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Abstract
Background Glechoma longituba, recognized as a medicinal plant, provides valuable pharmaceutical raw materials 
for treating various diseases. Saline-alkali stress may effectively enhance the medicinal quality of G. longituba by 
promoting the synthesis of secondary metabolites. To investigate the changes in the primary medicinal components 
of G. longituba under saline-alkali stress and improve the quality of medicinal materials, Na2CO3 was applied to induce 
short-term stress under different conditions and the biomass, physiologically active substances and primary medicinal 
components of G. longituba were measured in this study.

Results Under alkaline salt stress, the activities of catalase (CAT), superoxide dismutase (SOD), peroxidase (POD), and 
ascorbate peroxidase (APX) were elevated in G. longituba, accompanied by increased accumulation of proline (Pro) 
and malondialdehyde (MDA). Furthermore, analysis of the medicinal constituents revealed that G. longituba produced 
the highest levels of soluble sugars, flavonoids, ursolic acid, and oleanolic acid under 0.6% Na2CO3 stress for 48 h, 0.2% 
Na2CO3 stress for 72 h, 0.4% Na2CO3 stress for 12 h, and 0.4% Na2CO3 stress for 8 h, respectively.

Conclusions Short-term Na2CO3 stress enhances the synthesis of medicinal components in G. longituba. By 
manipulating stress conditions, the production of various medicinal substances could be optimized. This approach 
may serve as a basis for the targeted cultivation of G. longituba, offering potential applications in the treatment of 
diverse diseases.
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Introduction
The perennial herb Glechoma longituba (Nakai) Kupr., 
belonging to the Labiatae family, has a long history as a 
valued medicinal herb in China [1]. The chemical com-
position of G. longituba is complex, primarily consist-
ing of terpenoids, flavonoids, alcohols, soluble sugars, 
volatile oils, alkaloids. Among these, soluble sugars and 
flavonoids are the main medicinal constituents [2–4]. 
Additionally, two terpenoids, ursolic acid and oleanolic 
acid, have garnered attention due to their high content 
and significant medicinal effects. These pharmacologi-
cally active components underscore the potential of G. 
longituba for treating various diseases.

Modern pharmacological studies have revealed that 
G. longituba exhibits several therapeutic effects, includ-
ing hypoglycemic, hypolipidemic, litholytic [3], antitu-
mor [5], and anti-inflammatory properties. In terms of 
cultivation techniques, G. longituba can be propagated 
through tissue culture to produce clonal plants. It is 
widely accepted in modern botany that clonal plants pos-
sess inherent advantage in stress resistance due to their 
clonal integration characteristics. This trait allows for 
improved nutrient utilization and survival rates by facili-
tating the transfer of resources through structures such 
as stolons, rhizomes, or horizontal roots [6–8]. However, 
it remains to be determined whether this clonal integra-
tion advantage also applies to G. longituba under saline 
stress.

Salinized soils typically contains high concentrations of 
sodium salts, including NaCl, Na2SO4, and Na2CO3 [9]. 
Elevated sodium levels lead to reduced water potential in 
the environment, restricting water uptake by plants [10]. 
As a result, plants experience water loss and osmotic 
stress [11]. To counteract excessive water loss, plants 
often close their stomata, which reduces carbon dioxide 
(CO2) fixation and diminishes the activity of CO2-fixing 
enzymes [12, 13]. This response, combined with osmotic 
stress that damages photosynthetic pigments and dis-
rupts membrane pH and potential balance [14], severely 
compromises photosynthesis.

Furthermore, in response to stress, the oxygen in 
plants can be converted into highly reactive oxy-
gen species(ROS), such as hydrogen peroxide(H2O2), 
hydroxyl radical (OH•), and superoxide radical (O2−•) 
[15, 16]. Plants must maintain ROS levels within a nor-
mal range for healthy growth, excessive ROS can cause 
oxidative damage to macromolecules such as lipids, 
nucleic acids, proteins, and carbohydrates. This leads to 
redox imbalance and severe oxidative stress, ultimately 
resulting in the gradual death of plant cells [17, 18].

Fortunately, plants have evolved unique strategies to 
cope with environmental stressors. To mitigate increased 
water loss, they often utilize lignin deposition to reduce 
root hydraulic conductivity, regulate the activity of water 

channel proteins [19], and activate various transcription 
factors that control the biosynthesis of compatible osmo-
lytes [20]. These osmolytes include charged metabolites, 
polyols, soluble sugars, and proline [21]. For instance, salt 
stress has been shown to increase the content of soluble 
sugars and proline in Limonium sinense [22] and Medi-
cago sativa [23].

Moreover, plants scavenge excess reactive oxygen spe-
cies (ROS) through a system of antioxidant enzymes, 
primarily including superoxide dismutase (SOD), peroxi-
dase (POD), catalase (CAT), ascorbate peroxidase (APX), 
and so on [18, 24, 25]. Secondary metabolites also play 
a direct or indirect role in plant defense under stress, 
typically comprising substances such as flavonoids and 
terpenoids [26]. For example, it has been reported that 
salt-stressed Glycyrrhiza uralensis activates numerous 
expressed genes to enhance the synthesis of flavonoids 
and terpenoids, thereby increasing its stress tolerance 
[27].

