]. Freshly 
isolated peripheral blood lymphocytes (PBLs) were 
stained with immunomodulatory agents by following 
combinations of directly labeled monoclonal antibodies 
(mAbs): CD3 piperidinin-chlorophyll conjugate (PerCP)/
CD56 PE/CD69 fluorescein isothyocyanate (FITC) 
(Becton Dickinson, CA, USA) for 30 minutes at 4°C 
in the dark. After incubation cells were suspended with 
8 mL of a 1/10 dilution FACS Lysing solution (BD 
Biosciences) in the dark for 20 min at room temperature. 
Cells were centrifuged at 1500 rpm for 5 minutes for 
removing the supernatant. Cells were then washed with 
PBS twice by centrifugation at 1500 rpm for 5 minutes. 
Finally, the supernatant was discarded and the cells 
suspended in 200 μL of PBS for flow cytometry analysis. 
NK cell level was defined as CD3−/CD56+ population. 
Activating NK cell was defined as CD3−/CD56+/CD69+ 
population. Surface marker expression was quantified 
on a FACSVerse flow cytometer (Becton Dickinson). 
A total of 20,000 gated events verified as lymphocytes 
according to their physical characteristics (forward 

scatter and side scatter) were collected per sample. The 
results were expressed as the percent of a cell subset 
using CellQUEST software.

Statistical analyses 

We compared the general characteristics and 
percentage of NK cells and activating NK cells in the forest 
and urban groups. The t-test was used to detect differences 
in the group means for the characteristic variables if they 
were continuous and normally distributed, whereas the chi-
squared test was applied to categorical data. Continuous 
variables were expressed as the mean ± standard deviation, 
and binary variables were expressed as percentages.

The environmental conditions were compared based 
on the air quality and meteorological data collected in the 
forest and urban environments. The complete blood cell 
counts were also compared between the forest and urban 
groups. The percentages of NK cells and activating NK 
cells in the forest and urban groups were compared using 
the crude value and regression model adjusted value after 
adjusting for age and gender.

The percentages of NK cells and activating NK 
cells in the forest and urban groups were also compared 
through subgroup analyses, including age, gender, 
BMI, hypertension, hs-CRP, and fasting glucose. The 
percentages of NK cells and activating NK cells before 
and after a short-term forest trip were compared through 
a paired t-test to detect intra-individual differences among 
participants. All the statistical analyses were performed 
with SAS statistical software (version 9.2, SAS Institute 
Inc., Cary, NC, USA). 
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Table 6: Effects of exposure to a forest environment on NK cell and activating NK cell
(A) Comparisons before and after the forest trip in Xitou for five days
N = 11   Pre-forest trip Post-forest trip Paired-difference p-valuea

NK cell level (%) 22.49 ± 11.76 23.72 ± 15.05 1.23 0.411

Activating NK cell (%) 0.83 ± 0.39 1.72 ± 0.1 0.89 0.002

(B) Comparisons before and after the forest trip and four days after returning to Taipei
N = 7 Pre-forest trip Four days after Paired-difference p-value

NK cell level (%) 20.51 ± 11.27 20.98 ± 10.99 0.47 0.746

Activating NK cell (%) 0.77 ± 0.38 1.13 ± 0.43 0.36 0.004
aP-value by using paired t-tests.
Participant characteristics: data was shown in average. 
(A) group: age, 60.4 years; body mass index, 23.54 kg/m2; male, 27.3%; high-sensitivity C-reactive protein, 0.12 mg/L; systolic 
blood pressure, 113 mmHg.
(B) group: age, 61.8 years; body mass index, 23.57 kg/m2; male, 14.3%; high-sensitivity C-reactive protein, 0.13 mg/L; systolic 
blood pressure, 106 mmHg.



Oncotarget16509www.oncotarget.com

ACKNOWLEDGMENTS AND FUNDING 

We express our deepest gratitude to the Xitou and 
Fenghuang Nature Education Areas for supporting the 
investigation in the Experimental Forest of National 
Taiwan University. This study was financially supported 
by grants from the Ministry of Science and Technology, 
Taiwan (MOST 105-2314-B-002-124) and from the 
Experimental Forest, National Taiwan University 
(EFNTU-102-A03). We also thank the staff members 
and chairman of SinoPac Securities for supporting this 
research. This work was supported in part by the third core 
facility at the National Taiwan University Hospital.

REFERENCES

 1. Komori T, Fujiwara R, Tanida M, Nomura J, Yokoyama MM. 
Effects of citrus fragrance on immune function and depressive 
states. Neuroimmunomodulation. 1995; 2:174–180.

 2. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. 
Functions of natural killer cells. Nat Immunol. 2008; 
9:503–10. 

