? frontiers ‘ Frontiers in Endocrinology

@ Check for updates

OPEN ACCESS

EDITED BY
Kezhong Zhang,
Wayne State University, United States

REVIEWED BY
Qi Chen,

Wayne State University, United States
Shichao Wu,

Wayne State University, United States

*CORRESPONDENCE
Chunxia Jing
jexphd@gmail.com

These authors have contributed
equally to this work

RECEIVED 03 January 2025
AccepTED 07 April 2025
PUBLISHED 06 May 2025

CITATION
Nie J, Huang Z, Wen L, Li H, Xie Q, Wang H,
Lai Z, Lin C and Jing C (2025) Association
between exposure to terpene compounds
and risk of metabolic syndrome:

exploring the potential mediating role

of inflammatory response.

Front. Endocrinol. 16:1551784.

doi: 10.3389/fendo.2025.1551784

COPYRIGHT

© 2025 Nie, Huang, Wen, Li, Xie, Wang, Lai, Lin
and Jing. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Endocrinology

TvpPE Original Research
PUBLISHED 06 May 2025
D01 10.3389/fendo.2025.1551784

Association between exposure to
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Background: Terpenes are potentially harmful substances that are associated
with endocrine disruption due to their ability to produce oxidizers, aldehydes,
and secondary aerosol particles. However, the exact association between
terpenoids and metabolic syndrome remains unclear.

Objective: This study aims to examine the relationship between individual and
mixed exposure to terpene compounds and the risk of developing
metabolic syndrome.

Methods: We utilized data from the NHANES 2013-2014 cycle, including 1,135
participants. Multiple regression models, Bayesian kernel regression (BKMR), and
quantile g calculation (QGC) were employed to assess the association between
individual and mixed terpene exposure and metabolic syndrome. Additionally, a
mediation analysis was performed to explore potential biological pathways
mediated by inflammation, using the Advanced Cancer Inflammation Index as
a metric.

Results: The regression analysis indicated a positive association between
exposure to limonene and metabolic syndrome (OR (95%):1.74(1.17, 2.57),
p=0.005). The BKMR regression and the QGC model showed a positive
association between exposure to mixed terpenes and the increased risk of
metabolic syndrome (p=0.001). Subgroup analyses within the BKMR revealed
significant positive trends among males, individuals under 60, and the overweight
groups. Furthermore, exposure to mixed terpenes exhibited positive trends with
lower HDL levels(p<0.000). The Advanced Cancer Inflammation Index was
identified as a potential mediator of the positive correlation between o.-pinene,
B-pinene, and metabolic syndrome.
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Conclusions: This study suggests that exposure to both individual and mixed
terpenes may increase risk of developing metabolic syndrome. However, further
longitudinal studies are imperative to establish causality between terpene
compounds and the risk of metabolic syndrome.

terpene, metabolic syndrome (MetS), mixed exposure, BKMR, QGC

1 Introduction

Metabolic syndrome is a cluster of symptoms, including insulin
resistance, abdominal obesity, dyslipidemia, and elevated blood
pressure (1). Recent data from the American Heart Association’s
updated NCEP III definition showed that approximately 35 percent
of the American population exhibit symptoms of metabolic
syndrome, and this number continues to rise (2). Several studies
have consistently demonstrated that metabolic syndrome amplifies
the probability of developing cardiovascular disease by twofold and
greatly augments the risk of developing type 2 diabetes by fivefold
(3, 4). In addition to traditional risk factors like unhealthy diet and
sedentary lifestyles, exposure to environmental pollutants has also
been shown to affect the development of metabolic syndrome (5-7).

Terpenes, particularly monoterpenes (MTs) like as o-pinene, 3-
pinene, and limonene, are commonly found as trace gases in the
troposphere (8). These compounds are prevalent in household
cleaning products, air fresheners, and sanitizing products, making
them significant sources of indoor air pollutants and personal
exposures (9). Furthermore, terpenes are often added to e-
cigarette liquids as flavoring agents (10). A survey of U.S.
households showed that a vast majority (99.1%) of Americans are
exposed to terpene-containing scented products on a weekly basis
(11). A study by Steinemann (12) found that 156 scented consumer
products emit more than 37 volatile organic compounds (VOCs),
with major compounds including limonene, o-pinene, B-pinene,
and other terpenes. Surprisingly, exposure to these scented products
has resulted in adverse health effects for more than one-third of
Americans. However, the specific compounds produced by these
products are not disclosed to the public (13). Because monoterpenes
have low solubility in water but high solubility in blood and
lipophilic tissues (14), exposure to compounds like o.-pinene can
result in elevated blood concentrations. Therefore, serum levels of

Abbreviations: NHANES, National Health and Nutrition Examination Survey;
BKMR, Bayesian kernel machine regression; GroupPIP, group posterior inclusion
probability; CondPIP, conditional inclusion probability; Mets, Metabolic
syndrome; CSF, cerebrospinal fluid; QG-C, quantile g calculation; BMI, body
mass index; MCMC, Markov Chain Monte Carlo; ROS, reactive oxygen species;
ALI advanced lung cancer inflammation index; SOA, secondary organic aerosol;

HDL, High-Density Lipoprotein; OR, Odds Ratio; CI, Confidential Interval.
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terpenes are commonly used as indicators for assessing
environmental terpene exposure (15).

When individuals are exposed to different aldehydes, which are
generated through the secondary reaction of terpene compounds
with airborne ozone, it can activate an inflammatory response that
escalates the likelihood of developing metabolic syndrome (16).
Previous studies have consistently shown that exposure to aldehyde
is associated with a range of negative health consequences, such as
elevated blood pressure, increased risk of cardiovascular events,
adult obesity, and metabolic syndrome (17). In particular, Yan et al.
found that high serum levels of aldehyde, specifically isovaleric
aldehyde, are linked to an elevated risk of metabolic syndrome (18).
The second mechanism suggests that exposure to indoor terpenes
leads to oxidation through the presence of airborne ozone and
hydroxyl radicals. This oxidative process generates a range of
organic pollutants in the environment, which then accumulate
and contribute to the formation of secondary aerosolized
particulate matter(SOA) (19). Previous studies have shown that
secondary organic aerosols are an important component of fine
particulate matter, and that terpene exposure results in significantly
elevated levels of fine particulate matter, the inhalation of which
may lead to elevated metabolic syndrome (20). Moreover, previous
studies have shown that apolipoprotein B (Apo-B) partially
mediates the relationship between SOA and the risk of metabolic
syndrome (21). Research has also indicated that SOA triggers the
production of reactive oxygen species (ROS) in replacement lung
fluid (SLF), causing oxidative stress and inflammation in vivo (22).
It has also been observed that this inflammation is linked to an
increased risk of developing diabetes and metabolic syndrome
(23, 24).

It is reasonable to assume that using cleaning products
containing terpenes can lead to significant exposure to these
compounds, which produce aldehydes and SOA that disrupt the
body’s natural metabolism and contribute to the development of
metabolic syndrome. To comprehensively evaluate the impact of
terpenoids on metabolic syndrome, this study employed three
statistical models: linear regression, Bayesian kernel-mechanism
regression, and quantitative g-calculation models to analyze the
individual and mixed effects of exposure to terpene. Furthermore,
we chose to investigate the mediating role of inflammatory effects
(as indicated by the Advanced Cancer Inflammation Index (ALI))
in the relationship between terpene and the metabolic syndrome,
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which can provide abundant evidence and stimulate new ideas for
further exploration of this pathway. The ALI is an innovative
marker that combines measures of inflammation and nutrition
(25). Initially developed as an independent prognostic indicator in
advanced cancer, the ALI is now widely used as a composite index
of nutrition and inflammation in the general U.S. population. The
data used in this study come from the National Health and
Nutrition Examination Survey (NHANES) 2013-2014, ensuring a
reliable and robust foundation for analysis.

2 Method
2.1 Study population

The National Health and Nutrition Examination Survey
(NHANES) is a comprehensive research program designed to
evaluate individuals’ health and nutritional status across different
age groups in the United States. The NHANES program employs a
sophisticated multistage probability sampling strategy that
selectively samples non-hospitalized civilians, enhancing the
representativeness of the obtained data. The NHANES protocol
was approved by the NCHS Research Ethics Review Board, and
each participant provided written consent prior to participating in
the study, ensuring the highest standards of scientific integrity and
safeguarding the rights and welfare of the research participants.