Interestingly, the increase in polysaccharides, flavo-
noids, and terpenoids in response to stress not only aids 
in plant defense but also provides various pharmacologi-
cal benefits, including anti-inflammatory, antioxidant, 
and antitumor properties. In comparison to neutral 
salts, alkaline salts impose more comprehensive stress on 
plants due to ion toxicity and high pH level, leading to an 
intensified oxidative stress response [28], Consequently, 
the synthesis of medicinal components such as soluble 
sugars, flavonoids, and terpenoids is further enhanced.

G. longituba, known for its diverse pharmacological 
properties, is a vital component of traditional Chinese 
patent medicines and possesses significant market poten-
tial. Currently, the primary method for obtaining G. lon-
gituba herbs is through field cultivation. However, this 
approach faces considerable limitations due to climatic 
challenges such as waterlogging, drought, and continu-
ous rain, which severely affect both the yield and quality 
of the herbs by complicating the harvesting process [29]. 
Moreover, the cultivation of G. longituba competes with 
food crops for land, exacerbating global food scarcity 
issues [30]. Conventional field methods also struggle with 
problems such as yield decline and quality deterioration 
from continuous cultivation [31], as well as pesticide resi-
dues and excessive heavy metal content [32], These fac-
tors make it difficult to achieve high-quality, high-yield 
production of the herbs.

To address these challenges, proposals for factory 
production of G. longituba have emerged, however cur-
rent research in this area remains insufficient. Our pre-
liminary studies suggest that salt stress may enhance 
the content of medicinal components in G. longituba. 
Nevertheless, prolonged exposure to stress can reduce 
the plant’s biomass, resulting in a lower overall yield of 
medicinal constituents despite an increased proportion 
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of these components. An effective strategy to improve 
the quality of G. longituba medicinal herbs involves using 
tissue culture combined with liquid culture techniques. 
This approach allows the plant to grow to sufficient bio-
mass before applying short-term alkaline salt stress to 
enhance the content of medicinal components.

In this study, four different concentrations of Na2CO3 
(0.2%, 0.4%, 0.6%, and 0.8%) were used to subject mature 
G. longituba to short-term stress treatments. We inves-
tigated the dynamic changes in biomass, antioxidant 
enzyme activities, osmotic substances, and medicinal 
component contents at various time intervals(4, 8, 12, 
24, 48, 72, and 96  h). The objective was to elucidate 
the mechanism by which Na2CO3 stress enhances the 
medicinal constituents of G. longituba and to identify 
the optimal stress concentration and duration for tar-
geted cultivation aimed at enhancing specific medicinal 
components.

Materials and methods
Plant material, growth conditions, and salt treatments
Cloned plants of G. longituba were cultured by tissue cul-
ture in our laboratory to make their roots up to 4 cm in 
length. The plants were transferred to a nutrient solution 
comprising 2.00 mmol•L− 1 Ca(NO3)2, 4.00 mmol•L− 1 
KNO3, 0.67 mmol•L− 1 NH4H2PO4, 1.00 mmol•L− 1 
MgSO4, 24.99 µmol•L− 1 MnSO4, 25.07 µmol•L− 1 H3BO3, 
7.48 µmol•L− 1 ZnSO4, 1.25 µmol•L− 1 KI, 0.26 µmol•L− 1 
Na2MoO4, 0.04 µmol•L− 1 CuSO4, 0.03 µmol•L− 1 CoCl2, 
and 72.6 µmol•L− 1 Fe-EDTA for continued growth. After 
45 days, the plants were transferred to a nutrient solu-
tion supplemented with 0 (control), 0.2%, 0.4%, 0.6%, 
and 0.8% (g/100 mL) Na2CO3 solutions, with three repli-
cates at each concentration level. The growth conditions 
were observed at 4, 8, 12, 24, 48, 72, and 96 h of stress, 
respectively, and fresh stem and leaf tissues of G. longi-
tuba were collected and stored in a refrigerator at -80 °C 
for subsequent measurements of biomass, physiologi-
cally active substances, and medicinal substances. Green-
house conditions were as follows: 16 h light/8 h dark (500 
µmol•m− 2•s− 1 of light intensity), at 24 ± 2 °C and 60 ± 5% 
relative humidity.

Chemicals and reagents
Na2CO3 was purchased from Wuhan Yitai Science and 
Technology Co. Ltd. in China. Anthrone was purchased 
from China National Pharmaceutical Group Chemi-
cal Reagent Co. Ltd. in China. Concentrated sulfuric 
acid was purchased from Zhongtian Chemical Co. Ltd. 
in Wuhan City, China. NaNO2, NaOH, Al(NO3)3, and 
other chemicals were purchased from Fuchen Chemical 
Reagent Factory in Tianjin, China. Methanol was pur-
chased from National Pharmaceutical Group Chemi-
cal Reagent Co. Ltd. in China. Bicinchoninic acid (BCA) 

protein, H2O2, MDA, Pro, SOD, POD, APX, and CAT 
detection kitswere purchased from Jiancheng Technol-
ogy Co.Ltd. in Nanjing City, China.