 3. Imai K, Matsuyama S, Miyake S, Suga K, Nakachi K. 
Natural cytotoxicity activity of peripheral blood lymphocytes 
and cancer incidence: an 11-year follow- up study of a 
general population. Lancet. 2000; 356:1795–1799.

 4. Brittenden J, Heys S, Ross J, Eremin O. Natural killer cells 
and cancer. Cancer. 1996; 77:1226–1243. 

 5. Kim BJ, Jeong H, Park S, Lee S. Forest adjuvant anti-cancer 
therapy to enhance natural cytotoxicity in urban women 
with breast cancer: A preliminary prospective interventional 
study. Eur J Integr Med. 2015; 4:474–478. 

 6. Roederer M, Quaye L, Mangino M, Beddall MH, Mahnke Y, 
Chattopadhyay P, Tosi I, Napolitano L, Terranova Barberio 
M, Menni C, Villanova F, Di Meglio P, Spector TD, Nestle 
FO. The genetic architecture of the human immune system: 
a bioresource for autoimmunity and disease pathogenesis. 
Cell. 2015; 161:387–403. 

 7. Brodin P, Jojic V, Gao T, Bhattacharya S, Angel CJ, Furman 
D, Shen-Orr S, Dekker CL, Swan GE, Butte AJ, Ma ecker 
HT, Davis MM. Variation in the human immune system 
is largely driven by non-heritable influences. Cell. 2015; 
160:37–47.

 8. Li Q, Morimoto K, Nakadai A, Inagaki H, Katsumata 
M, Shimizu T, Hirata Y, Hirata K, Suzuki H, Miyazaki Y, 
Kagawa T, Koyama Y, Ohira T, et al. Forest bathing enhances 
human natural killer activity and expression of anti-cancer 
proteins. Int J Immunopathol Pharmacol. 2007; 20:3–8. 

 9. Li Q, Morimoto K, Kobayashi M, Inagaki H, Katsumata M, 
Hirata Y, Hirata K, Suzuki H, Li YJ, Wakayama Y, Kawada 
T, Park BJ, Ohira T, et al. Visiting a forest, but not a city, 
increases human natural killer activity and expression of 
anti-cancer proteins. Int J Immunopathol Pharmacol. 2008; 
21:117–127.

10. Li Q, Morimoto K, Kobayashi M, Inagaki H, Katsumata 
M, Hirata Y, Hirata K, Shimizu T, Li YJ, Wakayama Y, 
Kawada T, Ohira T, Takayama N, et al. A Forest bathing 
trip increases human natural killer activity and expression 
of anti-cancer proteins in female subjects. J Biol Regul 
Homeost Agents. 2008; 22:45–55.

11. Li Q. Effect of forest bathing trips on human immune 
function. Environ Health Prev Med. 2010; 15:9–17.

12. Morimoto K, Li Q. Chapter 2: Lifestyle and natural killer 
activity. In: Fournier NV, editor. Natural killer T-cells: roles, 
interations and interventions. New York: Nova Science 
Publishers. 2008; 51–80.

13. Lee J, Park BJ, Tsunetsugu Y, Kagawa T, Miyazaki Y. 
Restorative effects of viewing real forest landscapes, based 
on a comparison with urban landscapes. Scand J For Res. 
2009; 24:227–234.

14. Lee J, Park BJ, Tsunetsugu Y, Ohira T, Kagawa T, 
Miyazaki Y. Effect of forest bathing on physiological and 
psychological responses in young Japanese male subjects. 
Public Health. 2011; 125:93–100.

15. Morita E, Fukuda S, Nagano J, Hamajima N, Yamamoto H, 
Iwai Y, Nakashima T, Ohira H, Shirakawa T. Psychological 
effects of forest environments on healthy adults: Shinrin-
yoku (forest-air bathing, walking) as a possible method of 
stress reduction. Public Health. 2007; 121:54–63.

16. Park BJ, Tsunetsugu Y, Kasetani T, Hirano H, Kagawa T, 
Sato M, Miyazaki Y. Physiological effects of Shinrin-yoku 
(taking in the atmosphere of the forest) dusing salivary 
cortisol and cerebral activity as indicators. J Physiol 
Anthropol. 2007; 26:123–128.

17. Tsunetsugu Y, Park BJ, Ishii H, Hirano H, Kagawa T, 
Miyazaki Y. Physiological effects of Shinrin-yoku (taking 
in the atmosphere of the forest) in an old-growth broadleaf 
forest in Yamagata prefecture, Japan. J Physiol Anthropol. 
2007; 26:135–142. 

18. Park BJ, Tsunetsugu Y, Kasetani T, Morikawa T, Kagawa T, 
Miyazaki Y. Physiological effects of forest recreation in a 
young conifer forest in Hinokage Town, Japan. Silva Fenn. 
2009; 43:291–301.