In this study, we used cross-sectional data from the NHANES
2013-2014, and 10,175 participants were screened. We merged the

10.3389/fendo.2025.1551784

databases based on the unique identity of the survey subjects. After
merging the databases, we excluded 9,662 who had missing data in
alcohol consumption data, diabetes questionnaire data, terpene
compound data and educational status data. Finally, 1,136
subjects were included in the study (Figure 1). We found that
subjects included in the study had a lower body mass index (27.8
versus 29.1 kg/m®), a higher level of education (45.2% versus
31.8%), and a lower prevalence of hypertension (28.1% versus
34.9%) (Supplementary Table S8). These differences suggest that
the excluded subjects may represent a less healthy population,
potentially underestimating the true association between terpene
exposure and Mets.

2.2 Measurement of serum terpenes

Serum specimens were collected, stored, and shipped to the
division of laboratory sciences, National Center for Environmental
Health, Centers for Disease Control and Prevention, Atlanta GA,
for analysis. The detection of terpenes was based on headspace
solid-phase microextraction-gas chromatography-tandem mass
spectrometry (HS-SPME-GC-MS/MS) (15). This method required
0.50 mL of serum spiked with 40 pL of isotopically labeled internal
standard before being hermetically sealed in a 10-mL SPME vial
with a Teflon-lined silicone septum. After automated headspace
sampling, the SPME fiber was injected into the GC inlet to undergo
separation using a DB-624 column. The eluates were ionized at
70eV in the electron source of the mass spectrometer. The tandem

N=10,175

NHANES 2013-2014

. . . Data matched . 8195 participants missing terpene compound data
Terpene Compound Data N=1680 300 missing log-transformed terpene compound level
Metabolic syndrome definitio . Data matched . 2 participants missing Diabetes questionnaire data
n indicator data N=1677 1 participants missing Hypertension questionnaire data
Depression data
Smoking status data - e .
Physical activity data Data matched 123 pnr'lu.mp;mls rfns'smg Educational xlanfs data
Physical measure data _>, N=1135 " 413 par s missing Alcohol consumption data
Educational status data 6 participants missing Depression data
Alcohol consumption data
Albumin and Creatinine data
Metabolic Healthy
Syndrome N=815
N=320 ) N

FIGURE 1
Flowchart for the selection of eligible participants.
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mass spectrometer ran in multiple reaction monitoring (MRM)
mode, where the precursor ions fragmented with nitrogen gas in the
collision cell at a defined electron voltage. The resultant product
ions registered an interpretable signal via the electron multiplier.
We compared the relative response ratio (native to internal
standard signal) with a calibration curve of known standards to
quantify the concentration of the individual terpene in the matrix.
All manufacturer-recommended quality control procedures were
followed during the serum terpene assay. Reported results for all
assays met the laboratory sciences department’s QA/QC
performance standards for accuracy and precision, similar to the
Westgard Rules.

2.3 Definition of metabolic syndrome

Mets are defined according to the criteria in the Executive
Summary of the National Cholesterol Education Program (NCEP)
Expert Panel’s Third Report on Detection, Evaluation, and
Treatment of High Blood Cholesterol in Adults (Adult Treatment
Panel IIT) (26). Participants fulfilling three or more of the following
criteria were classified as having Mets: 1) Hypertriglyceridemia
(TG): = 1.69 mmol/L (150 mg/dL); 2) Low HDL: < 1.03 mmol/L
(40 mg/dL) for men and < 1.29 mmol/L (50 mg/dL) for women; 3)
Hyperglycemia: fasting plasma glucose (FPG) = 6.1 mmol/L, or
HbAIlc level > 6.5%, or receiving glucose-lowering therapy, or using
insulin, or diagnosed with diabetes mellitus; 4) Abdominal obesity:
waist circumference > 102 cm for men and > 88 cm for women; 5)
Hypertension: systolic blood pressure (SBP) > 130 mmHg or
diastolic blood pressure (DBP) = 85 mmHg, or receiving
antihypertensive therapy, or diagnosed with hypertension by
a physician.

2.4 Definition of advanced lung cancer
inflammation index

The calculation of the ALI score is based on three factors: body
mass index (BMI), serum albumin (Alb), and neutrophil-
lymphocyte ratio (NLR), which are all markers of systemic
inflammation (27, 28). The ALI score, calculated as ALI = BMI x
Alb/NLR, integrates markers of systemic inflammation and
nutritional status. A lower ALI score reflects higher systemic
inflammation due to elevated NLR or reduced BMI/Alb levels,
while a higher ALI score indicates lower inflammation risk. This
metric has been validated as a proxy for inflammation in chronic
diseases, initially in advanced cancer populations (25). Since then,
ALI has been applied to other chronic conditions, including
predicting coronary artery disease (29), hypertension (30), heart
failure in the elderly (31), all of which are closely associated with
metabolic syndrome (32). Although ALI provides a composite
measure of inflammation and nutrition, its generalizability to
non-cancer populations requires further validation, particularly in
cohorts with diverse metabolic profiles.
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2.5 Covariates

Sixteen covariates were included based on their established
association with MetS, including demographics (age, sex, race),
lifestyle factors (smoking, alcohol use), metabolic parameters (BMI,
waist circumference, blood glucose), and comorbidities (diabetes,
hypertension). This selection aligns with consensus criteria from
Grundy et al. (33) and Alberti et al. (34).

Smoking status was assessed through a self-report questionnaire
and classified into three categories: never smoked, ever smoked and
current smoker. Participants who answered “No” to the question
“Have you smoked at least 100 cigarettes in your lifetime?” were
considered as never smoked. Those who answered “Yes” to the same
question but “Not at all” to the question “Do you currently smoke
cigarettes?” were categorized as ever smoked. Participants who
answered “Yes” to the question “Have you smoked at least 100
cigarettes in your lifetime?” and “Every day” or “Some days” to the
question “Do you currently smoke cigarettes?” were classified as
current smokers. Hypertension was defined based on participants’
self-report by answering “Yes” to the question “Have you ever been
told you have hypertension?” or current use of antihypertensive
medication by answering “Yes” to the question “Are you currently
taking prescription medication for hypertension?”. Alcohol
consumption was determined by participants reporting if they have
consumed at least 12 drinks in the past year by answering “Yes”.

2.6 Statistical analysis

Continuous variables are presented as means and standard
deviations (Mean + SD), while categorical variables are displayed
as cases (n) and percentages (%). We log-transformed the serum
terpenes content to ensure normal distribution. Multiple linear
regression was performed to analyze the relationship between
serum terpenes and Mets. Each serum terpenes were considered
as a separate predictor to assess its association with Mets in a
representative U.S. population We fit two models to evaluate model
stability. Model 1 did not adjust for any covariates, while Model 2
included all covariates. Considering the limitations of linear
regression for high-dimensional data and nonlinear exposure-
outcome relationships, we also utilized BKMR and QGC methods
to estimate the mixed effects of serum terpenes exposure on Mets.

BKMR models generate posterior inclusion probabilities (PIPs)
that range from 0 to 1, indicating the relative contribution of each
monoterpene to Mets (35). This approach provides a flexible
method to model the multifaceted effects of mixed substances,
allowing for interactions between substances and capturing non-
linear relationships between exposure and outcome using exposure-
response curves (36). A variable selection method was performed
using a Markov Chain Monte Carlo (MCMC) algorithm with
50,000 iterations. We also explore the interaction between three
terpenes by fixing them at the 50th percentile and plotting the
bivariate exposure-response functions for each terpene at the 25th,
50th, and 75th percentiles (Supplementary Figure S3).
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The QGC model was employed in this study. We estimated the
weights for both y (represents a parameter) and the degree of violation
of the assumption of directional homogeneity (37). The findings of this
study illustrate that this approach enables robust inferences to be made
regarding the effects of exposure to the entire mixture and the
contributions of individual components, especially in cases where
directional homogeneity cannot be assumed (38). Furthermore, we
conducted a mediation analysis to examine the impact of advanced
cancer inflammation index (ALI) on the relationship between
limonene, o.-pinene, B-pinene, and metabolic syndrome.

Given the exploratory nature of this study, we did not apply multiple
testing corrections (e.g, Bonferroni, FDR) to maintain sensitivity for
detecting potential associations. However, results should be interpreted
with caution, as unadjusted analyses may increase the risk of Type I errors.

