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INTRODUCTION

The palmate maple (Acer palmatum), a deciduous tree 
belonging to the Sapindaceae family, is well-known for its 
vibrant red leaves in the fall. Trees from the Acer genus are 
widely distributed, particularly in East Asia, North America, 
and Europe (Sun et al., 2022). A. palmatum is an ornamental 
deciduous tree that is famous for its colourful foliage and 
extensively cultivated in Japan, Korea, and China (Wan et al., 
2023). The leaves of A. palmatum contain chlorophyll and 
accessory pigments, such as carotenoids and anthocyanins. 
However, these pigments remain hidden by chlorophyll during 
the spring and summer. As days shorten and temperatures 
drop in the fall, chlorophyll production ceases, and the existing 
chlorophyll decomposes. An abscission layer forms between 
the leaves and branches, allowing the leaves to fall off in the 

wind. Since starch cannot be transported to the stem due to the 
abscission layer, it accumulates in the leaves, eventually causing 
chlorophyll degradation. Pigments, such as carotenoids, then 
become visible, leading to the characteristic red colour of the 
leaves (Primka & Smith, 2019).

Global warming has led to rising temperatures each year, making 
high-temperature stress a significant factor that negatively 
affects plant development and growth. High temperatures 
disrupt photosystem II, reduce photosynthetic and respiratory 
activities, and diminish photosynthetic pigments (Elnaggar 
et al., 2024). They also lead to metabolic imbalances, oxidative 
damage, and ultimately plant wilting and death (Haider et al., 
2021). Plants respond to heat stress by undergoing various 
physiological and biochemical changes. High temperatures 
disturb plant cell homeostasis, ion distribution, and osmotic 
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balance, leading to reactive oxygen species (ROS). Woody 
plants possess antioxidant enzymes, such as catalase (CAT), 
superoxide dismutase (SOD), glutathione peroxidase (GPX), 
and ascorbate peroxidase (APX), which act as defence 
mechanisms to remove ROS from plant cells (Rajput et al., 
2021). Although antioxidant enzyme activity increases under 
heat stress, it tends to decrease when the temperature exceeds 
the plant’s tolerance limit, causing structural damage and 
reducing the antioxidant enzyme activity (Yamane et al., 2022).

Plant metabolism is greatly influenced by environmental 
stressors, such as pathogen attack, high light, and heat stress. 
When stress occurs, growing plants start producing increased 
amounts of phenylpropanoids because of increased secondary 
metabolism (Ashraf et al., 2018). Phenylpropanoids are a family 
of organic compounds synthesised by plants, bacteria, and 
fungi. They are responsible for the protection of cells against 
ultraviolet irradiation and resistance to various pathogens 
(Ortiz & Sansinenea, 2023). Phenylpropanoids give flowers 
their colour and scent and act as a signal that the organism is 
under stress. The substances are the result of trans-cinnamic 
acid synthesis, which is produced as a result of the deamination 
of L-phenylalanine, and achieved with phenylalanine ammonia-
lyase (Kong, 2015).

When plants face stress, secondary metabolism increases the 
amount of phenylpropanoids (Dixon & Paiva, 1995), that 
accumulate. Phenylpropanoids comprise a large group of such 
organic compounds, which are synthesised by plants, bacteria, 
and fungi (Gumul et al., 2007). These substances help cells 
resist ultraviolet light; with the help of these compounds, plants 
inhibit a number of herbivores and pathogens. In addition, 
phenylpropanoids are a group of compounds that colour flowers 
as well as give them a scent. Moreover, phenylpropanoids are 
also an indicator of stress. That is, when the plant faces stress, it 
starts producing phenylpropanoids, which are synthesised from 
trans-cinnamic acid, and formed after the deamination reaction 
of L-phenylalanine with the enzyme phenylalanine ammonia 
lyase (Herrmann, 1995; Solecka, 1997).

