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Abstract. This study evaluated, using a single-group pre–post design, a plant-mediated
agro-healing program in nonclinical adults screened for elevated perceived stress
[Perceived Stress Scale (PSS-10) score $ 17]. A total of 21 participants completed
8 weekly 90-min sessions that combined herb-based olfactory stimulation, farm work–
related physical activity, and structured group-based psychological exercises. Self-report
measures of depression, anxiety, perceived stress, psychological flexibility, self-esteem,
and life satisfaction were administered at baseline and postintervention, and untargeted
blood-based metabolomics was used to explore stress-related metabolites. Indicators
commonly linked to burnout changed favorably: perceived stress, anxiety, and depres-
sion decreased (P < 0.05), while psychological flexibility (P < 0.01) and life satisfaction
(P < 0.001) increased. Psychological flexibility showed expected correlations with anx-
iety, depression, stress, and self-esteem (P < 0.05–0.01). Metabolomics suggested post-
intervention reductions in sphingosine—a stress-linked lipid mediator—alongside
complementary shifts across amino-acid and fatty-acid pathways. These findings indi-
cate that a plant-mediated agro-healing program may support stress reduction, en-
hanced self-regulatory capacity, and plausible physiological modulation in nonclinical
adults with high perceived stress. While relevant to burnout-related risk reduction,
we refrained from labeling participants as “at risk of burnout” in the absence of diag-
nostic classification. Metabolomic signals are hypothesis generating and warrant con-
firmation via targeted assays and adequately powered, preregistered randomized
controlled trials with longer follow-up and validated burnout instruments.

Modern society is characterized by high
levels of stress, intense competition, and a de-
cline in overall well-being. Although Korea
is often portrayed as a leisure-centered soci-
ety that prioritizes quality of life (Kim and
Park 2014), official time-use statistics show
only a modest rebound in leisure time—after
declining from 2009 to 2014 and remaining
essentially flat by 2019 (4 h 47 min; 19.9%

of the day), the 2024 Time Use Survey re-
ports 5 h 8 min (21.4%), with a substantial
share accounted for by media use (Statistics
Korea 2014, 2019, 2024). These patterns are
associated with strained work–life balance and
lower physical/mental health and life satisfac-
tion and align with Korea’s below–Organization
for Economic Co-operation and Development–
average performance on several “better life”

dimensions (Obled et al. 2024). Consistent with
this trend, national indicators show lower life
satisfaction at older ages across the lifespan
(Statistics Research Institute 2024).

Within workplaces, burnout is defined in
the 11th revision of the International Classifi-
cation of Diseases (ICD-11) as the result of
chronic workplace stress that has not been suc-
cessfully managed (World Health Organization
2019). According to the Job Demands–Resources
(JD-R) model, a combination of excessive job
demands and limited resources triggers a
health-impairment pathway that culminates
in emotional exhaustion, cynicism, and re-
duced professional efficacy (Demerouti et al.
2001; Schaufeli and Taris 2014). Empirical
evidence from meta-analyses and longitudi-
nal/cross-lagged studies shows that high psy-
chological demands (e.g., time pressure, role
conflict) and deficits in resources significantly
predict subsequent burnout, whereas job re-
sources buffer these effects (Hakanen et al.
2008; Lesener et al. 2019). At the same time,
individual vulnerabilities (e.g., stress sensitiv-
ity, low self-esteem), client-related demands
(e.g., sustained emotional labor, surface acting,
exposure to aggression/trauma, large caseloads),
and organizational conditions (e.g., low decision
latitude and supervisory support, role conflict/
ambiguity, effort–reward imbalance, perceived
unfairness/values mismatch, long hours, shift
work, understaffing) compound risk—patterns
documented across service settings (Aiken
et al. 2002; Colquitt et al. 2001; Demerouti
et al. 2001; Grandey 2000; Hochschild
1983; Karasek and Theorell 1990; Maslach
and Leiter 1997, 2016; Nielsen and Einarsen
2012; Shanafelt et al. 2015; Siegrist 1996).

The salience of burnout increased after
COVID-19, with large surveys indicating high
self-reported burnout among workers (e.g.,
55.1% in a Korean office-worker sample; 52%
of US employees in 2023). Importantly,
ICD-11 classifies burnout as an occupa-
tional phenomenon rather than a medical di-
agnosis, and national handling varies (e.g.,
Sweden’s ICD-10-SE F43.8A “Stress-related
Exhaustion Disorder” for sick-leave certification;
Finland not treating job burnout per se as an ill-
ness entitling benefits; the Netherlands managing
burnout/overwork within occupational-disease
and return-to-work pathways) (GALLUP 2023;
Netherlands Centre for Occupational Diseases
2000, 2013; Swedish Parliament 2003; TENK,
2009, 2019; World Health Oraganization
2019). Conceptually and empirically, these ob-
servations converge with the JD-R framework:
elevated perceived stress and job demands are
robust antecedents of burnout—especially
emotional exhaustion—while resources function
as buffers (Bakker 2023; Demerouti et al. 2001;
Hakanen et al. 2008; Lesener et al. 2019).