In this study, a significance level of 0.05 was employed to establish
the threshold for statistical significance. All statistical analyses were
performed using STATA (Version 15.1) and R software (Version 4.2.2).

3 Results
3.1 Demographic characteristics

The study includes 1,135 participants, out of which 320
individuals (28.1% of the total sample) were diagnosed with Mets.
The results showed a statistically significant difference in age
between the healthy and Mets groups (p<0.001). Additionally, the
Mets group exhibited a higher proportion of older individuals
compared to the healthy group, with 40.3% versus 26.0%. There
were also significant differences between the healthy and Mets
groups in marital status, education level, smoking and drinking
habits, physical exercise, and BMI. Compared to the healthy group,
the Mets group had a higher proportion of individuals with
hypertension (70.9% vs. 23.2%), diabetes (40.3% vs. 2.8%),
cardiovascular disease (19.4% vs. 6.1%), hyperuricemia (35.3% vs.
14.0%), and NAFLD (85.3% vs. 45.4%) (Table 1).

Supplementary Table S1 presents the percent detectable,
geometric mean, weighted mean, and percentage of detectable
terpenes with detection levels greater than or equal to the LOD
for the terpenes. Additionally, a correlation heat map of terpenes is
shown in Supplementary Figure S1, and the results revealed a strong
positive correlation (r = 0.75, P < 0.001) between a-pinene and [3-
pinene, indicating a high degree of similarity between these two
compounds. In contrast, the correlation among the other
substances was weak (r < 0.5), although their relationship was
statistically significant (P < 0.001). To address the issue of
covariance, we categorized o-pinene and B-pinene as a single
group within the BKMR model (Supplementary Figure SI).

3.2 Associate between terpenes and Mets
by multiple regression

Figure 2 presents the results of the multiple regression examining
the association between individual terpenes and Mets. The analysis
revealed that individuals in the fourth quartile of limonene had a 1.74-
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TABLE 1 Demographic and individual characteristics of the study
population(N=1,135).

Metabolic Healthy

(N=815)

Syndrome
((NEXY{0)]

Age group (n(%))

20~60 years 191 (59.7%) 603 (74.0%) <0.001***
Over 60 years 129 (40.3%) 212 (26.0%)
Sex (n(%))
Male 154 (48.1%) 440 (54.0%) 0.086
Female 166 (51.9%) 375 (46.0%)
Race (n(%))
Mexican American 46 (14.4%) 87 (10.7%) 0.099
Other Hispanic 33 (10.3%) 61 (7.5%)
Non-Hispanic White 161 (50.3%) 424 (52.0%)
Non-Hispanic Black 53 (16.6%) 146 (17.9%)
Other Race - Including
27 (8.4% 97 (11.9%
Multi-Racial (84%) ( 2
Marital status (n(%))
Married/Livi
Married/Living 203 (63.4%) 471 (578%)  <0.001%
with partner
Never married 41 (12.8%) 187 (22.9%)
Widowed/
76 (23.8% 157 (19.3%
Divorced/Separated ( ) ( )
Education level (n(%))
Under high school 67 (20.9%) 125 (15.3%) 0.003**
High school
1811 schioo 87 (27.2%) 179 (22.0%)
or equivalent
Above high school 166 (51.9%) 511 (62.7%)
Ratio of Family Income to Poverty (n(%))
Poverty 68 (21.3%) 162 (19.9%) 0.663
Above Poverty 252 (78.8%) 653 (80.1%)
Smoking (n(%))
Never 153 (47.8%) 420 (51.5%) 0.036*
Ever 105 (32.8%) 207 (25.4%)
Current 62 (19.4%) 188 (23.1%)
Drinking (n(%))
Less than 12 alcoholic
253 (79.1%) 690 (84.7%) 0.029*
beverages/1 year
12 alcoholic by 1
coholic beverages/ 67 (20.9%) 125 (15.3%)
year or more
Exercise (n(%))
Not exercising regularly 187 (58.4%) 367 (45.0%) <0.001***
Exercise regularly 133 (41.6%) 448 (55.0%)
(Continued)
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TABLE 1 Continued

Metabolic Healthy

(N=815) P-value

Syndrome
(N=320)

Hypertension (n(%))

10.3389/fendo.2025.1551784

TABLE 1 Continued

Metabolic
Syndrome
(N=320)

Healthy

(N=815) P-value

Limonene (ng/mL)

Tertile2[n(%)] 73 (22.8%) 214 (26.3%)

Tertile3[n(%)] 82 (25.6%) 200 (24.5%)

Yes 227 (70.9%) 189 (23.2%) <0.001%**
No 93 (29.1%) 626 (76.8%)
Diabetes (n(%))
Yes 129 (40.3%) 23 (2.8%) <0.001***
No 191 (59.7%) 792 (97.2%)
Depression (n(%))
Yes 37 (11.6%) 65 (8.0%) 0.074
No 283 (88.4%) 750 (92.0%)
Cardiovascular Disease (n(%))
Yes 62 (19.4%) 50 (6.1%) <0.001***
No 258 (80.6%) 765 (93.9%)
Hyperuricemia (n(%))
Yes 113 (35.3%) 114 (14.0%) <0.001***
No 207 (64.7%) 701 (86.0%)
Nonalcoholic Fatty Liver Disease (n(%))
Yes 273 (85.3%) 370 (45.4%) <0.001%**
No 47 (14.7%) 445 (54.6%)
Body mass index
Mean (SD) 2.57 (0.609) 1.90 (0.805) <0.001***
Median [Min, Max] 3.00 [1.00, 3.00] 200
[1.00, 3.00]
Urine creatinine (n(%))
Mean (SD) 4.54 (0.696) 4.47 (0.768) 0.131
Median [Min, Max] 4.62 [2.20, 5.91] 48
[1.61, 6.30]
o_Pinene (ng/mL)
Tertile1[n(%)] 67 (20.9%) 217 (26.6%) 0.022*
Tertile2[n(%)] 74 (23.1%) 218 (26.7%)
Tertile3[n(%)] 85 (26.6%) 200 (24.5%)
Tertile4[n(%)] 94 (29.4%) 180 (22.1%)
B_Pinene (ng/mL)
Tertile1[n(%)] 66 (20.6%) 228 (28.0%) 0.020*
Tertile2[n(%)] 81 (25.3%) 204 (25.0%)
Tertile3[n(%)] 80 (25.0%) 205 (25.2%)
Tertile4[n(%)] 93 (29.1%) 178 (21.8%)
Limonene (ng/mL)
Tertile1[n(%)] 70 (21.9%) 216 (26.5%) 0.052
(Continued)
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Tertile4[n(%)] 95 (29.7%) 185 (22.7%)

*, P < 0.05 **, P < 0.01; ***, P < 0.001. P-t, p-value for trend.
Bold values indicate statistically significant differences between the metabolic syndrome group
and the healthy control group (p<0.05).

fold increased risk of developing Mets compared to those in the lowest
quartile (95% CI: 1.17-2.57, p=0.005). After adjusting for covariates,
the risk of Mets significantly increased in the third and fourth quartiles
of limonene, with OR of 2.56 (95% CI: 1.48-3.41, p=0.001) and 2.98
(95% CI: 1.63-4.09, p=0.000), respectively.

3.3 Associate between terpenes and Mets
using the BKMR model

The BKMR model showed a significant positive correlation
between exposure to the three monoterpenes simultaneously and
Mets when terpene exposure was set at the 40th and 50th
percentiles (Figure 3).

Supplementary Table S2 provides a summary of groupPIP and
condPIP for each metal. The second group had the highest groupPIP
(PIP=0.955), with limonene showing the most significant contribution
(condPIP=1.000), suggesting that it may play a crucial role in the
association with Mets. Figure 4 depicts the univariate exposure-
response curves of three terpene derivatives (a-Pinene, 3-Pinene, and
limonene), demonstrating a distinct positive dose-response relationship.

The results of the BKMR interaction modeling indicate that the
slope of the bivariate reaction function for any given terpenes
remain constant across the different quantiles of other terpenes,
suggesting no potential interaction between the various terpenes
(Supplementary Figure S2). In BKMR’s univariate effect plot
exposure to limonene exhibited a statistically significant positive
association with Mets when we controlled other terpene exposures
at 0.25,0.5 and 0.75content (Supplementary Figure S3).