Determination of biomass and relative water content
The stems and leaves of G. longituba were collected as 
samples at each stress time and the fresh weight (FW) of 
the samples was recorded. The samples were submerged 
in distilled water and allowed to stand for 15 h at 5 °C in 
the dark, then the samples were removed, patted sur-
face dry, and full turgor weight (TW) was recorded [33]. 
Finally, the samples were dried in an oven at 80 ℃ until 
constant weight, and their dry weight (DW) was recorded 
and used as dry biomass [34]. Relative water content 
(RWC) was calculated using the following equation:

 RWC = [(FW −DW ) /(TW −DW )] × 100%

Determination of physiologically active substances
Fresh leaves of G. longituba at each stress time were 
taken and ground on ice by adding PBS buffer at a ratio 
of 1:9 (g/mL), and the supernatant was taken after cen-
trifugation (685 g, 10 min) to determine the activities of 
antioxidant enzymes CAT, SOD, POD, and APX, as well 
as the contents of H2O2, proline, and MDA, respectively. 
The assays were analyzed according to the method pro-
vided by the detection kits manufacturer.

Determination of soluble sugar content
The stems and leaves of G. longituba at each stress time 
were taken and fixed in an oven at 105 °C for 15 min to 
inactivate the enzyme rapidly [35], to avoid changes in 
the medicinal components due to the catalytic reaction 
of the enzyme. Then the stem and leaves were dried at 
80 °C, crushed, and the powder was mixed with distilled 
water according to the material-liquid ratio of 1:15 (g/
mL), and extracted in a water bath at 80 °C for 3 h. After 
the extraction, centrifugation (1370 g, 15 min) was per-
formed to take the supernatant, and the soluble sugars in 
the supernatant were precipitated using ethanol and then 
dissolved again in distilled water, the content of soluble 
sugars was determined by the sulfuric acid-anthracenone 
method [36].

Determination of total flavonoids content
The stems and leaves of G. longituba at each stress time 
were taken and fixed in an oven at 105  °C for 15  min 
and then placed under 80  °C for drying, crushed, and 
the powder was mixed with 95% ethanol according to 
the material-liquid ratio of 1:15 (g/mL) and extracted 
in a water bath for 2 h at 80 °C, after the extraction, the 
supernatant was centrifuged (1790  g, 20  min), and the 
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flavonoid content of the supernatant was determined by 
spectrophotometric method [37].

Determination of ursolic acid and oleanolic acid content
The stems and leaves of G. longituba at each stress time 
were taken and fixed in an oven at 105  °C for 15  min, 
then placed at 80 °C for drying, and pulverized after com-
plete drying. Anappropriate amount of dried powder 
of G. longituba was extracted by Soxhlet to obtain the 
sample solution to be tested, and the content of ursolic 
acid and oleanolic acid was determined using High-Per-
formance Liquid Chromatography (HPLC). Chromato-
graphic conditions: C18 column (4.6  mm×250  mm, 
5  μm), methanol-0.1% aqueous phosphoric acid (85:15) 
as mobile phase, flow rate 1.0 mL/min, detection wave-
length 210 nm, column temperature 30 ℃, injection vol-
ume 20 µL.

Data analysis
All experimental data were statistically analyzed using 
SPSS 22.0 software. The experiment was repeated three 
times. The data were expressed as mean ± standard error 
(SE), which were analyzed by one-way analysis of vari-
ance. Tukey method was used to compare the multiplic-
ity between groups (P = 0.05). All statistical charts were 
completed by Origin 8.0 software.

Results
The growth state of G. longituba
The growth of each group during the defferent stress 
period is illustrated in Fig. 1. Within 0 to 8 h, the growth 
status of G. longituba was almost unaffected. When the 
stress time reached 24 h, the high Na2CO3 concentration 
groups first showed leaf yellowing and water loss, and 
the chlorophyll in G. longituba began to decrease and 
the growth rate slowed down. With the further exten-
sion of the stress time, the leaf surface of the low Na2CO3 
concentration groups gradually began to yellow and 
lose water, while the high Na2CO3 concentration groups 
appeared to dry up or even die. The degrees of dehydra-
tion of plants deteriorated with increasing stress concen-
tration and time, ultimately leading to the death of the 
plants. By 96 h, The 0.4%, 0.6% and 0.8% Na2CO3-treated 
groups were almost dead.

Effect of salt stress on biomass
The effects of varying concentrations of Na2CO3 on the 
fresh weight, dry weight, and relative water content of 
G. longituba were analyzed at different stress durations, 
as presented in Table  1. The results indicated a signifi-
cant decreasing trend in both fresh weight and relative 
water content. In contrast, dry weight exhibited an ini-
tial increase followed by a subsequent decline. Spe-
cifically, the water loss phenomenon of G. longituba 

already appeared in different degrees from the begin-
ning of the stress, and became more and more obvious 
with the increase of the Na2CO3 concentration and the 
duration of the stress. Particularly, it is noteworthy that 
plants treated with 0.4% Na2CO3 for up to 4 h showed a 
31.67% (P < 0.05) increase in dry weight, despite a 19.18% 
and 3.27% decrease in fresh weight and relative water 
content, respectively, compared with the control group, 
suggesting that this stress condition is favorable for the 
accumulation of biomass.