Against this backdrop, South Korea enacted
the Act on the Research, Development, and
Promotion of Healing Agriculture to meet
growing public demand for preventive
health measures by systematically using
agricultural and rural resources for thera-
peutic purposes (Introduction of Korean Law
Information Center 2021). Agro-healing—
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also discussed internationally as green care
or care farming—refers to structured, goal-
oriented interventions that mobilize farm-
based resources (e.g., field-scale crop produc-
tion, seasonal sowing–harvest cycles, animal
husbandry, rural landscapes, farm social set-
tings) under professional facilitation to pro-
mote mental and physical well-being. Unlike
therapeutic horticulture/horticultural therapy,
which are plant-mediated programs often de-
livered in clinical or community venues and
need not involve a farm, healing agriculture
embeds participants in a working farm environ-
ment, engages them in productive agricultural
routines (e.g., planting, weeding, harvesting,
livestock care), and leverages multisensory ru-
ral contexts and farm social relations (Bragg 2020;
Hassink et al. 2020; Iancu et al. 2015; Kim 2016;
Park and Kang 2017; Rural Development
Administration 2013; Yoo et al. 2021).

According to prior research, agro-healing
approaches are associated with reductions in
depression, anxiety, and stress and with im-
provements in self-esteem, self-efficacy, life
satisfaction, and physiological indicators (e.g.,
blood pressure); benefits are also reported in
community and older-adult populations and in
care-farming initiatives in the United Kingdom
and the Netherlands (Bragg 2020; Hassink
et al. 2020; Jang et al. 2019; Jeong et al. 2019;
Park and Kang 2017). Building on this litera-
ture and on evidence that burnout correlates
positively with depression/anxiety and nega-
tively with self-esteem/resilience (Hao 2023),
that self-esteem mediates stress–burnout links
(Liu 2023), and that acceptance influences ego
depletion and physiological stress responses
(Lee et al. 2021), the present study applied an
8-week, acceptance and commitment therapy
(ACT) theory–based, plant-mediated agro-
healing program to nonclinical adults with
elevated perceived stress, with the aim of
preventing burnout. We evaluated pre–post
changes in perceived stress, anxiety, depression,

psychological flexibility, self-esteem, and life
satisfaction and explored the potential for phys-
iological stress regulation by profiling blood-
based metabolites.

Material and Methods

Participants and eligibility. Community-
dwelling adults aged 20 to 59 years were re-
cruited via district-office bulletin boards in

Seoul and online communities between Jun
and Jul 2023. Inclusion requirements in-
cluded age 20 to 59 years, ability to perform
light physical activity; no self-reported al-
lergy to study plants, and elevated perceived
stress defined a priori as a Perceived Stress
Scale (PSS-10) score $ 17 (moderate or
higher). PSS-10 was administered at prestudy
screening and reconfirmed at baseline; only
individuals with PSS-10 scores $ 17 were

Fig. 1. Experimental protocol. ACT 5 acceptance and commitment therapy.

Table 1. Session-by-session agro-healing and ACT activities.

Session

Activity

DescriptionAgro healing ACT
1 Leveling the

ground
Being present � Taking a mindful walk around the care

farm
� Touching the soil while reflecting on

one’s present self
� Removing grass and debris; leveling the

ground for planting
� Writing in a mindfulness notebook; short

meditation
2 Planting seedlings Cognitive

defusion
� Walking through herb beds
� Feeling sensations through herbs
� Planting herb seedlings; designing the

garden; watering
� Reflective writing and meditation

3 Pest control Acceptance � Walking and observing the field
� Discussion: “What happens if you don’t

manage pests?”
� Weeding, watering, preparing eggshell

calcium spray
� Reflective writing and meditation

4 Planting herb
seedlings in
pots

Self as context � Walking mindfully
� Observing self-awareness while touching

and smelling herbs
� Weeding, watering, decorating pots,

transplanting seedlings
� Reflective writing and meditation
� Write down your emotions and

sensations in a mindfulness notebook
� Meditating

5 Creating an
automatic
irrigation
system

Value � Walking and exploring the value of herbs
and personal values

� Weeding, watering
� Constructing a simple automatic

irrigation system (Arduino-based)
� Harvesting herbs
� Reflective writing and meditation

6 Herb cuttings Committed action � Mindful walking
� Reflecting on commitment to one’s

values through herbs
� Weeding, watering, harvesting
� Making egg yolk oil and preparing

cuttings
� Reflective writing and meditation

7 Making herb
scent pouches

Committed action � Walking and reaffirming commitment to
personal values

� Pulling weeds, watering, harvesting herbs
� Making egg yolk oil; creating herbal

scent pouches
� Reflective writing and meditation

8 Making herb
plaster air
freshener

Committed action � Mindful walking; reaffirming values
� Weeding, watering, harvesting herbs
� Making plaster herb air fresheners
� Reflective writing and meditation

ACT 5 acceptance and commitment therapy.
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enrolled. Exclusion criteria included current
psychiatric diagnosis, ongoing psychotherapy
or psychotropic medication initiation/change
within 3 months, and acute medical condi-
tions. No validated burnout instrument was
used for eligibility; the sample was nonclini-
cal and enriched for elevated perceived stress.
Screening occurred before enrollment. The
study protocol was approved by the Institu-
tional Review Board of Konkuk University
(Approval 7001355-202310-HR-709), and all
participants provided written informed con-
sent. Adverse events were monitored each
session; no serious adverse events were re-
ported. Participants received a $15 stipend
upon study completion.