To further investigate the relationship between mixed exposure
to the three terpene derivatives and the five metabolic syndrome
metrics (high triglycerides, low HDL, abdominal obesity,
hypertension, and diabetes mellitus), the BKMR model was used.
The analysis revealed a significant positive correlation between
mixed terpene exposure and Low HDL (OR (95%):2.51(1.66,
3.80), p<0.000), while the correlation with high triglycerides and
high abdominal fat was relatively weak, as shown in Figure 5.

3.4 Stratified analysis by gender, age, and BMI

Supplementary Tables S3-S5 show the results of multiple linear
regressions stratified by sex, age, and BMI, suggesting that exposure
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to mixed terpenes may pose a higher risk of Mets in males,

individuals under 60 years of age, and overweight groups. The
stratified analysis of the BKMR model also showed a significant

positive association between terpene exposure and Mets in both

sexes, under 60 and overweight groups (Figure 6).

3.5 Associate between terpenes and mets

using QGC model

In Figure 7A, the QGC model indicates a significant positive
correlation between mixed terpene exposures and Mets (p=0.001).

Figure 7B shows the relative weights of each monoterpene with
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Supplementary Table S6 shows the overall exposure effect

coefficient and confidence interval of the QGC model.

3.6 The Mediation of the relationship
between terpene compounds and mets by

inflammatory effects

We investigated the mediating role of inflammatory effects, as
indicated by advanced Cancer Inflammation Index (ALI), on the

relationship between limonene, o-pinene, B-pinene, and Mets. As
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The univariate exposure-response function curves for a single terpene associated with MS, when the other two monoterpenes were fixed at their

median values (95% Crl).

shown in Figure 8, our findings indicate that ALI plays a significant
mediating role in the relationship between o-pinene and Mets.
Specifically, ALI accounts for 29.91% of the overall effect of the
positive correlation between o.-pinene and Mets. This suggests that
the presence of ALI partially explains the relationship between -
pinene and metabolic syndrome. Additionally, our analysis revealed
that ALI also serves as a mediator in the relationship between -
pinene and Mets. ALI accounts for 30.86% of the total effect of the
positive relationship between B-pinene and Mets. These findings
indicate that the influence of B-pinene on metabolic syndrome is, in
part, mediated by the presence of ALI (Table 2).

4 Discussion

This study used multiple regression, BMKR, and QGC models
to conduct a comprehensive analysis and found that exposure to
terpenes, alone or in combination, significantly increased the
likelihood of developing metabolic syndrome. The stratified
analyses revealed significant positive trends among males,
individuals under 60 years of age, and those considered to be
overweight. Moreover, when subgroup analyses were performed
on metabolic syndrome evaluation metrics, mixed terpene exposure
demonstrated a positive trend specifically at low HDL levels.
Mediation studies have identified a potential mediating role for
the Advanced Cancer Inflammation Index in the positive
correlation between o-pinene, B-pinene and metabolic syndrome.

Terpene compounds are primarily found in household cleaning
products, and research has shown that terpene can be emitted from

Frontiers in Endocrinology

household cleaning products and persist in the indoor environment
for an extended period of time (12). This prolonged exposure to
terpenes can pose potential health risks to individuals, as
demonstrated by the study of Carolin Rosch (39) et al. Aloha-
pinene and limonene are two common terpenes in air fresheners
(8). In a laboratory study, concentrations of individual terpenes
were observed to range from 10 to 1300 pig/m3 (1.8-234 ppb) over a
one-hour period (40). The primary concern regarding terpenes in
household cleaning products is their potential to undergo secondary
compound reactions when reacting with ozone, leading to the
formation of hazardous byproducts such as formaldehyde,
secondary organic aerosols (SOA), and ultrafine particles (41, 42).
Formaldehyde, acetone, and pinaldehyde are mainly produced in
the pinene-ozone reaction, while formaldehyde, 4-acetyl-1-
methylcyclohexene, citron, and citral are mainly produced in the
reaction between d-limonene and ozone (43). These byproducts can
have adverse health effects, such as obesity (44), hypertension (45)
cardiovascular diseases (46) and metabolic syndrome (18).
Furthermore, it is well-known that household cleaning products
can emit terpenes, which can undergo oxidation with ozone (O3) or
hydroxyl (OH) radicals, resulting in the formation of secondary
organic aerosols (SOA) (19, 47) and SOA particles formed in the
atmosphere from ozone-terpene reactions are an important source
of indoor particulate pollution (48-50). Studies have indicated that
ambient particulate matter (PM) is composed of SOA and primary
particles emitted from tailpipe emissions (51). SOA formed from
ozone-terpene reactions is recognized as the predominant
contributor to indoor particulate matter (52). Since individuals
spend a significant amount of time indoors, exposure to indoor
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BKMR results of exposure to a mixture of three terpene derivatives on five indices included in the metabolic syndrome ((A) High triglycerides, (B)

Low HDL, (C) Abdominal obesity, (D) Hypertension (E) Diabetes mellitus).

particulate matter may substantially contribute to overall
particulate exposure (53). Numerous studies have demonstrated a
strong correlation between exposure to particulate matter and
various health effects, including elevated blood pressure (54),
reduced cardiorespiratory fitness (55, 56), increased blood glucose
levels, and an increased risk of diabetes (57). Additionally, a cohort
study conducted in China found a positive association between
long-term exposure to particulate matter and the risk of Mets (58)
and a cohort study conducted in Korea suggested that exposure to
organic solvents and SOA may increase the risk of developing
metabolic syndrome (59).

What’s more, our analysis revealed a more significant elevation
in the risk of developing Mets among males, which could potentially
be attributed to the higher exposure to terpenes as flavor additives
in cigarette products (60). Sex-stratified analyses revealed that males
had a significantly higher prevalence of current smoking (23.9% vs.
19.8% in females, p=0.002) (Supplementary Table S7).
Furthermore, males exhibited higher serum limonene levels

Frontiers in Endocrinology

(geometric mean: 1.62 ng/mL vs. 0.45 ng/mL, p=0.000)
(Supplementary Table S3), potentially linked to terpene-
containing vaping products. This aligns with prior findings that
males are more likely to use flavored tobacco products, contributing
to elevated terpene exposure. We also found a stronger effect of
terpene exposure in individuals below the age of 60, possibly due to
their higher frequency of exposure to cleaning products in schools
and workplaces (61). This could be compounded by impaired
melatonin secretion, metabolic imbalances resulting from
oxidative stress caused by night shift work and job-related stress
(62, 63). Furthermore, we found that terpene exposure had a more
pronounced effect in individuals with BMI exceeding 25, indicating
a potential exacerbation of the transition from obesity to metabolic
syndrome (23).

Finally, we investigated the relationship between terpene exposure
and various indicators of metabolic syndrome. The results revealed a
highly significant positive correlation between exposure to mixed
terpenes and Low HDL levels. We also found positive correlations
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The mediating effects of inflammatory on the relationship between terpene compounds and metabolic syndrome.

with elevated triglyceride levels and increased abdominal fat, although
the latter correlation did not reach statistical significance (Figure 6). It
is worth mentioning that a large multicenter retrospective cohort
study from China, known as the RCSCD-TCM study, found a strong
association between HDL cholesterol ratios and prediabetes, as well as
an increased risk of type 2 diabetes (64). These findings were
corroborated by a study led by Michel P Herman et al, which
demonstrated that elevated triglyceride levels and reduced HDL
cholesterol levels are strong risk markers for type 2 diabetes (65).
Another cohort study conducted in a southern Italian population
comprising 11,987 hypertensive patients revealed an association
between low levels of HDL cholesterol and an elevated risk of
cardiovascular events (66). This finding aligns with a study
conducted by Satoru Kodama et al, which demonstrated that
appropriate aerobic exercise could potentially reduce the risk of
cardiovascular events through the augmentation of HDL cholesterol
levels (67). These findings reinforce our results, providing further
evidence for the potential influence of terpene compounds on the risk
of metabolic syndrome by precipitating various lipid abnormalities,
such as elevated levels of LDL cholesterol and triglycerides, as well as
contributing to the occurrence of cardiovascular events.

The Advanced Lung Cancer Inflammation Index (ALI) is an
innovative index initially developed as a composite measure of
nutrition and inflammation for cancer prognosis, particularly for
U.S. community members (68). However, the ALI is now widely
utilized as a composite index for assessing nutrition and
inflammation in a diverse range of diseases, such as predicting
coronary artery disease (29), hypertension (30), and heart failure in
the elderly (31). These diseases have close associations with

TABLE 2 Indirect mediation of inflammatory effects between terpene
compounds and the metabolic syndrome (N = 1135).