Formation of this acid is a mechanism of connecting the 
secondary metabolites with the primary metabolites, such as 
amino acids (Stapleton, 1992). In response to UV, substances 
such as anthocyanins and other non-flavonoid phenylpropanoids 
accumulate in the epidermis. Phenylpropanoid biosynthesis 
is easily modulated, as it depends on plant growth and stress. 
Generally, phenolic substances accumulate during stress (Liu 
et al., 2023); the production of secondary metabolites, especially 
those with antioxidant effects, increases so that the plant 
can better tolerate these conditions (Cheynier et al., 2013). 
Recent studies have shown that specific phenylpropanoids 
and flavonoids in carrot cells are associated with heat damage 
(Commisso et al., 2016), and treatment of wheat with zinc 
and plant growth-promoting rhizobacteria (PGPRs) increases 
phenolic and organic acid content in root exudates (Rehman 
et al., 2018).

Antioxidants are molecules capable of slowing or preventing the 
oxidation of other molecules. In plants, high temperatures cause 

oxidative stress by inducing excessive ROS production. Although 
ROS serve as signal molecules, their excessive accumulation 
disrupts electron transport in mitochondria and chloroplasts, 
causing significant damage to cellular components, such as 
proteins, nucleic acids, and membrane lipids (Aroca et  al., 
2003; Imlay, 2003). Secondary metabolites synthesised under 
stress act as antioxidants, protecting cells from the harmful 
effects of ROS, lipid peroxidation, protein denaturation, and 
DNA damage (do Nascimento & Fett-Neto, 2010; Król et al., 
2015). Phenolic acids are considered to possess antioxidant and 
radical-scavenging activities and make a significant contribution 
to reducing ROS-induced damage. The synthesis of intracellular 
phenolic compounds largely follows induced changes under 
environmental stress. As a result of the phenolic compounds, 
ROS are scavenged, the reaction of complex formation with 
metals is formed, and activation of the oxidative enzymes is 
increased (Elavarthi & Martin, 2010). This process leads to an 
increase in the resistance of the plant to stress-inducing factors 
with an increase in the antioxidant enzyme activity (Hayat 
et al., 2010). Plants differentially react to stress exposure and 
have developed various mechanisms to survive and adapt. The 
given study investigates the biochemical properties in terms 
of the response of A. palmatum to high-temperature exposure, 
examining the phenylpropanoid biosynthesis, antioxidant 
systems and the chlorophyll content in the leaves.

MATERIALS AND METHODS

Plant Materials

In April 2023, 1-year-old palmate maple seedlings, approximately 
30 cm tall, were purchased from Yeonggwang Botanical Garden, 
Yeonggwang-gun, Jeollanam-do, Republic of Korea. The 
seedlings were grown in a greenhouse at the experimental farm 
of Chungnam National University, Daejeon, South Korea, until 
August, when they were subjected to high-temperature treatment.

High-Temperature Stress Treatment

To carry out high-temperature treatment, palmate maples 
were moved to the growth chamber and grown for 4 months. 
Palmate maples growing in the chamber were treated at a high 
temperature, 40 °C, for 3 days. Dry, high temperature-treated 
samples of palmate maples were collected every day for 3 days, 
stored at  -70 °C, then freeze-dried. The samples were then 
ground into a fine powder for further analysis.

High-Performance Liquid Chromatography (HPLC) 
Analysis of Phenylpropanoids

A method similar to that of a previous study was applied to 
analyse the phenylpropanoid content (Sathasivam et al., 2022). 
For this purpose, 100 mg of powdered plant material was added 
to 1 mL of 80% MeOH and then sonicated at 25 °C for 1 h. 
It was then centrifugated at 12,000 rpm for 10 min, and the 
supernatant was collected. The settings for the HPLC system 
used and the details of the applied gradient programme were 
previously described by (Sathasivam et al., 2022).
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Determination of the Total Phenolic (TPC) and 
Flavonoid Contents (TFC)

In our experiment, TPC and TFC were determined following 
the methodology described by Lim et al. (2024). The extract 
of all samples was adjusted to a concentration of 10,000 ppm. 
TPC was analysed at a wavelength of 760 nm after the reaction 
of the sample with Folin–Ciocalteu reagent and sodium 
carbonate. The phenolic content was determined based on 
the gallic acid calibration curve. The TFC was determined by 
reaction a diluted extract with sodium nitrite and aluminium 
chloride, and the absorbance was read at 415  nm. The 
flavonoid content was calculated based on the quercetin 
calibration curve. The absorbance was recorded using a 
spectrophotometer (SPECTROstar Nano, BMG LABTECH, 
Ortenberg, Germany).