Study design and setting. We conducted a
single-group pre–post study at an urban agri-
cultural experience center in Seoul, South
Korea, using vegetable gardens, walking paths,
and outdoor lecture areas. During the interven-
tion period, the mean ambient temperature was
27.25 ± 2.71 �C, and the relative humidity was
71.35 ± 8.98% (Fig. 1).

Intervention. The intervention was sys-
tematically developed using the Intervention
Mapping framework. A preliminary needs as-
sessment was conducted to refine session
themes and target psychosocial needs. Based on
these findings, we structured an ACT-integrated
agro-healing program in which each participant
was assigned a 3-m � 1-m garden plot and
engaged in seed sowing, seedling transplant-
ing, watering, weeding, and pest management.

Herbs (peppermint, lemon balm, spearmint,
lavender, rosemary) were selected with refer-
ence to prior reports of stress-, anxiety-, and
mood-related benefits.

To enhance psychological benefits, the
principles of ACT were embedded across all
sessions. Gardening activities were mapped
onto the six core ACT processes—present-
moment awareness, cognitive defusion, ac-
ceptance, self-as-context, values clarification,
and committed action—drawing on established
stress- and mood-focused protocols (Bond and
Bunce 2000; Bond and Hayes 2002; Block
2002; Zettle and Raines 1989).

Session structure and facilitation. The in-
tervention comprised 8 weekly sessions (90 min
each) centered on hands-on horticultural and
farm-based activities designed to promote
relaxation, sensory engagement, and restor-
ative experiences in nature. Sessions were
led by one horticultural therapist (lead fa-
cilitator) and supported by two assistant fa-
cilitators (research staff) who provided
technical guidance and emotional support
throughout the activities. Each session con-
cluded with a brief 3- to 10-min relaxation
or mindfulness practice (e.g., breath aware-
ness, body scan) to support calmness and pre-
sent-moment awareness. A session-by-session
outline is provided (Table 1).

Measures. Psychological outcomes were
assessed preintervention (Week 0) and post-
intervention (Week 8) using validated self-
report instruments: Beck Anxiety Inventory

(BAI) (Yuk and Kim 1997), Patient Health
Questionnaire 9 (PHQ-9) (Ahn et al. 2013),
PSS-10 (Park and Seo 2010), Acceptance and
Action Questionnaire, version 2 (AAQ-II) for
psychological (in)flexibility (Heo et al. 2009),
the Rosenberg Self-Esteem Scale (Rosenberg
1979), and the Satisfaction with Life Scale
(SWLS) (Ryu 1996). A brief postprogram sat-
isfaction survey (quantitative items plus open-
ended feedback) captured perceived benefits
and suggested improvements. Internal consis-
tency coefficients for this sample are reported
under “Results.”

Metabolomic analysis. Blood and saliva
samples were used for metabolite evaluation.
Trained professionals collected blood sam-
ples (5 mL) before and after the experiments.
They were placed in ice packs and trans-
ported to the analysis site. The samples were
maintained at room temperature for 20 min
and separated by centrifugation at 1000 gn for
10 min at 4 �C. Serum aliquots were stored
at �70 �C. A 100-mL aliquot of serum was
mixed with 600 mL of cold methanol containing
the internal standard (2-chlorophenylalanine,
10 mg/L), vortexed for 1 min, homogenized for
10 min at 30 Hz using a mixer mill (MM400;
Retsch, Haan, Germany), and sonicated for
10 min. The suspension was stored at �20 �C
for 60 min before centrifugation at 13,000 gn
at 4 �C for 10 min. The supernatant was fil-
tered through a 0.2-mm polytetrafluoroethy-
lene (PTFE) filter to obtain the metabolite
extract. For ultra-high performance liquid
chromatography (UHPLC)–Orbitrap–tandem
mass spectrometry (MS/MS) analysis, the ex-
tract was diluted 2-fold with methanol and fil-
tered using a 0.2-mm PTFE filter. For gas
chromatography–time-of-flight–mass spectrom-
etry (GC-TOF-MS) analysis, a 100-mL aliquot
of the extract was completely dried using a
speed vacuum for further derivatization.