Pathways Mediation
Indirect effect  proportions and p
(B, 95% Cl) 95%Cls
0_Pinene— ALI— Mets | 0.026(0.01,0.04) 0.30(0.10,0.62) = 0.004**
B_Pinene— ALI— Mets | 0.022(0.01,0.04) 0.31(0.12,0.40) = 0.004**

The values in bold, 0.026 and 0.022, represent the mediation effect sizes of ALI between oi-
pinene and B-pinene with Mets, whereas 0.30 and 0.31 indicate the proportions of ALI in the
overall positive correlation effects between o.-pinene/B-pinene and Mets. **, P < 0.01.
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metabolic syndrome (32). Therefore, in this study, we used the
ALI to investigate the role of inflammation in the metabolic
syndrome by examining the inflammatory effect mediators of
terpene compounds, which contribute to the metabolic syndrome.

The study suggests that some of the associations between o-
pinene, B-pinene, and the metabolic syndrome are mediated by the
ALL Previous studies have shown that SOA produced by terpene
compounds is associated with inflammation in vivo (69). A cohort
study conducted on older adults in Los Angeles demonstrated a
significant and positive association between exposure to secondary
organic aerosols (SOA) and interleukin IL-6, a biomarker indicating
systemic inflammation (70). Exposure to SOA was also associated
with weight loss and aberrant lung inflammation in mice (71). A
close association has been established between inflammation,
metabolic disruption (24), endothelial stress (72), and insulin
resistance (73). Based on these findings, terpene compounds may
play a role in promoting inflammatory effects through secondary
reactions that generate SOA, thereby increasing the risk of
developing metabolic syndrome.

The groundbreaking and innovative outcome of this study is its
pioneering revelation of the potential threat terpenes pose to human
health. Terpene compounds are found primarily in household
cleaning products (prevalent in household cleaning products, air
fresheners, and sanitizing products) Surveys of U.S. households
have shown that studies indicate that 99.1% of Americans are
exposed to terpene-containing scented products on a weekly basis
(11). Yet no research has linked terpene compounds ground
revealing a threat to physical health and linking it to a disease.
Previous studies have shown potential associations between
exposure to scented products and adverse health effects, including
asthma and asthma exacerbation, but the evidence is weak or
insufficient (74), and a UK study has shown that there is a lack of
evidence to suggest that current indoor exposures to VOCs, either
individually or as a whole, pose a health risk (75). Therefore, the
present study fills a gap in the literature by providing the first
groundbreaking insight into the effects of terpenes on disease
(metabolic syndrome), suggesting that high levels of exposure to
terpenes may induce oxidative stress and chronic inflammation,
which may adversely affect human health, and provides compelling
evidence. Specifically, terpenes have been found to be associated
with an increased risk of metabolic syndrome, as indicated by
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several metabolic markers (such as low levels of high-density
lipoprotein and high triglycerides). Terpenoids, which are widely
present in cleaning and sanitizing products used in our daily lives,
often go unnoticed despite their high frequency of use and extensive
application range. This study enhances our understanding of these
commonly utilized chemical substances, highlighting their potential
hazards. Consequently, further investigation is warranted to
establish exposure limits and discern the adverse effects resulting
from different levels of exposure.

However, our study also has several limitations that warrant
acknowledgment. First, due to the cross-sectional nature of this
study, causal inferences cannot be established. Therefore, further
case-control or cohort studies are necessary to explore the
relationship between terpene exposure and Mets. Second, although
we accounted for potential confounding factors as comprehensively as
possible, some confounders were unavailable in our database, such as
genetic information related to metabolic syndrome, which could not
be included in the analysis due to the absence of relevant data in the
NHANES database. Third, the exclusion of 85% of NHANES
participants with incomplete data may introduce selection bias. The
remaining participants exhibited healthier characteristics (e.g., lower
BMI and fewer comorbidities), potentially attenuating the observed
association between terpene exposure and Mets. To address this
limitation, future studies should incorporate advanced
methodological approaches, such as imputation techniques, to
minimize bias. Fourth, while ALI is a clinically validated composite
biomarker for inflammation and nutrition in cancer populations, its
applicability in metabolic syndrome remains exploratory. Future
research should employ prospective cohort designs to systematically
compare ALI with gold-standard inflammatory biomarkers, such as
C-reactive protein (CRP) and interleukin-6 (IL-6), in metabolic
disorders. Fifth, serum terpene levels were measured at a single
time-point, which may fail to capture long-term or cumulative
exposure. Terpene concentrations can fluctuate due to seasonal
variations in indoor activities (e.g., cleaning frequency) and outdoor
ozone levels. Longitudinal studies with repeated measurements are
needed to assess chronic exposure and its metabolic effects.
Additionally, our analyses did not adjust for multiple testing, which
may increase the likelihood of false-positive findings. Future
confirmatory studies should apply rigorous correction methods,
such as false discovery rate (FDR) control, to enhance robustness.
Finally, only three terpene compounds (c-Pinene, B-Pinene,
Limonene) were included in this study, as these represent the
primary terpenes provided in the NHANES database.

5 Conclusions

This study revealed a significant connection between terpene
exposure, either alone or in combination, and an increased risk of
metabolic syndrome. Specifically, limonene showed the most
pronounced effect. Additionally, high exposure to terpene
mixtures was linked to low HDL levels. Furthermore, mediation
analyses indicate that inflammatory effects could mediate the
relationship between terpene exposure and the elevated risk of
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metabolic syndrome. Therefore, further comprehensive cohort
studies are necessary to validate this association.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author/s.

Ethics statement

The NHANES agreement has undergone thorough review and
received approval from the NCHS Research Ethics Committee. Prior
to their involvement, all participants provided written informed
consent.. The studies were conducted in accordance with the local
legislation and institutional requirements. Written informed consent
for participation was not required from the participants or the
participants' legal guardians/next of kin in accordance with the
national legislation and institutional requirements.

Author contributions

JN: Data curation, Software, Validation, Visualization, Writing —
original draft, Formal analysis, Methodology. ZH: Conceptualization,
Data curation, Methodology, Software, Validation, Writing — review &
editing, Supervision. LW: Data curation, Investigation, Methodology,
Validation, Writing - review & editing, Visualization. HL: Formal
analysis, Methodology, Validation, Visualization, Writing - review &
editing. QX: Writing - review & editing, Methodology. HW: Writing —
review & editing. ZL: Investigation, Validation, Methodology, Writing
- review & editing. CL: Validation, Visualization, Writing — review &
editing. CJ: Conceptualization, Funding acquisition, Methodology,
Project administration, Supervision, Resources, Writing - review
& editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the Natural Science Foundation of Guangdong Province (Grant
Nos. 2022A1515011672, 2023A1515011820, 2025A1515010378).

Acknowledgments

This study utilized data from the National Health and Nutrition
Examination Survey (NHANES, 2013-2014) for analysis. The
authors express their gratitude to all NHANES participants and
researchers who contributed to the collection and management of
the data, as their support was instrumental to the completion of
this research.

frontiersin.org


https://doi.org/10.3389/fendo.2025.1551784
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Nie et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Cornier MA, Dabelea D, Hernandez TL, Lindstrom RC, Steig AJ, Stob NR, et al.
The metabolic syndrome. Endocr Rev. (2008) 29:777-822. doi: 10.1210/er.2008-0024

2. Aguilar M, Bhuket T, Torres S, Liu B, Wong RJ. Prevalence of the metabolic
syndrome in the United States, 2003-2012. JAMA. (2015) 313:1973-74. doi: 10.1001/
jama.2015.4260

3. Ford ES, Li C. Metabolic syndrome and health-related quality of life among U.S.
adults. Ann Epidemiol. (2008) 18:165-71. doi: 10.1016/j.annepidem.2007.10.009

4. Feeman WEJr. Guidelines for diagnosis and treatment of high cholesterol. Jama.
(2001) 286:2400; author reply 01-2. doi: 10.1001/jama.286.19.2400

5. Durward-Akhurst SA, Schultz NE, Norton EM, Rendahl AK, Besselink H,
Behnisch PA, et al. Associations between endocrine disrupting chemicals and equine
metabolic syndrome phenotypes. Chemosphere. (2019) 218:652-61. doi: 10.1016/
j.chemosphere.2018.11.136