19. Yamaguchi M, Deguchi M, Miyazaki Y. The effects of 
exercise in forest and urban environments on sympathetic 
nervous activity of normal young adults. J Int Med Res. 
2006; 34:152–159.

20. Park BJ, Tsunetsugu Y, Ishii H, Furuhashi S, Hirano H, 
Kagawa T, Miyazaki Y. Physiological effects of Shinrin-yoku 
(taking in the atmosphere of the forest) in a mixed forest in 
Shinano Town, Japan. Scand J For Res. 2008; 23:278–83.

21. Tsao TM, Tsai MJ, Wang YN, Lin HL, Wu CF, Hwang JS, 
Hsu SH, Chao H, Chuang KJ, Chou CC, Su TC. The health 
effects of a forest environment on subclinical cardiovascular 
disease and health-related quality of life. PLoS One. 2014; 
9:e103231.

22. Li Q, Nakadai A, Matsushima H, Miyazaki Y, Krensky AM, 
Kawada T, Morimoto K. Phytoncides (wood essential oils) 



Oncotarget16510www.oncotarget.com

induce human natural killer cell activity. Immunopharmacol 
Immunotoxicol. 2006; 28:319–333. 

23. Ligthart GJ, Schuit HR, Hijmans W. Natural killer cell 
function is not diminished in the healthy aged and is 
proportional to the number of NK cells in the peripheral 
blood. Immunology. 1989; 68:396–402.

24. Cooper MA, Fehniger TA, Caligiuri MA. The biology of human 
natural killer-cell subsets. Trends Immunol. 2001; 22:633–40.

25. Lutz CT, Karapetyan A, Al-Attar A, Shelton BJ, Holt KJ, 
Tucker JH, Presnell SR. Human NK cells proliferate and 
die in vivo more rapidly than T cells in healthy young and 
elderly adults. J Immunol. 2011; 186:4590–4598.

26. Hazeldine J, Hampson P, Lord JM. Reduced release and 
binding of perforin at the immunological synapse underlies 
the age-related decline in natural killer cell cytotoxicity. 
Aging Cell. 2012; 11:751–759.

27. Zhang Y, Wallace DL, de Lara CM, Ghattas H, Asquith B, 
Worth A, Griffin GE, Taylor GP, Tough DF, Beverley PC, 
Macallan DC. In vivo kinetics of human natural killer cells: 
the effects of ageing and acute and chronic viral infection. 
Immunol. 2007; 121:258–265.

28. Konjević G, Jović V, Vuletić A, Radulović S, Jelić S, 
Spužić I. CD69 on CD56+ NK cells and response to 
chemoimmunotherapy in metastatic melanoma. Eur J Clin 
Invest. 2007; 37:887–896. 

29. Lin AW, Gonzalez SA, Cunningham-Roundles S, Dorante G, 
Marshall S, Tignor A, Ha C, Jacobson IM, Talal AH. CD56+dim 
and CD56+bright cell activation and apoptosis in hepatitis C 
virus infection. Clin Exp Immunol. 2004; 137:408–416.

30. Lee JJ, Lin CL, Chen THH, Kok SH, Chang MC, Jeng 
JH. Changes in peripheral blood lymphocyte phenotypes 
distribution in patients with oral cancer/oral leukoplakia in 
Taiwan. Int J Oral Maxillofac Surg. 2010; 39:806–814.

31. Jackson A, Warner N. Preparation, staining and analysis by 
flow cytometry of peripheral blood leukocytes. In: Rose 
N, Friedman H, Fahey J, editors. Manual of Clinical Lab 
Immunology. 3rd ed. Washington (DC): American Society 
for Microbiology. 1986; 226–35.

32. Ochshorn-Adelson M, Bodner G, Toraker P, Albeck H, Ho 
A, Kreek MJ. Effects of ethanol on human natural killer 
cell activity: in vitro and acute, low-dose in vivo studies. 
Alcohol Clin Exp Res. 1994; 18:1361–1367.

33. Ballas ZK, Cook RT, Shey MR, Coleman RA. A dynamic flux 
in natural killer cell subsets as a function of the duration of 
alcohol ingestion. Alcohol Clin Exp Res. 2012; 36:826–834.

34. Pedersen BK, Hoffman-Goetz L. Exercise and the Immune 
System: Regulation, Integration, and Adaptation. Physiol 
Rev. 2000; 80:1055–1081.

35. Gamaleia NR, Skivka LM, Fedorchuk AG, Shishko ED. 
Circadian rhythms of cytotoxic activity in peripheral blood 
mononuclear cells of patients with malignant melanoma. 
Exp Oncol. 2006; 28:54–60.