Chlorophyll Content

For chlorophyll content analysis, 200  mg of sample powder 
was mixed with 4  mL of 100% ethanol, vortexed, and 
incubated at 4 °C for 1 h. The mixture was then centrifuged 
at 14,000 rpm for 5 min, and 200 μL of the supernatant was 
mixed with 1 mL of 100% ethanol. After incubating at 4 °C 
for 5  min, the absorbance was measured at wavelengths 
of 663.6 and 646.6  nm. The chlorophyll A content was 
calculated using the formula: (12.25  ×  absorbance at 
663.6  nm)  -  (2.55  ×  absorbance at 646.6  nm) and the 
chlorophyll B content was calculated using the formula: 
(20.31 × absorbance at 646.6 nm)  -  (4.91 × absorbance at 
663.6 nm). All samples were measured in triplicate.

Determination of 2,2-Diphenyl-1-Picrylhydrazyl 
(DPPH) Free Radical Scavenging Activity

A method described by Lim et al. (2024) was used to determine 
the scavenging activity of DPPH. Briefly, 30 μL of each sample 
concentrated from 31.25 to 1000 μg/mL was mixed with 170 μL 
DPPH solution (0.2 mM in 99.9% non-denatured MeOH). The 
solution was mixed and incubated in the dark for 20 min, and 
the absorbance at 517 nm using a SPECTRO Star Nano plate 
reader. The percentage of DPPH radicals scavenged by the 
sample was calculated using the equation described by Lim 
et al. (2024).

Determination of 2,2ʹ-Azino-bis (3-Ethylbenzothiazoline-
6-Sulfonic Acid) (ABTS) Free Radical Scavenging

ABTS free radical scavenging activity followed a modified 
method from a previous paper Lim et al. (2024). To analyse 
ABTS radical scavenging, the ABTS solution was prepared 
by reacting 7 mM of ABTS powder with 2.5 mM potassium 
persulfate, incubating for 16 h in the dark, and adjusting to 
an absorbance of 0.7±0.01 at 734 nm. A 30 μL sample of each 
extract at a concentration of 0-1000 ppm was mixed with 170 μL 
of ABTS solution, and the absorbance was measured at 734 nm 
using a spectrophotometer.

Determination of Reducing Power

Reducing power is the most representative indicator for 
measuring samples that can be used as antioxidants and refers 
to the ability to reduce oxidised substances. Reducing power 
analysis was performed following (Lim et al., 2024). Sample 
extracts ranging from 31.25 to 10,000 ppm were mixed with 
sodium phosphate buffer (0.2 M, pH 6.6) and 1% potassium 
ferricyanide (C6N6FeK3, w/v) and then incubated. After adding 
10% trichloroacetic acid buffer (C2HCl3O2, w/v), the samples 
were centrifugated, and 0.1% ferric chloride (FeCl3, w/v) was 
added. The absorbance was measured at 700 nm. The higher 
the absorbance, the stronger the reducing power.

Statistical Analysis

Statistical analysis was performed with analysis of variance 
(ANOVA) using SPSS Statistics 26.0 (IBM Corporation, 
New York, NY, USA). Significant differences were determined 
using Duncan’s multiple range test at the p<0.05 level. The 
results are presented as the mean±standard deviation, with all 
experiments conducted in triplicate.