6. Ning J, Zhang Y, Hu H, Hu W, Li L, Pang Y, et al. Association between ambient
particulate matter exposure and metabolic syndrome risk: A systematic review and
meta-analysis. Sci Total Environ. (2021) 782:146855. doi: 10.1016/j.scitotenv.
2021.146855

7. Vanni R, Bussuan RM, Rombaldi RL, Arbex AK. Endocrine disruptors and the
induction of insulin resistance. Curr Diabetes Rev. (2021) 17:¢102220187107.
doi: 10.2174/1573399816666201022121254

8. Ciriminna R, Lomeli-Rodriguez M, Demma Cara P, Lopez-Sanchez JA, Pagliaro
M. Limonene: a versatile chemical of the bioeconomy. Chem Commun (Camb). (2014)
50:15288-96. doi: 10.1039/c4cc06147k

9. Potera C. Scented products emit a bouquet of VOCs. Environ Health Perspect.
(2011) 119:A16. doi: 10.1289/ehp.119-a16

10. Meehan-Atrash J, Luo W, McWhirter KJ, Dennis DG, Sarlah D, Jensen RP, et al.
The influence of terpenes on the release of volatile organic compounds and active
ingredients to cannabis vaping aerosols. RSC Adv. (2021) 11:11714-23. doi: 10.1039/
d1ra00934f

11. Steinemann A. Fragranced consumer products: exposures and effects from
emissions. Air Qual Atmos Health. (2016) 9:861-66. doi: 10.1007/s11869-016-0442-z

12. Steinemann A. Volatile emissions from common consumer products. Air
Quality Atmosphere Health. (2015) 8:273-81. doi: 10.1007/s11869-015-0327-6

13. Steinemann AC. Fragranced consumer products and undisclosed ingredients.
Environ Impact Assess Rev. (2009) 29:32-8. doi: 10.1016/j.eiar.2008.05.002

14. Falk AA, Hagberg MT, Lof AE, Wigaeus-Hjelm EM, Wang ZP. Uptake,
distribution and elimination of alpha-pinene in man after exposure by inhalation.
Scand ] Work Environ Health. (1990) 16:372-8. doi: 10.5271/sjweh.1771

15. Silva LK, Espenship MF, Newman CA, Blount BC, De Jesus VR. Quantification
of seven terpenes in human serum by headspace solid-phase microextraction-gas
chromatography-tandem mass spectrometry. Environ Sci Technol. (2020) 54:13861-67.
doi: 10.1021/acs.est.0c03269

16. Rosch C, Wissenbach DK, Franck U, Wendisch M, Schlink U. Degradation of
indoor limonene by outdoor ozone: A cascade of secondary organic aerosols. Environ
Pollut. (2017) 226:463-72. doi: 10.1016/j.envpol.2017.04.030

17. Xu C, Liang J, Xu S, Liu Q, Xu J, Gu A. Increased serum levels of aldehydes are
associated with cardiovascular disease and cardiovascular risk factors in adults. J
Hazard Mater. (2020) 400:123134. doi: 10.1016/j.jhazmat.2020.123134

18. Ba'Y, Guo Q, Du A, Zheng B, Wang L, He Y, et al. Association between serum
aldehyde concentrations and metabolic syndrome in adults. Environ Sci Pollut Res Int.
(2023) 30:74290-300. doi: 10.1007/s11356-023-27459-3

19. Pathak RK, Salo K, Emanuelsson EU, Cai C, Lutz A, Hallquist AM, et al.
Influence of ozone and radical chemistry on limonene organic aerosol production and

Frontiers in Endocrinology

13

10.3389/fendo.2025.1551784

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2025.
1551784/full#supplementary-material

thermal characteristics. Environ Sci Technol. (2012) 46:11660-9. doi: 10.1021/
es301750r

20. Wei Y, Zhang JJ, Li Z, Gow A, Chung KF, Hu M, et al. Chronic exposure to air
pollution particles increases the risk of obesity and metabolic syndrome: findings from
a natural experiment in Beijing. FASEB J. (2016) 30:2115-22. doi: 10.1096/j.201500142

21. Yi W, Zhao F, Pan R, Zhang Y, Xu Z, Song J, et al. Associations of fine particulate
matter constituents with metabolic syndrome and the mediating role of apolipoprotein
B: A multicenter study in middle-aged and elderly chinese adults. Environ Sci Technol.
(2022) 56:10161-71. doi: 10.1021/acs.est.1c08448

22. Niu X, Ho SSH, Ho KF, Huang Y, Cao J, Shen Z, et al. Indoor secondary organic
aerosols formation from ozonolysis of monoterpene: An example of d-limonene with
ammonia and potential impacts on pulmonary inflammations. Sci Total Environ.
(2017) 579:212-20. doi: 10.1016/j.scitotenv.2016.11.018

23. Monteiro R, Azevedo 1. Chronic inflammation in obesity and the metabolic
syndrome. Mediators Inflammation. (2010) 2010:1-2. doi: 10.1155/2010/289645

24. Hotamisligil GS. Inflammation and metabolic disorders. Nature. (2006)
444:860-7. doi: 10.1038/nature05485

25. Jafri SH, Shi R, Mills G. Advance lung cancer inflammation index (ALI) at
diagnosis is a prognostic marker in patients with metastatic non-small cell lung cancer
(NSCLQ): a retrospective review. BMC Cancer. (2013) 13:158. doi: 10.1186/1471-2407-
13-158

26. Executive summary of the third report of the national cholesterol education
program (NCEP) expert panel on detection, evaluation, and treatment of high blood
cholesterol in adults (Adult treatment panel III). Jama. (2001) 285:2486-97.
doi: 10.1001/jama.285.19.2486

27. Guthrie GJ, Charles KA, Roxburgh CS, Horgan PG, McMillan DC, Clarke SJ.
The systemic inflammation-based neutrophil-lymphocyte ratio: experience in patients
with cancer. Crit Rev Oncol Hematol. (2013) 88:218-30. doi: 10.1016/j.critrevonc.
2013.03.010

28. Don BR, Kaysen G. Serum albumin: relationship to inflammation and nutrition.
Semin Dial. (2004) 17:432-7. doi: 10.1111/j.0894-0959.2004.17603.x

29. Fan W, Zhang Y, Liu Y, Ding Z, Si Y, Shi F, et al. Nomograms based on the
advanced lung cancer inflammation index for the prediction of coronary artery disease
and calcification. Clin Appl Thromb Hemost. (2021) 27:10760296211060455.
doi: 10.1177/10760296211060455

30. Zhang Y, Pan Y, Tu J, Liao L, Lin S, Chen K, et al. The advanced lung cancer
inflammation index predicts long-term outcomes in patients with hypertension:
National health and nutrition examination study, 1999-2014. Front Nutr. (2022)
9:989914. doi: 10.3389/fnut.2022.989914

31. Yuan X, Huang B, Wang R, Tie H, Luo S. The prognostic value of advanced lung
cancer inflammation index (ALI) in elderly patients with heart failure. Front Cardiovasc
Med. (2022) 9:934551. doi: 10.3389/fcvm.2022.934551

32. Silveira Rossi JL, Barbalho SM, Reverete de Araujo R, Bechara MD, Sloan KP,
Sloan LA. Metabolic syndrome and cardiovascular diseases: Going beyond traditional
risk factors. Diabetes Metab Res Rev. (2022) 38:€3502. doi: 10.1002/dmrr.3502

33. Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH, Franklin BA, et al.
Diagnosis and management of the metabolic syndrome. Circulation. (2005) 112:2735-
52. doi: 10.1161/CIRCULATIONAHA.105.169404

34. Alberti KGMM, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA,
et al. Harmonizing the metabolic syndrome. Circulation. (2009) 120:1640-45.
doi: 10.1161/CIRCULATIONAHA.109.192644

35. Bobb JF, Valeri L, Claus Henn B, Christiani DC, Wright RO, Mazumdar M, et al.
Bayesian kernel machine regression for estimating the health effects of multi-pollutant
mixtures. Biostatistics. (2015) 16:493-508. doi: 10.1093/biostatistics/kxu058