Human saliva samples (3 mL) were col-
lected in a 50-mL Falcon tube, as described
by Choi et al. (2014), with slight modifica-
tions. After collection, the samples were
placed in ice packs and transported to the
analysis site. The samples were centrifuged at
10,000 gn at 4 �C for 10 min, and the super-
natants were stored at �70 �C. A 500-mL ali-
quot of saliva was mixed with 1 mL of
acetonitrile containing the internal standard
(2-chlorophenylalanine, 10 mg/L), vortexed
for 10 s, and centrifuged at 13,000 gn at
4 �C for 10 min. The supernatant was filtered
through a 0.2-mm PTFE filter and concentrated
using a speed vacuum. The concentrated sam-
ples were dissolved in 10% MeOH to achieve
a final concentration of 5,000 mg/L and filtered
through a 0.2-mm PTFE filter for UHPLC-
Orbitrap-MS/MS analysis.

Data processing and statistical analysis.
Pre- and postprogram psychological evalua-
tion items and metabolites were collected and
analyzed using SPSS (version 28; IBM Corp.,
Armonk, NY, USA), with significance set at
P < 0.05. Metabolomic analysis was con-
ducted using UHPLC-Orbitrap-MS/MS and
GC-TOF-MS. UHPLC-Orbitrap-MS/MS anal-
ysis of serum and saliva samples and the de-
rivatization method and instrumental conditions

Table 2. Comparison of changes in depression (PHQ-9), stress (PSS), life satisfaction (SWLS), and
self-esteem scores.

Variables Pre-test (mean ± SD) Post-test (mean ± SD) t P
PHQ-9 7.09 ± 5.17 4.29 ± 3.16 2.248 0.036i

PSS 28.24 ± 4.48 25.10 ± 4.85 2.745 0.012i

Self-esteem 28.76 ± 4.47 30.24 ± 4.32 �3.100 0.006ii

SWLS 21.38 ± 5.29 23.24 ± 4.81 �2.434 0.024i

i Significant at P < 0.05 using Paired t test.
ii Significant at P < 0.01 using Paired t test.
PHQ-9 5 Patient Health Questionnaire 9; PSS 5 Perceived Stress Scale; SD 5 standard deviation;
SWLS 5 Satisfaction with Life Scale.

Table 3. Comparison of changes in anxiety (BAI) and psychological flexibility (AAQ-II).

Variables Pre-test (mean ± SD) Post-test (mean ± SD) Z P
BAI 11.33 ± 10.33 6.81 ± 5.62 �2.078i 0.038ii

AAQ-II 26.33 ± 7.81 23.05 ± 5.96 �2.751i 0.006iii

i Positive rank criteria.
ii Significant at P < 0.05 using Wilcoxon signed rank test.
iii Significant at P < 0.01 using Wilcoxon signed rank test.
AAQ-II 5 Acceptance and Action Questionnaire, version 2; BAI 5 Beck Anxiety Inventory.

Table 4. Results of correlation analysis between variables.

Variables BAI PHQ-9 PSS Self-esteem AAQ-II SWLS
BAI 1
PHQ-9 0.400 1
PSS 0.221 0.330 1
Self-esteem �0.208 �0.135 �0.516ii 1
AAQ-II 0.699ii 0.566ii 0.513i �0.488i 1
SWLS �0.321 �0.347 �0.495i 0.690ii �0.416 1
i Significant at P < 0.05 using Pearson’s correlation analysis.
ii Significant at P < 0.01 using Pearson’s correlation analysis.
AAQ-II 5 Acceptance and Action Questionnaire, version 2; BAI 5 Beck Anxiety Inventory; PHQ-9 5
Patient Health Questionnaire 9; PSS 5 Perceived Stress Scale; SWLS 5 Satisfaction with Life Scale.
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Fig. 2. Orthogonal partial least squares-discriminant analysis (OPLS-DA) score plots. (A, B) Serum samples. (C) Saliva samples. Multivariate analyses were
conducted using data sets derived from ultra-high performance liquid chromatography (UHPLC)–Orbitrap–tandem mass spectrometry (MS/MS) (A, C)
and gas chromatography–time-of-flight–mass spectrometry (GC-TOF-MS) (B). Open red circles show the pre group, and filled red circles show the post
group.
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for the GC-TOF-MS analysis of serum sam-
ples were performed under identical condi-
tions, as described by Jun et al. (2024). Raw
liquid chromatography–mass spectrometry
(LC-MS) data files were converted to the
mzXML format using ProteoWizard (ver-
sion 3.0). For serum data sets, the mzXML
files were converted to ABF format using
the ABF converter for MS-DIAL software
(version 5.3) for retention time correction,
feature detection, and alignment. For the sa-
liva data sets, mzXML files were uploaded
to the XCMS online software (version 3.7.1)
to perform retention time correction, peak de-
tection, and alignment. Ion features from both
serum and saliva UHPLC-Orbitrap-MS/MS
data sets with a relative standard deviation
(RSD) of <20% in the quality control (QC)
samples were selected for further multivariate
analyses. The raw data obtained from GC-
TOF-MS were converted to the mzXML for-
mat using LECO Chroma TOF software (ver-
sion 4.44; LECO Corp., St. Joseph, MI,
USA). The mzXML files were uploaded to
XCMS online software to perform peak selec-
tion, retention time correction, and peak align-
ment. Ion features from serum GC-TOF-MS
data sets with a RSD of <30% in the QC
samples were selected for further multivariate
analyses.