RESULTS

Analysis of Phenolics in A. palmatum Leaves

HPLC analysis was performed to investigate phenylpropanoid 
accumulation in A. palmatum leaves treated at 40 ℃. Eight 
substances were identified and quantified: catechin, caffeic acid, 
(-)-epicatechin, epicatechin gallate, ferulic acid, sinapic acid, rutin, 
and trans-cinnamic acid (Table 1). There was a difference in the 
total amount of phenylpropanoids depending on the number 
of days of treatment. Compared to samples not treated at high 
temperatures, the largest amount of phenylpropanoid accumulated 
in samples treated at high temperatures for 1 and 2 days. Caffeic 
acid was only detected in samples treated at high temperatures, 
and phenylpropanoids were detected most frequently at 
2.3633±0.0723 mg/g dry weight (DW) in samples treated for 1 day 
among those treated at high temperatures. Catechin increased 
almost 2-fold to 0.2325±0.0071 mg/g DW in samples that were 
not treated at high temperatures and to 0.444±0.0205 mg/g DW in 
samples that were treated at high temperatures for 2 days. However, 
sinapic acid showed a higher concentration in samples that were 
not treated at high temperatures, and rutin increased in samples 
that were treated at high temperatures. Overall, compared to non-
treated samples, plants under high-temperature treatment showed 
a higher phenylpropanoid content, but the phenylpropanoid 
content decreased over time. Thus, high-temperature treatment 
for a certain period affected phenylpropanoid accumulation, and 
excessive high-temperature treatment reduced phenylpropanoid 
accumulation.

Total Phenolic Content and Total Flavonoid Content in 
A. palmatum Leaves

TPC was compared in A. palmatum leaves during a period of 
high-temperature treatment. The TPC of A. palmatum leaves 
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treated at 40 ℃ for 1 day was 112.7±0.83 gallic acid (GAE) mg/g 
DW, which was two times higher than that in the control group 
(56.98±1.64 GAE mg/g DW), which was not treated at a high 
temperature. Similarly, leaves treated at high temperatures for 
2 days (90.37±1.45 GAE mg/g DW) showed lower values than 
those treated at a high temperature for 1 day but about 1.6 times 
higher values than the control group (Figure 1). However, when 

treated at a high temperature for 3  days (37.76±0.54 GAE 
mg/g DW), TPC was lower than that of the control group. 
The tendency for TPC to decrease as the high-temperature 
treatment period increased was consistent with the results of 
phenylpropanoid content using HPLC.

TFC was similarly compared in A. palmatum leaves during 
a period of high-temperature treatment. TFC tended to be 
consistent with TPC, with A. palmatum leaves treated at 40 ℃ 
for 1 day showing the highest flavonoid content at 116.18±2.46 
quercetin (QE) mg/g DW (Figure 2). This was about 2.2 times 
higher compared to the control group (53.68±2.61 QE mg/g 
DW), and for the sample treated at a high temperature for 
2  days, it was 91.71±2.35 QE mg/g DW, which was about 
1.7 times higher than the control group. The sample treated at 
a high temperature for 3 days showed a lower content than the 
control group at 32.08±1.42 QE mg/g DW.

Chlorophyll Contents in A. palmatum

Figure  3 shows the results of the chlorophyll content in 
A.  palmatum leaves treated at high temperatures. The 
chlorophyll A content in the control group was 18.844 µg/mL, 
and it was 19.532 µg/mL after treatment at a high temperature 
for 1  day, with no significant difference. The chlorophyll  B 
content was 18.844 µg/mL in the control group. The sample 
treated at a high temperature for 1  day had a content 
approximately 2-fold higher at 6.334 µg/mL. The chlorophyll A 

Table 1: Effect of high‑temperature stress on the phenylpropanoid content (mg/g dry weight) in Acer palmatum leaves
Compound 0 Day 1 Day 2 Days 3 Days

Catechin 0.2325±0.0071b 0.4398±0.0171a 0.444±0.0205a 0.2251±0.0038b

Caffeic acid ND 0.0259±0.0003b 0.0236±0.0004c 0.0289±0.0001a

(‑)‑Epicatechin 0.2571±0.0074b 0.3574±0.0263a 0.2363±0.0133b 0.14±0.0041c

Epicatechin gallate 0.0921±0.004c 0.1618±0.0006a 0.0924±0.0023c 0.1048±0.0005b

Ferulic acid 0.0012±0.0001c 0.0018±0.0002c 0.0048±0.0004a 0.0035±0.0002b

Sinapic acid 0.0041±0.0009a 0.0033±0.0007ab 0.0041±0.0014a 0.0008±0.0009c

Rutin 0.3549±0.0021c 1.3969±0.0274a 1.0293±0.008b 0.36±0.0023c

Trans‑cinnamic acid 0.0009±0c 0.0024±0b 0.0027±0.0001a 0.0028±0.0001a

Total 0.9427±0.0216c 2.3633±0.0723a 1.8136±0.0459b 0.837±0.0117d

Figure 2: Total flavonoid content in Acer palmatum leaves. Different 
alphabetical letters in the values represent statistically significant 
differences among the means according to Duncan’s multiple range 
test (ANOVA, p<0.05). Values are means±Standard deviation