Alterations of H2O2 content
H2O2 is an important type of ROS produced by plants 
in response to a counter-environment, and the changes 
in H2O2 content induced by Na2CO3 stress are shown in 
Fig.  2. Within 0 to 24  h, the H2O2 content of the treat-
ment groups was lower than that of the control group. 
Notably, at the 12-hour mark, the H2O2 content of treat-
ment groups decreased to the lowest value, which was 
reduced by 59.57–66.03% compared with the control, but 
there was no significant difference between the treatment 
groups (P > 0.05). From 12 to 48  h, the H2O2 content of 
the treated groups increased significantly, reaching nearly 
maximum level at 48 h. However, with the exception of 
the plants treated with 0.2% Na2CO3, the H2O2 levels in 
the other groups returned to their initial levels. Subse-
quently, the H2O2 content under a further 0.2% Na2CO3 
treatment reached a maximum value at 96 h, which was 
46.52% higher than the control.

Oxidative damage to G. longituba
MDA is an important indicator of the degree of lipid per-
oxidation damage and can indirectly reflect the ability of 
plants to resist stress. The MDA content of each group 
during alkaline salt stress is shown in Fig.  3. Between 4 
and 48  h, the MDA content increased gradually, and 
higher concentration of Na2CO3 resulted in greater 
MDA levels in the plants, with the 0.8% Na2CO3-treated 
group exhibiting the highest MDA content at 48 h, which 
was 281.44% higher than that of the control group. This 
indicates that lipid peroxidation damage was the great-
est under this stress condition. After 48 h, the 0.6% and 
0.8% Na2CO3-treated groups showed extensively mortal-
ity, while the MDA levels in plants treated with 0.2% and 
0.4% Na2CO3 began to decrease transiently, returning to 
initial levels by 72  h. Notably, the MDA content of the 
0.2% Na2CO3-treated group peaked at 96  h, which was 
247.12% higher than that of the control group.

Antioxidant enzyme activities of G. longituba under 
Na2CO3 stress
The activities of the four major antioxidant enzymes in 
G. longituba are illustrated in Fig. 4. For CAT activity, all 
treatment groups exhibited an initial increase followed 
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Fig. 1 Effects of concentrations and durations of Na2CO3stress on the growth status of G. longituba
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by a decline, with levels consistently higher than those 
of the control group, and all of them reached their peak 
at 12  h. Notably, the CAT activity in the 0.6% Na2CO3-
treated group was significantly higher than in the other 
groups (P < 0.05), being 958.72% higher than that of the 
control group (Fig. 4a).

In terms of SOD activity, all treatment groups exhibited 
higher levels than the control group, The 0.4% Na2CO3-
treated group showed the highest SOD activity at 8  h, 

which was 178.01% higher than that the control group 
(Fig.  4b). This indicates that G. longituba maximally 
mobilized the SOD to scavenge the reactive oxygen spe-
cies during this time.

For POD activity, the duration of stress that effectively 
increased levels was between 4 and 24 h. The of All treat-
ment groups reached their maximum POD activity at 

Table 1 Effect of concentrations and durations of Na2CO3 stress on fresh weight (FW), dry weight (DW), and relative water content 
(RWC) of G. longituba(−x ± SE )
The concentration of Na2CO3(m/v)
Time/h Weight/g 0 0.2% 0.4% 0.6% 0.8%

FW/g 23.93 ± 0.51a 20.10 ± 0.37b 19.36 ± 0.61b 15.25 ± 0.48c 14.08 ± 0.67c

4 DW/g 1.20 ± 0.02cd 1.38 ± 0.03b 1.58 ± 0.05a 1.33 ± 0.04bc 1.12 ± 0.05d

RWC/% 94.97 ± 0.01a 93.12 ± 0.01b 91.86 ± 0.01d 91.30 ± 0.01e 92.02 ± 0.01c

FW/g 24.04 ± 0.11a 17.91 ± 0.83b 17.12 ± 0.37b 13.11 ± 0.72c 11.93 ± 0.42c

8 DW/g 1.21 ± 0.01c 1.54 ± 0.07a 1.41 ± 0.03b 1.11 ± 0.06cd 1.03 ± 0.04d

RWC/% 94.96 ± 0.01a 91.38 ± 0.02e 91.78 ± 0.01b 91.53 ± 0.01c 91.40 ± 0.01d

FW/g 24.09 ± 0.11a 14.09 ± 0.54b 13.03 ± 0.52bc 12.52 ± 0.30c 11.95 ± 0.30c

12 DW/g 1.21 ± 0.01a 1.17 ± 0.05a 1.10 ± 0.04a 1.09 ± 0.03a 1.14 ± 0.03a

RWC/% 94.98 ± 0.11a 91.68 ± 0.02b 91.53 ± 0.01c 91.32 ± 0.01d 90.46 ± 0.02e

FW/g 23.84 ± 0.43a 15.04 ± 0.37b 12.86 ± 0.27c 10.16 ± 0.05d 8.85 ± 0.47e

24 DW/g 1.20 ± 0.02a 1.27 ± 0.05a 1.26 ± 0.03a 0.98 ± 0.00b 0.89 ± 0.05c

RWC/% 94.98 ± 0.01a 91.54 ± 0.11b 90.20 ± 0.01d 90.32 ± 0.02c 89.94 ± 0.02e

FW/g 24.08 ± 0.16a 12.81 ± 0.42b 10.96 ± 0.26c 10.00 ± 0.64c 7.92 ± 0.48d

48 DW/g 1.21 ± 0.02ab 1.27 ± 0.12a 1.09 ± 0.03ab 1.02 ± 0.06bc 0.87 ± 0.05c

RWC/% 94.99 ± 0.00a 90.11 ± 0.88b 90.02 ± 0.01b 89.74 ± 0.02b 89.06 ± 0.01b

FW/g 24.03 ± 0.15a 9.98 ± 0.16b 7.92 ± 0.21c NA NA
72 DW/g 1.21 ± 0.02a 1.22 ± 0.02a 0.83 ± 0.01b