The alignment data were exported to Mi-
crosoft Excel. Multivariate statistical analyses
were performed using the SIMCA-P1 soft-
ware (version 12.0), using the pareto scaling
method. Orthogonal partial least squares-
discriminant analysis (OPLS-DA) was per-
formed to compare differential metabolites
between the pre and post groups. Differential
metabolites were selected based on their var-
iable importance in the projection (VIP)
value of the OPLS-DA model. Potential bio-
markers of agro-healing activity were selected
by conducting a receiver operating character-
istic (ROC) curve analysis, and the area under
the ROC curve (AUC) was used to identify
and confirm significantly altered metabolites.
Pathway analysis was conducted to identify al-
tered metabolic pathways between the pre and
post groups. ROC curves and pathway analy-
ses were performed using MetaboAnalyst soft-
ware (version 6.0). The data sets underwent
log transformation and autoscaling.

Statistical analysis. Analyses were per-
formed in SPSS (version 28; IBM Corp.).
Normality was evaluated with Shapiro–Wilk
tests. For normally distributed variables, paired
t tests assessed pre–post change; otherwise, the
Wilcoxon signed-rank test was used. Pearson
correlations summarized associations among
outcomes (two-tailed a 5 0.05). Where ap-
plicable, we report effect sizes and note any
multiple-comparison adjustments. Missing data
were handled by complete-case analysis; ses-
sion attendance was recorded to characterize
adherence.

Results

General characteristics of the subjects. A
total of 21 adults (4 men and 17 women) re-
siding in Seoul and Gyeonggi participated in

the study, with a mean age of 41.29 years
(SD5 11.59). Nineteen individuals were em-
ployed, one was seeking employment, and
one was a student.

Pre- and postintervention changes within
the group. Normality was assessed with the
Shapiro–Wilk test. Variables meeting normality
(PHQ-9, PSS, SWLS, and self-esteem) were an-
alyzed with paired t tests, showing significant
improvements: depression decreased (t 5 2.25,
P 5 0.036), perceived stress decreased (t 5
2.75, P 5 0.012), life satisfaction increased
(t 5 �2.43, P 5 0.024), and self-esteem in-
creased (t5 �3.10, P5 0.006) (Table 2).

Variables not meeting normality (BAI,
AAQ-II) were analyzed with the Wilcoxon
signed-rank test, revealing lower anxiety (BAI:
Z 5 �2.08, P 5 0.038) and lower psycho-
logical inflexibility (AAQ-II: Z 5 �2.75,
P 5 0.006) (Table 3). Note: Higher AAQ-II
scores reflect greater inflexibility; thus, a decrease
indicates improved psychological flexibility.

Correlations among outcomes. Pearson cor-
relations are summarized in Table 4. AAQ-II
correlated positively with BAI (r 5 0.70),
PHQ-9 (r 5 0.57), and PSS (r 5 0.51) and
negatively with self-esteem (r 5 �0.49).
SWLS correlated positively with self-esteem
(r 5 0.69) and negatively with PSS (r 5
�0.50). BAI correlated positively with PHQ-9
(r 5 0.40). Other pairwise associations
were not significant after multiple-comparison
correction.

The satisfaction survey results revealed
that the participants found value in their knowl-
edge of herbs and reported a sense of stability.
However, many felt that the 8-session program
was too short and expressed a desire to extend
it to 12 sessions and participate in it regularly.
Additionally, participants noted that individual
gardening activities were often done alone but
appreciated that this program was systemati-
cally led by an instructor and valued the op-
portunity to engage in discussions with fellow
participants.

Untargeted metabolite profiling in response
to agro-healing activity. Metabolite profiling
of serum samples was conducted using
UHPLC-Orbitrap-MS/MS and GC-TOF-MS
to analyze metabolic changes induced by agro-
healing activities. The differences between the
pre and post groups in serum were visualized
in the OPLS-DA plot, which showed distinct
separation in both the positive and negative
ion modes of the UHPLC-Orbitrap-MS/MS
(Fig. 2A), indicating that the overall serum
metabolic profile shifted after the intervention.
Similar group separation was also observed in
the GC-TOF-MS analysis (Fig. 2B), suggest-
ing a consistent change in serum metabolites
across analytical platforms.

Metabolites with VIP > 1.0 from the
OPLS-DA plots of serum were selected for
tentative identification. Based on the LC-MS
results, 30 differential metabolites were iden-
tified, including 2 amino acids and their deriv-
atives, 3 carboxylic acids and their derivatives,
9 fatty acids and their derivatives, 12 lipids and
their derivatives, 4 other metabolites, and 15
unidentified metabolites (Table 5). Based on
the GC–MS results, 20 differential metabolitesT
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were identified, including 1 amino acid and
its derivative, 2 carboxylic acids and their de-
rivatives, 5 fatty acids and their derivatives,
4 carbohydrates and their derivatives, 4 lipids
and their derivatives, and 4 other metabolites
(Table 6). Thus, the metabolic changes as-
sociated with agro-healing involved multiple
classes of metabolites related to energy pro-
duction, lipid metabolism, and amino acid/
carbohydrate turnover rather than being re-
stricted to a single pathway.