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2025.1551784/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1551784/full#supplementary-material
https://doi.org/10.1210/er.2008-0024
https://doi.org/10.1001/jama.2015.4260
https://doi.org/10.1001/jama.2015.4260
https://doi.org/10.1016/j.annepidem.2007.10.009
https://doi.org/10.1001/jama.286.19.2400
https://doi.org/10.1016/j.chemosphere.2018.11.136
https://doi.org/10.1016/j.chemosphere.2018.11.136
https://doi.org/10.1016/j.scitotenv.2021.146855
https://doi.org/10.1016/j.scitotenv.2021.146855
https://doi.org/10.2174/1573399816666201022121254
https://doi.org/10.1039/c4cc06147k
https://doi.org/10.1289/ehp.119-a16
https://doi.org/10.1039/d1ra00934f
https://doi.org/10.1039/d1ra00934f
https://doi.org/10.1007/s11869-016-0442-z
https://doi.org/10.1007/s11869-015-0327-6
https://doi.org/10.1016/j.eiar.2008.05.002
https://doi.org/10.5271/sjweh.1771
https://doi.org/10.1021/acs.est.0c03269
https://doi.org/10.1016/j.envpol.2017.04.030
https://doi.org/10.1016/j.jhazmat.2020.123134
https://doi.org/10.1007/s11356-023-27459-3
https://doi.org/10.1021/es301750r
https://doi.org/10.1021/es301750r
https://doi.org/10.1096/fj.201500142
https://doi.org/10.1021/acs.est.1c08448
https://doi.org/10.1016/j.scitotenv.2016.11.018
https://doi.org/10.1155/2010/289645
https://doi.org/10.1038/nature05485
https://doi.org/10.1186/1471-2407-13-158
https://doi.org/10.1186/1471-2407-13-158
https://doi.org/10.1001/jama.285.19.2486
https://doi.org/10.1016/j.critrevonc.2013.03.010
https://doi.org/10.1016/j.critrevonc.2013.03.010
https://doi.org/10.1111/j.0894-0959.2004.17603.x
https://doi.org/10.1177/10760296211060455
https://doi.org/10.3389/fnut.2022.989914
https://doi.org/10.3389/fcvm.2022.934551
https://doi.org/10.1002/dmrr.3502
https://doi.org/10.1161/CIRCULATIONAHA.105.169404
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
https://doi.org/10.1093/biostatistics/kxu058
https://doi.org/10.3389/fendo.2025.1551784
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Nie et al.

36. Westgard JO, Barry PL, Hunt MR, Groth T. A multi-rule Shewhart chart for
quality control in clinical chemistry. Clin Chem. (1981) 27:493-501. doi: 10.1093/
clinchem/27.3.493

37. Keil AP, Buckley JP, O'Brien KM, Ferguson KK, Zhao S, White AJ. A quantile-
based g-computation approach to addressing the effects of exposure mixtures. Environ
Health Perspect. (2020) 128:47004. doi: 10.1289/ehp5838

38. Schmidt S. Quantile g-computation: A new method for analyzing mixtures of
environmental exposures. Environ Health Perspect. (2020) 128:104004. doi: 10.1289/
ehp7342

39. Rosch C, Wissenbach DK, von Bergen M, Franck U, Wendisch M, Schlink U.
The lasting effect of limonene-induced particle formation on air quality in a genuine
indoor environment. Environ Sci Pollut Res Int. (2015) 22:14209-19. doi: 10.1007/
s11356-015-4663-8

40. Singer BC, Destaillats H, Hodgson AT, Nazaroff WW. Cleaning products and air
fresheners: emissions and resulting concentrations of glycol ethers and terpenoids.
Indoor Air. (2006) 16:179-91. doi: 10.1111/j.1600-0668.2005.00414.x

41. Norgaard AW, Kofoed-Serensen V, Mandin C, Ventura G, Mabilia R, Perreca E,
et al. Ozone-initiated terpene reaction products in five European offices: replacement of
a floor cleaning agent. Environ Sci Technol. (2014) 48:13331-9. doi: 10.1021/es504106j

42. Rohr AC. The health significance of gas- and particle-phase terpene oxidation
products: a review. Environ Int. (2013) 60:145-62. doi: 10.1016/j.envint.2013.08.002

43. Waring MS. Secondary organic aerosol formation by limonene ozonolysis:
Parameterizing multi-generational chemistry in ozone- and residence time-limited
indoor environments. Atmospheric Environ. (2016) 144:79-86. doi: 10.1016/
j.atmosenv.2016.08.051

44. Liao S, Wu N, Gong D, Tang X, Yin T, Zhang H, et al. Association of aldehydes
exposure with obesity in adults. Ecotoxicol Environ Saf. (2020) 201:110785.
doi: 10.1016/j.ecoenv.2020.110785

45. Zhu Y, Liu M, Fu W, Bo Y. Association between serum aldehydes and
hypertension in adults: A cross-sectional analysis of the national health and
nutrition examination survey. Front Cardiovasc Med. (2022) 9:813244. doi: 10.3389/
fcvm.2022.813244

46. Liao S, Zhang J, Shi S, Gong D, Lu X, Cheang I, et al. Association of aldehyde
exposure with cardiovascular disease. Ecotoxicol Environ Saf. (2020) 206:111385.
doi: 10.1016/j.ecoenv.2020.111385

47. Leungsakul S, Jaoui M, Kamens RM. Kinetic mechanism for predicting
secondary organic aerosol formation from the reaction of d-limonene with ozone.
Environ Sci Technol. (2005) 39:9583-94. doi: 10.1021/es0492687

48. Chen X, Hopke PK, Carter WP. Secondary organic aerosol from ozonolysis of
biogenic volatile organic compounds: chamber studies of particle and reactive oxygen
species formation. Environ Sci Technol. (2011) 45:276-82. doi: 10.1021/es102166¢

49. Charlson RJ, Schwartz SE, Hales JM, Cess RD, Coakley JA Jr, Hansen JE, et al.
Climate forcing by anthropogenic aerosols. Science. (1992) 255:423-30. doi: 10.1126/
science.255.5043.423

50. Wainman T, Zhang J, Weschler CJ, Lioy PJ. Ozone and limonene in indoor air: a
source of submicron particle exposure. Environ Health Perspect. (2000) 108:1139-45.
doi: 10.1289/ehp.001081139

51. Robinson AL, Donahue NM, Shrivastava MK, Weitkamp EA, Sage AM,
Grieshop AP, et al. Rethinking organic aerosols: semivolatile emissions and
photochemical aging. Science. (2007) 315:1259-62. doi: 10.1126/science.1133061

52. Virtanen A, Joutsensaari J, Koop T, Kannosto J, Yli-Pirild P, Leskinen J, et al. An
amorphous solid state of biogenic secondary organic aerosol particles. Nature. (2010)
467:824-7. doi: 10.1038/nature09455

53. Afshari A, Matson U, Ekberg LE. Characterization of indoor sources of fine and
ultrafine particles: a study conducted in a full-scale chamber. Indoor Air. (2005)
15:141-50. doi: 10.1111/j.1600-0668.2005.00332.x

54. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, 1zzo JL Jr, et al.
Seventh report of the joint national committee on prevention, detection, evaluation,
and treatment of high blood pressure. Hypertension. (2003) 42:1206-52. doi: 10.1161/
01.HYP.0000107251.49515.c2

55. Kim S, Hong SH, Bong CK, Cho MH. Characterization of air freshener emission:
the potential health effects. J Toxicol Sci. (2015) 40:535-50. doi: 10.2131/jts.40.535

56. Pope CA3rd, Turner MC, Burnett RT, Jerrett M, Gapstur SM, Diver WR, et al.
Relationships between fine particulate air pollution, cardiometabolic disorders, and

Frontiers in Endocrinology

14

10.3389/fendo.2025.1551784

cardiovascular mortality. Circ Res. (2015) 116:108-15. doi: 10.1161/
circresaha.116.305060

57. Zhou P, Mo S, Peng M, Yang Z, Wang F, Hu K, et al. Long-term exposure to PM
(2.5) constituents in relation to glucose levels and diabetes in middle-aged and older
Chinese. Ecotoxicol Environ Saf. (2022) 245:114096. doi: 10.1016/j.ecoenv.2022.114096

58. Zhang JS, Gui ZH, Zou ZY, Yang BY, Ma J, Jing J, et al. Long-term exposure to
ambient air pollution and metabolic syndrome in children and adolescents: A national
cross-sectional study in China. Environ Int. (2021) 148:106383. doi: 10.1016/
j.envint.2021.106383