RWC/% 94.98 ± 0.01a 87.81 ± 0.02c 89.47 ± 0.35b

FW/g 24.09 ± 0.13a 12.81 ± 0.42b NA
96 DW/g 1.21 ± 0.01a 1.27 ± 0.12a

RWC/% 94.98 ± 0.00a 85.17 ± 0.46b

Different letters within a column indicate significant differences; NA indicates no analysis

Fig. 3 Effects of concentrations and durations of Na2CO3 stress on MDA 
content in G. longituba (mean ±−

x ± SE  SE)

 

Fig. 2 Effects of concentrations and durations of Na2CO3 stress on H2O2 
content in G. longituba (mean ±−

x ± SE  SE)
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24  h with the 0.8% Na2CO3-treated group showing an 
increase of 32.40% compared to the control group, mak-
ing it the highest among all the groups (Fig. 4c).

Regarding APX activity, fluctuations were observed 
across the treatment groups. The 0.8% Na2CO3-
treated plants exhibited the highest APX activity at 
4 h, which was 290.30% greater than that of the control 
group(Fig. 4d).

In summary, Na2CO3 treatment enhanced the activities 
of the four major antioxidant enzymes in G. longituba to 
varying degrees. This increase reflects the activation of 
oxidative stress responses in the plant.

Accumulation of proline and soluble sugar
Proline and soluble sugars are essential osmotic sub-
stances in plants. The effects of Na2CO3 stress on pro-
line content in G. longituba are illustrated in Fig.  5a. 

From the early stages of stress, proline levels in all treat-
ment groups gradually increased, surpassing those in the 
control group. A significant increase in proline content 
(P < 0.05) was observed after 24 h of stress. The 0.6% and 
0.8% Na2CO3-treated groups reached their maximum 
proline content at 48  h, with increases of 255.80% and 
375.55%, respectively, compared to untreated plants. 
Notably, after 72 h, the proline content in the 0.2% and 
0.4% Na2CO3-treated groups was significantly higher 
than that in the control and other treatment groups. The 
0.2% Na2CO3-treated group exhibited the highest proline 
content at 96 h, which was 16.88 times greater than that 
of the control group.

Additionally, Na2CO3 treatment also enhanced the sol-
uble sugar content in G. longituba, as shown in Fig. 5b. 
Between 4 and 48 h, all treatment groups demonstrated 
an increasing trend in soluble sugar content, peaking at 

Fig. 4 Effects of concentrations and durations of Na2CO3 stress on antioxidant enzyme activities in G. longituba (mean ±−
x ± SE  SE)

 



Page 8 of 15Wang et al. BMC Plant Biology          (2024) 24:965 

48 h. The highest soluble sugar content was recorded in 
the 0.6% Na2CO3-treated group, followed closely by the 
0.8% Na2CO3-treated group. Compared to the control 
group, the soluble sugar contents in these two groups 
increased by 494.32% and 492.42%, respectively. These 
findings indicate that alkaline salt treatment promotes 
the production of osmotic substances in G. longituba, 
thereby enhancing the plant’s resistance capabilities.

Changes in total flavonoids content
Flavonoids are a significant class of secondary metabo-
lites in plants. High levels of flavonoids enhance plants’ 
tolerance to abiotic stress conditions. The effects of dif-
ferent treatment conditions on the total flavonoids con-
tent in G. longituba are illustrated in Fig. 6. All treatment 
groups exhibited a significant increase in total flavonoids 
content between 4 and 24  h, with most groups reach-
ing their peak levels at 24 h. Notably, the 0.2% Na2CO3-
treated group demonstrated a sustained increasing trend 
that continued until 72 h. This group ultimately achieved 

a 2.3-fold increase in total flavonoids content compared 
to the control group, representing the highest level 
among all treatment groups.

Changes in the content of ursolic acid and oleanolic acid
Ursolic acid and oleanolic acid are the primary terpe-
noids found in G. longituba. The HPLC chromatograms 
of ursolic acid and oleanolic acid and the changes in their 
contents under Na2CO3 treatment are shown in Fig.  7. 
The results indicate that the content of ursolic acid in all 
treatment groups initially increased before subsequently 
decreasing, with the maximum concentration observed 
at a stress duration of 12  h, significantly exceeding that 
of the control group. Among the treatment groups, the 
0.4% Na2CO3-treated group exhibited the highest ursolic 
acid content, with an increase of 365.75% compared to 
the control (Fig. 7b). In contrast, the content of oleanolic 
acid remained consistently higher in all treatment groups 
relative to the control. The highest level of oleanolic acid 
was recorded in plants treated with 0.4% Na2CO3 for 8 h, 
reflecting an increase of 158.85% compared to the control 
group (Fig.  7c). These findings suggest that saline stress 
is advantageous for the accumulation of terpenoids in G. 
longituba, with 0.4% identified as the optimal treatment 
concentration.