The metabolic changes in serum between
the pre and post groups were further exam-
ined using heat map analysis (Fig. 3A). A
general downregulation of carboxylic acids
and derivatives was observed, with succinic
acid and ethyl acetoacetate being particularly
prominent. In addition, hydroxy fatty acids,
including 3-hydroxybutyrate and 2-hydroxy-
butyrate, as well as sphingosine, were down-
regulated. These metabolites are linked to the
tricarboxylic acid (TCA) cycle, ketone body–
related fatty acid metabolism, and sphingo-
lipid metabolism, respectively, and their de-
crease suggests a shift toward lower levels
of intermediates commonly associated with
energy demand and metabolic stress.

Metabolite profiling of saliva samples was
conducted using UHPLC-Orbitrap-MS/MS to
analyze metabolic changes induced by agro-
healing activity. Differences between the pre
and post groups in saliva were observed in
the OPLS-DA plot, showing distinct separa-
tion in the negative ion mode of the UHPLC-
Orbitrap-MS/MS (Fig. 2C), again indicating
that the salivary metabolic profile was altered
after the intervention.

Metabolites with VIP values of >1.0 from
the OPLS-DA plots of saliva were selected for
tentative identification. Based on the LC-MS
results, 33 differential metabolites were identi-
fied, including 6 amino acids and their deriva-
tives, 5 dipeptides, 7 carboxylic acids and their
derivatives, 7 fatty acids and their derivatives,
3 purines and purine derivatives, 5 other
metabolites, and 7 unidentified metabolites
(Table 7). Heat map analysis of saliva metab-
olites (Fig. 3B) revealed an upregulation of
histidine, tyrosine, lauroylglycine, malic acid,
2-ketoglutaric acid, 2,3-dihydroxybenzoic acid,
salicylic acid, suberic acid, azelaic acid, se-
bacic acid, adipic acid, xanthine, and dimor-
phecolic acid. Many of these metabolites are
involved in amino acid metabolism, the TCA
cycle, dicarboxylic acid metabolism, and
purine metabolism, suggesting that agro-
healing was associated with modulation of
central energy- and amino acid–related path-
ways in saliva.

Pathway analysis of metabolic changes.
Pathway analysis was conducted based on the
identified metabolites. Among the pathways
with a pathway impact >0.1 and –log10(p) >
0.1, the top five altered pathways were se-
lected based on –log10(p). In serum, these in-
cluded a-linolenic acid metabolism, the citrate
cycle (TCA cycle), glycerolipid metabolism,
and glycine, serine, and threonine metabolism
(Fig. 4A). In saliva, the altered pathways were
phenylalanine, tyrosine, and tryptophan bio-
synthesis, tyrosine metabolism, histidine me-
tabolism, arginine and proline metabolism,
and the TCA cycle (Fig. 4B). Notably, the
TCA cycle was identified as a common meta-
bolic pathway altered in both serum and saliva,

indicating that agro-healing was associated
with coordinated changes in central energy
metabolism across systemic (serum) and oral
(saliva) compartments.

Discovery of potential biomarker via ROC
curve analysis. To identify potential bio-
markers influenced by agro-healing activity, an
ROC curve was generated, and the AUC was
calculated to assess the accuracy of the model.
Sphingosine was identified as a potential bio-
marker in serum samples. Sphingosine exhib-
ited fair accuracy, with an AUC of 0.735 and a
95% confidence interval ranging from 0.58 to
0.886. The box-and-whisker plot of sphingo-
sine demonstrated a decreasing trend in the
post group compared with the pre group, and
the independent t test P value was 0.0541
(Fig. 4C). Taken together, these findings
suggest that sphingosine, a bioactive lipid
involved in sphingolipid metabolism, may
reflect agro-healing–related changes in serum
lipid signaling, although the discriminative per-
formance is modest and exploratory.

Discussion

This study evaluated a short plant-mediated
agro-healing program for adults screened for
elevated perceived stress. Through 8 sessions,
participants showed reductions in depression,
perceived stress, and anxiety alongside im-
provements in psychological flexibility, self-
esteem, and life satisfaction. This pattern aligns
with prior work linking stress exposure to
burnout processes and self-esteem to protection
against exhaustion (Awa et al. 2010; Cherniss
1980; Kang 2011). Conceptually, chronic
stress can deplete coping resources and

Table 6. Significantly different metabolites in serum identified by GC-TOF-MS between pre and post groups.