36. Souza SS, Castro FA, Mendonc HC, Palma PVB, Morais 
FR, Ferriani RA, Voltarelli JC. Influence of menstrual cycle 
on NK activity. J Reprod Immunol. 2001; 50:151–159.

37. Ahn WS, Kim DJ, Chae GT, Lee JM, Bae SM, Sin JI, Kim 
YW, Namkoong SE, Lee IP. Natural killer cell activity 
and quality of life were improved by consumption of a 
mushroom extract, Agaricus blazei Murill Kyowa, in 
gynecological cancer patients undergoing chemotherapy. 
Int J Gynecol Cancer. 2004; 14:589–594.

38. Lutgendorf SK, Sood AK, Anderson B, McGinn S, Maiseri 
H, Dao M, Sorosky JI, De Geest K, Ritchie J, Lubaroff DM. 
Social support, psychological distress, and natural killer cell 
activity in ovarian cancer. J Clin Oncol. 2005; 23:7105–7113.

39. Hazeldine J, Lord JM. The impact of ageing on natural 
killer cell function and potential consequences for health in 
older adults. Ageing Res Rev. 2013; 12:1069–1078.

40. Morimoto K, Takeshita T, Nanno M, Tokudome S, 
Nakayama K. Modulation of natural killer cell activity by 
supplementation of fermented milk containing Lactobacillus 
casei in habitual smokers. Prev Med. 2005; 40:589–594.

41. Mian MF, Lauzon NM, Stämpfli MR, Mossman KL, Ashkar 
AA. Impairment of human NK cell cytotoxic activity and 
cytokine release by cigarette smoke. J Leukoc Biol. 2008; 
83:774–784.

42. Kosaka T, Maeda T, Nakada Y, Yukawa M, Tanaka S. Effect 
of Bacillus subtilis spore administration on activation of 
macrophages and natural killer cells in mice. Vet Microbiol. 
1998; 60:215–225.

43. Nieman DC. Special feature for the Olympics: effects 
of exercise on the immune system: exercise effects on 
systemic immunity. Immunol Cell Biol. 2000; 78:496–501.

44. Lin CY, Chang TC, Chen YH, Chen YJ, Cheng SS, Chang 
ST. Monitoring the dynamic emission of biogenic volatile 
organic compounds from Cryptomeria Japonica by enclosure 
measurement. Atmos Environ. 2015; 122:163–170.

45. Li Q, Morimoto K, Nakadai A, Qu T, Matsushima H, 
Katsumata M, Shimizu T, Inagaki H, Hirata Y, Hirata K, 
Kawada T, Lu Y, Nakayama K, et al. Healthy lifestyles 
are associated with higher levels of perforin, granulysin 
and granzymes A/B-expressing cells in peripheral blood 
lymphocytes. Prev Med. 2007; 44:117–123.

46. Li Q, Kobayashi M, Wakayama Y, Inagaki H, Katsumata M, 
Hirata Y, Hirata K, Shimizu T, Kawada T, Park BJ, Ohira 
T, Kagawa T, Miyazaki Y. Effect of phytoncide from trees 
on human natural killer cell function. Int J Immunopathol 
Pharmacol. 2009; 22:9511–9519.

47. Caroline EWH, Dostal M, Ghosh R, Ashwood P, Lipsett 
M, Pinkerton KE, Sram R, Hertz-Picciotto I. Air pollution 
exposure during critical time periods in gestation and 
alterations in cord blood lymphocyte distribution: a cohort 
of livebirths. Environ Health. 2010; 9:46–58. 

48. Gotschi T, Heinrich J, Sunyer J, Kunzli N. Long-term 
effects of ambient air pollution on lung function: a review. 
Epidemiology. 2008; 19:690–701.

49. Srám RJ, Binková B, Dejmek J, Bobak M. Ambient 
air pollution and pregnancy outcomes: a review of the 
literature. Environ Health Perspect. 2005; 113:375–382.



Oncotarget16511www.oncotarget.com

50. Dietert RR. Developmental immunotoxicology: focus on 
health risks. Chem Res Toxicol. 2009; 22:17–23.

51. Krauss RM, Eckel RH, Howard B, Appel LJ, Daniels SR, 
Deckelbaum RJ, Erdman JW Jr, Kris-Etherton P, Goldberg 
IJ, Kotchen TA, Lichtenstein AH, Mitch WE, Mullis R, et 
al. AHA Dietary Guidelines: revision 2000: A statement 
for healthcare professionals from the Nutrition Committee 

of the American Heart Association. Circulation. 2000; 
102:2284–2299.

52. Taiwan Central Weather Bureau. 2011–2015. Monthly 
climate data Available: http://www.cwb.gov.tw/V7/climate/
monthlyData/mD.htm.