Discussion
Numerous studies have investigated the effects of salt 
stress on plant secondary metabolites. For instance, Ma 
et al. [38]explored the relationship between carbon and 
nitrogen metabolism and the synthesis of flavonoids and 
saponins in Glycyrrhiza uralensis seedlings treated with 
75 mM NaCl for 45 days. Similarly, Zhang et al. [39] 
found through transcriptomic analysis that the expres-
sion levels of flavonoid and rutin synthesis genes were 
up-regulated in Dendrobium officinale treated with 250 
mM NaCl for 14 days. However, these studies primarily 
focused on the physiological and biochemical responses 
of plants to stress, as well as the patterns of secondary 

Fig. 6 Effects of concentrations and durations of Na2CO3 stress on total 
flavonoids content in G. longituba (mean ±−

x ± SE  SE)

 

Fig. 5 Effects of concentrations and durations of Na2CO3 stress on accumulation of Pro and soluble sugar in G. longituba (mean ±−
x ± SE  SE)
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metabolites synthesis, often overlooked the impact on 
herb quality. Additionally, the long-term stress treat-
ments described in these reports can significantly reduce 
biomass, hindering the cultivation of medicinal materials.

In this study, to address this issue, G. longituba was 
cultured to an adequate biomass via liquid culture before 
applied to short-term Na2CO3 stress, which may effec-
tively mitigate the reduction in biomass. The optimal 
concentration and duration of stress were determined 
through preliminary experiments. In these pre-exper-
iment, G. longituba was cultured in Na2CO3 solutions 
at concentrations of 0.2%, 0.4%, 0.6%, 0.8%, 1.0%, 1.2%, 
1.4%, and1.6%. Then the growth status of G. longituba at 
4, 8, 12, 24, 36, 48, 60, 72, 84, and 96  h were observed 

and the key medicinal components such as soluble sug-
ars and flavonoids were measured. Notably concentra-
tions exceeding 0.8% resulted in the death of G. longituba 
within 24 h, with no significant increase in the aforemen-
tioned metabolites. Additionally, assay results at 36, 60, 
and 84 h showed no significant changes compared to ear-
lier measurements.

Based on these findings, the experiment was designed 
as follows: Na2CO3 concentrations of 0.2%, 0.4%, 0.6%, 
and 0.8% were selected, with stress durations of 4, 8, 
12, 24, 48, 72, and 96 h. Biomass, water content, soluble 
sugars, flavonoids, ursolic acid and oleanolic acid were 
measured, as these indices are critical indicators of herb 
quality. Additionally, oxidative stress, antioxidant enzyme 

Fig. 7 Effects of concentrations and durations of Na2CO3 stress on ursolic acid and oleanolic acid content in G. longituba (mean ±−
x ± SE  SE)
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activities, and osmotic substances—factors that influence 
the synthesis of secondary metabolites—were assessed to 
enhance our understanding of how stress affects medici-
nal constituents. Specifically, the correlations among 
these traits were analyzed(Fig. 8).

Inhibition of plant growth by stress
In saline and alkaline environments, plant growth is pri-
marily inhibited by osmotic and ionic stress [40]. High 
concentrations of Na+ reduce the water potential in the 
surrounding environment, causing plants to lose water. 
This water loss leads to the closure of stomata, which 
subsequently decreases CO2 fixation and directly slows 
photosynthesis [41]. Additionally, Na+ competes with 
essential nutrients such as K+, Ca2+, and Mg2+ for uptake, 
resulting in reduced chlorophyll production [42]. Fur-
thermore, elevated Na+ levels diminish the activity of 
various ion-dependent enzymes [43]. These Na+-induced 

ionic stresses are significant mechanisms contributing to 
decreased plant biomass.

In our study, alkaline salt stress inhibited the growth 
of G. longituba, consistent with findings from previous 
research on Tropaeolum majus L [44]. , Lonicera japon-
ica Thunb [45]., and Festuca arundinacea Schreb [46]. 
under salinity stress. However, a significant increase in 
dry weight at 4 h in the 0.4% Na2CO3-treated group was 
observed in this study. This suggests that mild stress may 
activate beneficial stress responses that promote biomass 
accumulation in plants. Although we noted a reduction 
in relative water content, it is posited that a moderate 
decrease in the relative water content of medicinal plants 
could enhance their quality without compromising active 
ingredient levels. This is particularly relevant, as the 
browning reaction induced by necessary post-harvest 
drying could diminish medicinal value [47].

Fig. 8 Correlation analysis of physiological and biochemical properties of G. longituba under the stress of 0.2% (a), 0.4% (b), 0.6% (c), and 0.8% (d) alkali 
salt concentrations, respectively. * indicates significance at a 5% level, ** shows significance at a 1% level, and color depth denotes correlation coefficient. 
The strength of the correlation is indicated by the size of the circle
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Oxidative stress induced by alkaline salt treatment
In response to salt stress, reactive oxygen species (ROS) 
play a crucial role as signaling molecules in plants. Main-
taining ROS levels within a specific range is essential for 
normal plant growth [48]. In saline environments, exces-
sive ROS can oxidatively damage proteins, lipids, and 
nucleic acids, ultimately leading to cell death [49]. To 
mitigate this damage, plants employ an effective antioxi-
dant enzyme system to scavenge ROS [50]. Superoxide 
dismutase (SOD) catalyzes the conversion of superoxide 
radicals to H2O2, which is subsequently decomposed to 
non-toxic water and oxygen by enzymes such as cata-
lase (CAT), ascorbate peroxidase (APX), and peroxidase 
(POD) [51], this process may represent a potential mech-
anism for modulating H2O2 levels. H2O2 acts as an inter-
mediate product in the ROS scavenging pathway and is 
often used as a reference for measuring ROS content.