No. Tentative identificationi VIP Retention time (min) Unique mass (m/z) MS fragments (m/z) ID TMS
　 Amino acids and derivatives 　 　 　 　 　 　
1 Glycine 1.68 7.74 144 174 86 175 248 100 59 75 176 133 74 STDii 3
　 Carboxylic acids and derivatives 　 　 　 　 　 　
2 Lactic acid 4.02 5.18 117 117 191 148 66 190 75 74 118 59 133 MSiii 2
3 Glycolic acid 2.84 5.18 66 66 148 177 205 75 69 74 133 149 57 MS 2
　 Fatty acids and derivatives 　 　 　 　 　 　
4 3-Hydroxybutyric acid 3.39 6.25 117 117 75 191 148 88 174 233 59 130 74 STD 2
5 2-Hydroxybutyric acid 1.43 5.81 131 131 75 148 132 66 74 133 205 59 81 MS 2
6 Hexadecanoic acid 2.17 13.29 117 117 75 132 313 129 145 55 131 57 69 MS 1
7 Elaidic acid 2.84 14.45 75 75 117 55 129 145 339 69 96 67 81 MS 1
8 Octadecanoic acid 1.75 14.47 117 117 75 132 129 145 341 55 57 131 69 MS 1
　 Carbohydrates and derivatives 　 　 　 　 　 　
9 Glycerol 1.95 7.41 205 205 117 103 133 218 148 206 75 74 MS 3
10 Lyxose 1.11 10.90 103 103 217 307 75 205 117 74 189 133 89 MS 4
11 Glucose 4.61 12.51 205 205 319 160 103 217 117 320 74 206 STD 　
12 Fructose 2.98 12.52 103 103 217 307 75 74 133 89 104 117 308 STD 5
　 Lipids and derivatives 　 　 　 　 　 　
13 Glyceryl monostearate 1.03 17.28 129 129 218 103 57 75 55 203 131 191 71 MS 2
14 Dodecanamide 2.11 14.22 59 59 72 55 57 60 86 128 114 69 83 MS 　
15 1-Monopalmitin 2.24 16.34 371 371 57 129 55 75 71 239 372 103 203 MS 2
16 2-Monopalmitin 1.98 16.35 129 129 218 103 75 57 55 203 131 71 191 MS 2
　 Other 　 　 　 　 　 　
17 O-Ethylhydroxylamine 1.64 4.52 146 146 119 133 86 205 59 148 130 100 149 MS 2
18 Hydroxylamine 1.59 8.35 119 119 133 130 253 178 146 74 100 59 162 MS 3
19 Boric acid 2.91 4.31 221 221 263 222 223 133 175 205 264 189 MS 3
20 Xanthenecarboxylic acid 2.23 6.00 181 181 152 74 106 75 59 132 91 119 60 MS 1
i Identified compounds based on the VIP value (>1.0) from the OPLS-DA model in Figure 1C.
ii Mass spectrum consistent with that of the standard compounds.
iii Mass spectrum compared with the National Institute of Standards and Technology database.
GC 5 gas chromatography; MS 5 mass spectrometry; OPLS-DA 5 orthogonal partial least squares-discriminant analysis; STD 5 standard; TMS 5 tri-
methylsilyl; TOF 5 time-of-flight; VIP 5 variable importance in the projection.

354 HORTSCIENCE VOL. 61(2) FEBRUARY 2026

D
ow

nloaded from
 https://journals.ashs.org at 2026-01-16 via O

pen Access. This is an open access article distributed under the C
C

 BY-N
C

 license
(https://creativecom

m
ons.org/licenses/by-nc/4.0/). https://creativecom

m
ons.org/licenses/by-nc/4.0/



Fig. 3. Heat map analysis of the relative abundance of differential metabolites. (A) Serum metabolites identified using ultra-high performance liquid chroma-
tography (UHPLC)–Orbitrap–tandem mass spectrometry (MS/MS) and gas chromatography–time-of-flight–mass spectrometry (GC-TOF-MS). (B) Saliva
metabolites identified using UHPLC-Orbitrap-MS/MS. CMPF 5 3-carboxy-4-methyl-5-propyl-2-furanpropionate; LC 5 liquid chromatography; N.I. 5
not identified.
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promote emotional exhaustion; the observed
gains in psychological flexibility are consis-
tent with acceptance- and mindfulness-based
approaches that bolster resilience and reduce
vulnerability to stress (Bond et al. 2011;
Hayes et al. 2011).

The literature on plant-mediated agro-healing
and related nature-based programs documents
benefits for depression, anxiety, and general
well-being (Murray et al. 2019; Song et al.
2010), with clinical samples also showing im-
provement (Gonzalez et al. 2011). Extending
this work, our results provide preliminary

evidence that a brief, plant-mediated agro-
healing program that combines structured
horticultural tasks with simple reflective
and mindfulness practices can improve men-
tal health and well-being indicators in a
screened, nonclinical adult sample. We inten-
tionally refrained from labeling participants as
“at risk of burnout” given the absence of a di-
agnostic classification and the ICD-11 position of
burn-out as an occupational phenomenon
rather than a medical diagnosis. Neverthe-
less, the intervention was explicitly framed
as a burnout-related risk reduction program,

targeting stress-related risk factors within
the JD–R framework while supporting psy-
chological flexibility and broader self-regulatory
capacities. Participants’ qualitative feed-
back emphasized the value of a structured, in-
structor-led format and peer interaction,
supporting the role of guided, community-
based delivery in sustaining engagement.