Figure 1: Total phenolic content in Acer palmatum leaves. Different 
alphabetical letters in the values represent statistically significant 
differences among the means according to Duncan’s multiple range 
test (ANOVA, p<0.05). Values are means±Standard deviation

Figure  3: Chlorophyll content in Acer palmatum leaves. Different 
alphabetical letters in the values represent statistically significant 
differences among the means according to Duncan’s multiple range 
test (ANOVA, p<0.05). Values are means±Standard deviation
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and B contents of the sample treated at a high temperature for 
2 days were 13.189 and 3.881 µg/mL, respectively, which were 
lower than those in the control group. Similarly, the chlorophyll 
A and B contents in the sample treated at a high temperature for 
3 days were the lowest at 7.772 and 0.729 µg/mL, respectively. 
These results show that chlorophyll accumulates the most when 
treated at a high temperature for one day.

In Vitro Antioxidant Assays

To measure the antioxidant activity of A. palmatum leaves 
treated at a high temperature in vitro, DPPH and ABTS assays, 
which measure the free radical scavenging ability, were used. As 
shown in Figures 4 and 5, A. palmatum leaves treated at 40 ℃ 

for 1 day showed the highest efficiency in the DPPH scavenging 
activity assay compared to the control. The sample treated at a 
high temperature at a concentration of 1000 μg/mL showed a 
radical scavenging activity of over 62.99±0.01% (Figure 4). The 
ABTS assay showed similar results to those of the DPPH assay. 
At 500 μg/mL, the high-temperature-treated sample showed 
a scavenging ability of approximately 92.36±0.0%, which was 
higher than that in the control sample (72.56±0.01%).

As shown in Figure 6, the reducing power increased further in 
A. palmatum leaf samples treated with a high temperature. At 
250 μg/mL, the samples treated at high temperatures showed 
no significant difference (0.208±0.003), but at a concentration 
of 500 μg/mL, the samples treated at high temperatures showed 
a higher reducing power. Similarly, at 1000 μg/mL, the control 
group had 0.363±0.006, while the high-temperature-treated 
sample had a higher reducing power of 0.533±0.011. The 
consistent trend observed in the DPPH, ABTS, and reducing 
power analyses suggests that maple wood treated at high 
temperatures for 1 day has higher antioxidant activity.

DISCUSSION

This research aimed to determine the physiological and 
biochemical responses of A. palmatum to high temperature 
stress in phenylpropanoid biosynthesis, antioxidant activity, 
and chlorophyll content. The results suggest that plants exhibit 
protective biochemical responses under short-term high-
temperature exposure, while long-term exposure diminishes 
them. Such results indicate a more complex relationship 
between the length of stress exposure and plant health.

Phenylpropanoid accumulation, particularly 1 and 2  days 
after heat treatment, indicates that high temperatures likely 
activate the pathways responsible for secondary metabolite 
production, acting as a stress response. According to previous 
studies, phenylpropanoids play an essential role in protecting 
plants from environmental stress because they are responsible 

Figure 4: DPPH radical scavenging activity in Acer palmatum leaves. 
Different alphabetical letters in the values represent statistically 
significant differences among the means according to Duncan’s multiple 
range test (ANOVA, p<0.05). Values are means±Standard deviation

Figure 5: ABTS radical scavenging activity in Acer palmatum leaves. 
Different alphabetical letters in the values represent statistically 
significant differences among the means according to Duncan’s multiple 
range test (ANOVA, p<0.05). Values are means±Standard deviation

Figure  6: Reducing power in Acer palmatum leaves. Different 
alphabetical letters in the values represent statistically significant 
differences among the means according to Duncan’s multiple range 
test (ANOVA, p<0.05). Values are means±Standard deviation
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for scavenging ROS in the cell and increasing the antioxidant 
capacity of the plant in general (Solecka, 1997; Cheynier et al., 
2013). Therefore, long-term heat exposure may overcome the 
plant’s capacity to maintain a high level of biosynthesis for these 
compounds (Stapleton, 1992; Dixon & Paiva, 1995).