In our study, H2O2 levels remained low across all treat-
ment groups from 0 to 24 h, while the activities of CAT, 
APX, and POD significantly increased during this period. 
These findings indicate that G. longituba utilizes a ROS 
scavenging mechanism involving the activation of these 
three antioxidant enzymes in response to saline and 
alkaline stress, which aligns with aligns with the results 
reported by Pan et al. [52]. However, we observed a grad-
ual increase in malondialdehyde (MDA) levels from 0 to 
24  h. Elevated MDA levels, a final product of lipid per-
oxidation, suggest considerable damage to cellular mem-
branes [53]. Despite the increase in SOD activity during 
this timeframe, it was insufficient to convert all super-
oxide radicals into H2O2. Consequently, the remaining 
superoxide radicals could still cause oxidative damage 
to cell and organelle membranes, a phenomenon docu-
mented in studies involving salt stress in the Rosaceae 
family [54].

As the duration of stress extended to 48  h, CAT 
and POD activities declined, coinciding with a nota-
ble increase in H2O2 and MDA levels, consistent with 
expected trends. The inhibition of antioxidant enzymes 
is likely due to high concentrations of Na+, leading to 
a deficiency of K+ and Ca2+. This deficiency interferes 
with various enzymatic processes that require K+ and 
Ca2+, resulting in cytoplasmic ionotoxicity and reduced 
enzyme activity [55]. However, the high activity of SOD 
at 72  h caused H2O2 and MDA levels to decrease, sug-
gesting that this clonal plant exhibits greater salinity 
tolerance.

Accumulation of osmotic substances and medicinal value 
of soluble sugars
The rapid accumulation of cytoplasmic osmoregulators 
is an effective strategy for saline adaptation in halophytic 
plants [56]. Under saline stress, compatible osmolytes, 
which are low molecular weight compounds, accumulate. 

These include charged metabolites, polyols, soluble 
sugars, ions, and free proline [57, 58]. The synthesis of 
these osmotic substances synthesis may be linked to the 
abscisic acid (ABA) signaling network [59]. Specifically, 
the small peptide CLE25 is induced and translocated to 
the leaves to regulate ABA synthesis in response to water 
deficit, ABA, in turn, inactivates the inhibitory protein 
phosphatase 2  C (PP2C), leading to phosphorylation 
of the subtype III SnRK2s [60]. This pathway regulates 
various downstream processes, including ion transport, 
stomatal closure, and the biosynthesis of compatible 
osmolytes [61].

In our study, the stress increased the levels of pro-
line and soluble sugars in G. longituba, which aligns 
with findings from previous studies on Tagetes minuta 
[62], Juglans microcarpa [63], Cannabis sativa [64]. We 
hypothesize that stress acts as an exogenous signal that 
activates the ABA pathway, resulting in the increased 
accumulation of proline and soluble sugars. Our results 
indicate a positive correlation between the contents of 
proline and soluble sugars and the levels of malondial-
dehyde (MDA). This suggests that MDA may function 
as an endogenous signal that activates the ABA pathway. 
thereby promoting the production of proline and soluble 
sugars in G. longituba. Although research on the acti-
vation signals of the ABA pathway is limited, our find-
ings contribute to the understanding of this signaling 
mechanism.

In the field of pharmacology, soluble sugars are a key 
medicinal component of plants, demonstrating the abil-
ity to enhance blood circulation [65] and regulate human 
immunity [66]. Additionally, their significant hypogly-
cemic effects make soluble sugars a promising area of 
research for diabetes treatment [67]. Our study found 
that the soluble sugar content in G. longituba was high-
est under 0.6% Na2CO3 stress for 48  h. Therefore, G. 
longituba grown under these conditions could serve as 
a valuable raw material for the development of diabetes-
specific drugs.

Synthesis of flavonoids and its application in the field of 
medicine
Flavonoids are a class of compounds characterized by the 
linkage of two phenolic hydroxyl benzene rings through a 
central chain of three carbon atoms. They are significant 
secondary metabolites in plants and serve as important 
antioxidants [68–70]. Flavonoids scavenge ROS by utiliz-
ing their hydroxyl groups to release single electrons from 
free radicals and by enhancing the expression of antioxi-
dant genes [71–73]. The synthesis of flavonoids depends 
on the phenylpropanoid and polyketide pathways, where 
p-coumaroyl-CoA and malonyl-CoA are catalyzed by 
chalcone synthase (CHS) to produce ketones, which act 
as intermediates for further flavonoid synthesis [74].
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In our study, Na2CO3 stress significantly increased 
flavonoid biosynthesis in G. longituba, consistent with 
previous studies on Sophora alopecuroides [75], Sola-
num nigrum [76], and Glycyrrhiza Uralensis [77]. This 
increase in flavonoids is hypothesized to result from 
stress-induced activation of the phenylpropanoid and 
polyketide pathways, suggesting a potential mecha-
nism for enhancing flavonoids synthesis in G. longituba. 
However, from a bioenergetic perspective, stress can be 
energetically costly, and flavonoid biosynthesis requires 
substantial energy [78]. Our observations indicated that 
flavonoid content was positively correlated with the levels 
of proline and soluble sugars. The substantial accumula-
tion of proline and soluble sugars may serve as substrates 
for the tricarboxylic acid cycle [79], providing additional 
energy support for flavonoid synthesis.