Beyond self-report outcomes, untargeted
metabolomics yielded complementary insights.
Serum and saliva profiles exhibited shifts
across amino acids, fatty acids, carboxylic
acids, and lipid derivatives. In serum, we

Fig. 4. Pathway analysis and biomarker evaluation of altered metabolites. (A, C) Pathway analysis of the altered metabolites in serum (A) and saliva (C)
based on Kyoto Encyclopedia of Genes and Genomes pathway networks. (B) Receiver operating characteristic (ROC) curves and box-and-whisker plots
of potential metabolite biomarkers (area under the ROC curve > 0.7) distinguishing the pre and post groups. TCA 5 tricarboxylic acid.
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observed downregulation of hydroxy fatty
acids and sphingosine—molecules implicated
in energy and lipid-signaling pathways—
while saliva showed increases in histidine,
tyrosine, and several carboxylic acids. Path-
way analysis indicated modulation of the
TCA cycle in both matrices, compatible
with, rather than proving, shifts in cellular
energy metabolism that are often reported
alongside affective symptomatology (Zhang
et al. 2011). These observations mirror prior
reports of elevated 3-hydroxybutyrate and re-
lated fatty acids in stress and depression
(Hadr�evi et al. 2019; Setoyama et al. 2016);
the postintervention decreases we observed
are directionally consistent with a restorative
change. Likewise, increases in amino-acid–
related metabolites (phenylalanine/tyrosine/
histidine; arginine/proline pathways) are con-
gruent with potential normalization of stress-
perturbed neurotransmitter/immune-linked
processes (Morgan et al. 2022). Overall, the
reversal of metabolite patterns typically asso-
ciated with stress suggests that agro-healing
activity may contribute to metabolic normali-
zation and stress alleviation. Notably, sphin-
gosine emerged as a candidate biomarker
with fair discrimination (AUC � 0.74) and
lower postintervention levels. Given the untar-
geted workflow and small sample, this signal
should be regarded as hypothesis-generating;
targeted quantification and preregistered vali-
dation cohorts will be required to establish ro-
bustness and interpretability.

Taken together, the convergence of psycho-
logical improvements and plausible metabolic
shifts supports an integrative psychophysiolog-
ical account in which a plant-mediated agro-
healing program, enriched by brief mindful-
ness and reflective practices, may promote
stress recovery and metabolic homeostasis.
Notwithstanding its limitations, the approach
tested in this study suggests that even a brief
intervention can contribute to enhanced psy-
chological flexibility and stress reduction in
adults with elevated perceived stress. Because
it is grounded in low-intensity plant-care and
farm-related activities that can be delivered in
small groups, this model of plant-mediated
agro-healing program is relatively accessible
and adaptable to community and workplace
settings, thereby aligning with the preventive
aims articulated in the introduction concerning
rising stress and burnout risk. In light of in-
creasing work-related stress and burnout glob-
ally, scalable interventions that jointly target
cognitive–emotional processes and somatic
regulation are needed; plant-mediated agro-
healing with simple psychological practices
appears to be a feasible, accessible, and po-
tentially cost-effective option for such pre-
vention strategies.

Future research should use randomized,
adequately powered, preregistered designs with
a priori primary endpoints (including a validated
burnout scale), larger and more diverse samples,
and longer follow-up to test durability and po-
tential dose–response effects. Studies should
apply rigorous multiple-comparison control,
employ targeted metabolite assays, and pursue
external validation of candidate biomarkers/

metabolomic signatures. Finally, multisite tri-
als built on a standardized core protocol
with context-specific adaptations are needed to
establish generalizability across settings and
populations. As this evidence base expands,
plant-mediated agro-healing programs that in-
corporate low-intensity psychological compo-
nents could evolve into integrative interventions
that foster psychological recovery and support
metabolic homeostasis in adults chronically
exposed to high stress or at risk for burnout,
strengthening their potential as multidimen-
sional, preventive models for mitigating stress-
related risk factors.

Future directions. Future studies should
recruit larger, more diverse samples to im-
prove precision and generalizability. Vali-
dated burnout measures should be included
alongside perceived stress screening to directly
test burnout-prevention effects and determine
whether benefits extend beyond stress-related
outcomes in nonclinical samples. Randomized
controlled trials with appropriate compara-
tors and follow-up assessments are needed to
strengthen causal inference and reduce threats
such as regression to the mean, expectancy ef-
fects, time-related confounding, and unmeas-
ured cointerventions. Although tailored session
content may enhance relevance, future work
should evaluate the balance between personali-
zation and standardization and test whether
core components generalize across settings and
populations. Metabolomics results should be
confirmed in adequately powered studies using
prespecified hypotheses, multiplicity control,
and targeted assays; in particular, sphingosine-
related signals should be replicated in inde-
pendent samples before inferring biomarker
potential.
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