Similarly, the dynamics of the total phenolic content and total 
flavonoid content followed a similar pattern, peaking after 
1  day of heat treatment. The increase in these compounds 
is most likely related to heat-induced oxidative stress since 
the plant tries to protect the processes affected by ROS and 
high concentrations of the toxic compounds (Elavarthi & 
Martin, 2010). However, the decrease in these compounds after 
long-term exposure under high temperatures might suggest 
a depletion of the phenolic pool in A. palmatum because of 
excessive consumption during ROS scavenging or reduced 
biosynthetic capacity because of a continuous shortage of time 
(do Nascimento & Fett-Neto, 2010). Such a situation is also 
characteristic in other studies because the antioxidant capacity 
of a plant decreases under long-term exposure to stress (Aroca 
et al., 2003; Sehgal et al., 2017).

The chlorophyll content, another important indicator of plant 
health, was severely reduced by prolonged heat exposure. 
The doubling of the chlorophyll B content after 1  day 
indicates that the plant initially increases its photosynthetic 
machinery to counteract stress. However, the subsequent 
significant decreases in chlorophyll A and B after 2 and 
3  days of heat treatment showed that prolonged exposure 
inhibited photosynthesis, and the amount of energy produced 
by the plant decreased as the overall plant vigour decreased 
(Primka & Smith, 2019; Yamane et al., 2022). This decrease 
in the chlorophyll content is likely the result of damage to 
the photosynthetic proteins and membranes due to the high 
temperature, as this is well-known deleterious effect of heat 
stress (Hayat et al., 2010). Antioxidant assays also indicate 
the effect of high temperatures on the antioxidant capacity 
of A. palmatum. In this study, one day after heat treatment 
caused the peak antioxidant activity, with increases in both the 
DPPH and ABTS scavenging activity. This indicates that the 
ability of the plant to nullify ROS increased with the increase 
in phenylpropanoid compounds, which are also antioxidants 
according to Gumul et al. (2007). However, the assay also 
showed that heat treatment for 3 days was detrimental to the 
plant because the antioxidant scavenging of both compounds 
and the reducing power were reduced by extended stress 
exposure (Imlay, 2003; Król et al., 2015).

Thus, it can be concluded that A. palmatum has a rather intricate 
response to high-temperature stress. Short-term exposure 
triggers protective mechanisms that counteract the stress. These 
include phenylpropanoid biosynthesis, the increased activity 
of antioxidant systems, and augmented chlorophyll content. 
However, prolonged exposure leads to a decrease in protective 
responses, indicating that the plant’s longitudinal physiological 
health deteriorates under stress. Despite the limited scope 
of the investigation, these findings contribute to the general 
understanding of how temperature stress impacts ornamental 
trees. They can also be used in the context of plant breeding or 

engineering when the goal is to improve the organisms’ resilience 
to climate change.

CONCLUSION

In this study, the physiological and biochemical characteristics 
of phenylpropanoid biosynthesis, antioxidant activity, and 
chlorophyll content were observed in A. palmatum in response 
to high-temperature stress. The plant was observed under 
moderate heat exposure and showed significant phenylalanine 
ammonia-lyase activity and similar phenylpropanoids 
accumulation. The contents of phenylpropanoids, such as 
catechin, caffeic acid, and rutin, in the plant were significantly 
higher when exposed to heat for 1 or 2  days. Moreover, the 
measurement of the antioxidant activity using the DPPH and 
ABTS assays confirmed that 1 day at a high temperature was 
most favourable for the plant, as its protective activity against 
oxidative stress was highest. Nonetheless, 3 days of exposure 
to high temperature reduced phenylpropanoids accumulation, 
TPC, and TFC, as signs of a reduced response to oxidative 
stress in A. palmatum. In addition, the decrease in the levels 
of chlorophyll a indicates that prolonged exposure to heat 
negatively affects the physiological integrity of the plant.
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