In the medical field, flavonoids are recognized as 
dietary compounds with pharmacological properties, 
including antioxidant, anti-inflammatory, anti-tumor, 
and blood circulation-promoting effects. They have been 
extensively utilized in the development of potent drugs 
for treating cardiovascular diseases and cancer [80]. Fur-
thermore, ongoing pharmacological research is exploring 
the potential of flavonoids in treating neurological disor-
ders, such as Parkinson’s and Alzheimer’s diseases [81]. 
Notably, the flavonoid content of G. longituba was found 
to reach its maximum at 0.2% Na2CO3 stress for 72  h, 
this condition renders G. longituba a promising source of 
medicinal herbs for the treatment of cardiovascular dis-
eases, cancer, and neurological disorders.

Accumulation and medicinal potential of ursolic acid and 
oleanolic acid
Terpenoids are another important class of secondary 
metabolites found in G. longituba, with ursolic acid and 
oleanolic acid being the most abundant compounds. 
These terpenoids function as direct or indirect defense 
substances in response to adverse environmental con-
ditions. Their biosynthesis begins with the formation of 
terpene skeletons, which are subsequently transformed 
into various types of terpenoids. The formation of these 
skeleton depends on either the mevalonate (MVA) path-
way in the cytosol or the 2-c-methyl-d-erythritol-4-phos-
phate (MEP) pathway in the plastids [82]. Additionally, 
the production pathways of these terpenoids can be 
influenced by exogenous signals, including both biotic 
and abiotic stresses.

In our study, the levels of ursolic acid and oleano-
lic acid in G. longituba increased significantly following 
stress exposure. This finding is consistent with previous 
research on the medicinal plant Salvia mirzayanii [83], 
which demonstrated that salt stress similarly elevated 
terpenoid levels. We hypothesize that Na2CO3 treatment 
serves as an exogenous signal that activates the MEV and 

MEP pathways, thereby promoting terpene production in 
G. longituba.

Correlation analysis revealed that the levels of urso-
lic acid and oleanolic acid were negatively correlated 
with hydrogen peroxide (H2O2) level and positively cor-
related with catalase (CAT) activity. This suggests that 
the overproduction of reactive oxygen species (ROS) 
adversely affects the MVA and MEP pathways. Such find-
ings support the theory that an imbalance in ROS dis-
rupts cellular metabolism [18]. Notably, the biosynthesis 
of terpenoids, including ursolic acid and oleanolic acid, 
was primarily sustained by increased CAT activity, which 
helped maintain ROS at relatively low levels.

From a pharmacological perspective, ursolic acid is 
known to induce apoptosis in cancer cells and enhance 
the activity of osteoblasts and osteoclasts, making it a 
potent agent for cancer treatment and osteoporosis pre-
vention [84]. The highest concentration of ursolic acid 
was achieved when G. longituba was treated with 0.4% 
Na2CO3 for 12 h. These results suggest that G. longituba 
cultivated under this method may have enhanced poten-
tial for cancer treatment and osteoporosis prevention.

Similarly, oleanolic acid is recognized for its significant 
anti-inflammatory and hypoglycemic properties, mak-
ing it valuable in managing vascular inflammation and 
diabetes mellitus [85]. The maximum yield of oleanolic 
acid was observed after 8 h of stress treatment with 0.4% 
Na2CO3. This indicates that G. longituba grown under 
these stress conditions might offer considerable thera-
peutic potential for managing vascular inflammation and 
diabetes.

Conclusion
In the clonal plant G. longituba, the stress effect of 
Na2CO3 caused water loss and inhibited the growth of 
the plant, but mild stress treatment favored the accu-
mulation of biological yield. In addition, Na2CO3 stress 
increased the activities of antioxidant enzymes SOD, 
CAT, APX, and POD. These enzymes serve as primary 
reactive oxygen species (ROS) scavengers and exhibit a 
synergistic relationship. Furthermore, stress conditions 
facilitated the accumulation of proline, soluble sugars, 
flavonoids, ursolic acid, and oleanolic acid. Proline and 
soluble sugars function as osmotic agents, regulating 
cellular osmotic pressure to mitigate water. Most impor-
tantly, soluble sugars, flavonoids, ursolic acid, and olea-
nolic acid are major medicinal constituents of the plant 
that could be used in the treatment of a variety of dis-
eases such as diabetes, cardiovascular diseases, neuro-
logical diseases, inflammation, and cancer. Our results 
have identified the optimal stress conditions under which 
these substances could be produced in large quantities, 
and if it is desired to use G. longituba for the treatment of 
specific diseases, then modification of the cultivation to 
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obtain the appropriate medicinal constituents based on 
the results of the study might be sufficient for therapeutic 
purposes.
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