59. Kang D, Lee ES, Kim TK, Kim YJ, Lee S, Lee W, et al. Association with combined
occupational hazards exposure and risk of metabolic syndrome: A workers' Health
examination cohort 2012-2021. Saf Health Work. (2023) 14:279-86. doi: 10.1016/
j.shaw.2023.08.006

60. Zhu J, Niu J, Das D, Cabecinha A, Abramovici H. In-situ TD-GCMS
measurements of oxidative products of monoterpenes at typical vaping temperatures:
implications for inhalation exposure to vaping products. Sci Rep. (2022) 12:11019.
doi: 10.1038/541598-022-14236-4

61. Salonen H, Salthammer T, Morawska L. Human exposure to ozone in school and
office indoor environments. Environ Int. (2018) 119:503-14. doi: 10.1016/
j.envint.2018.07.012

62. Bouillon-Minois JB, Dutheil F. Biomarker of stress, metabolic syndrome and
human health. Nutrients. (2022) 14:2-3. doi: 10.3390/nu14142935

63. Hohor S, Mandanach C, Maftei A, Zugravu CA, Otelea MR. Impaired melatonin
secretion, oxidative stress and metabolic syndrome in night shift work. Antioxidants
(Basel). (2023) 12:2-3. doi: 10.3390/antiox12040959

64. Yang T, Liu Y, Li L, Zheng Y, Wang Y, Su J, et al. Correlation between the
triglyceride-to-high-density lipoprotein cholesterol ratio and other unconventional
lipid parameters with the risk of prediabetes and Type 2 diabetes in patients with
coronary heart disease: a RCSCD-TCM study in China. Cardiovasc Diabetol. (2022)
21:93. doi: 10.1186/s12933-022-01531-7

65. Hermans MP, Valensi P. Elevated triglycerides and low high-density lipoprotein
cholesterol level as marker of very high risk in type 2 diabetes. Curr Opin Endocrinol
Diabetes Obes. (2018) 25:118-29. doi: 10.1097/med.0000000000000398

66. Trimarco V, Izzo R, Morisco C, High HDL. (High-density lipoprotein)
cholesterol increases cardiovascular risk in hypertensive patients. Hypertension.
(2022) 79:2355-63. doi: 10.1161/hypertensionaha.122.19912

67. Kodama S, Tanaka S, Saito K, Shu M, Sone Y, Onitake F, et al. Effect of aerobic
exercise training on serum levels of high-density lipoprotein cholesterol: a meta-
analysis. Arch Intern Med. (2007) 167:999-1008. doi: 10.1001/archinte.167.10.999

68. Song M, Zhang Q, Song C, Liu T, Zhang X, Ruan G, et al. The advanced lung
cancer inflammation index is the optimal inflammatory biomarker of overall survival in
patients with lung cancer. J Cachexia Sarcopenia Muscle. (2022) 13:2504-14.
doi: 10.1002/jcsm.13032

69. Delfino RJ, Staimer N, Tjoa T, Arhami M, Polidori A, Gillen DL, et al.
Associations of primary and secondary organic aerosols with airway and systemic
inflammation in an elderly panel cohort. Epidemiology. (2010) 21:892-902.
doi: 10.1097/EDE.0b013e318120e6¢

70. Delfino RJ, Staimer N, Tjoa T, Polidori A, Arhami M, Gillen DL, et al.
Circulating biomarkers of inflammation, antioxidant activity, and platelet activation
are associated with primary combustion aerosols in subjects with coronary artery
disease. Environ Health Perspect. (2008) 116:898-906. doi: 10.1289/ehp.11189

71. Démeautis T, Bouyssi A, Geloen A, George C, Menotti ], Glehen O, et al. Weight
loss and abnormal lung inflammation in mice chronically exposed to secondary organic
aerosols. Environ Sci Process Impacts. (2023) 25:382-88. doi: 10.1039/d2em00423b

72. Grandl G, Wolfrum C. Hemostasis, endothelial stress, inflammation, and the
metabolic syndrome. Semin Immunopathol. (2018) 40:215-24. doi: 10.1007/s00281-
017-0666-5

73. Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and metabolic
disease. J Clin Invest. (2017) 127:1-4. doi: 10.1172/jci92035

74. Opiekun RE, Smeets M, Sulewski M, Rogers R, Prasad N, Vedula U, et al.
Assessment of ocular and nasal irritation in asthmatics resulting from fragrance
exposure. Clin Exp Allergy. (2003) 33:1256-65. doi: 10.1046/j.1365-2222.2003.01753.x

75. Humfrey C, Shuker L, Harrison P. (Eds.). IEH assessment on indoor air quality in
the home: nitrogen dioxide, formaldehyde, volatile organic compounds, house dust mites,
fungi and bacteria. Cambridge, UK: Institute for Environment and Health (1996).

frontiersin.org


https://doi.org/10.1093/clinchem/27.3.493
https://doi.org/10.1093/clinchem/27.3.493
https://doi.org/10.1289/ehp5838
https://doi.org/10.1289/ehp7342
https://doi.org/10.1289/ehp7342
https://doi.org/10.1007/s11356-015-4663-8
https://doi.org/10.1007/s11356-015-4663-8
https://doi.org/10.1111/j.1600-0668.2005.00414.x
https://doi.org/10.1021/es504106j
https://doi.org/10.1016/j.envint.2013.08.002
https://doi.org/10.1016/j.atmosenv.2016.08.051
https://doi.org/10.1016/j.atmosenv.2016.08.051
https://doi.org/10.1016/j.ecoenv.2020.110785
https://doi.org/10.3389/fcvm.2022.813244
https://doi.org/10.3389/fcvm.2022.813244
https://doi.org/10.1016/j.ecoenv.2020.111385
https://doi.org/10.1021/es0492687
https://doi.org/10.1021/es102166c
https://doi.org/10.1126/science.255.5043.423
https://doi.org/10.1126/science.255.5043.423
https://doi.org/10.1289/ehp.001081139
https://doi.org/10.1126/science.1133061
https://doi.org/10.1038/nature09455
https://doi.org/10.1111/j.1600-0668.2005.00332.x
https://doi.org/10.1161/01.HYP.0000107251.49515.c2
https://doi.org/10.1161/01.HYP.0000107251.49515.c2
https://doi.org/10.2131/jts.40.535
https://doi.org/10.1161/circresaha.116.305060
https://doi.org/10.1161/circresaha.116.305060
https://doi.org/10.1016/j.ecoenv.2022.114096
https://doi.org/10.1016/j.envint.2021.106383
https://doi.org/10.1016/j.envint.2021.106383
https://doi.org/10.1016/j.shaw.2023.08.006
https://doi.org/10.1016/j.shaw.2023.08.006
https://doi.org/10.1038/s41598-022-14236-4
https://doi.org/10.1016/j.envint.2018.07.012
https://doi.org/10.1016/j.envint.2018.07.012
https://doi.org/10.3390/nu14142935
https://doi.org/10.3390/antiox12040959
https://doi.org/10.1186/s12933-022-01531-7
https://doi.org/10.1097/med.0000000000000398
https://doi.org/10.1161/hypertensionaha.122.19912
https://doi.org/10.1001/archinte.167.10.999
https://doi.org/10.1002/jcsm.13032
https://doi.org/10.1097/EDE.0b013e3181f20e6c
https://doi.org/10.1289/ehp.11189
https://doi.org/10.1039/d2em00423b
https://doi.org/10.1007/s00281-017-0666-5
https://doi.org/10.1007/s00281-017-0666-5
https://doi.org/10.1172/jci92035
https://doi.org/10.1046/j.1365-2222.2003.01753.x
https://doi.org/10.3389/fendo.2025.1551784
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Association between exposure to terpene compounds and risk of metabolic syndrome: exploring the potential mediating role of inflammatory response
	1 Introduction
	2 Method
	2.1 Study population
	2.2 Measurement of serum terpenes
	2.3 Definition of metabolic syndrome
	2.4 Definition of advanced lung cancer inflammation index
	2.5 Covariates
	2.6 Statistical analysis

	3 Results
	3.1 Demographic characteristics
	3.2 Associate between terpenes and Mets by multiple regression
	3.3 Associate between terpenes and Mets using the BKMR model
	3.4 Stratified analysis by gender, age, and BMI
	3.5 Associate between terpenes and mets using QGC model
	3.6 The Mediation of the relationship between terpene compounds and mets by inflammatory effects

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


