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A B S T R A C T   

Objective: To explore how chitosan-modified rice porous starch-loaded catechin (CT@RPS/CS) 
protects HT-29 cells exposed to lead ions. Method: The HT-29 cells were treated differently based 
on their grouping. The effect of CT@RPS/CS on lead-induced toxicity was evaluated using cell 
proliferation, apoptosis, oxidative stress index, and cytokine tests. Results: CT@RPS/CS did not 
affect the activity, cell apoptosis, oxidative stress level, and related cytokines of HT-29 cells. After 
exposure to lead, CT@RPS/CS has the potential to enhance cellular activity, minimize apoptosis, 
and decrease the level of oxidative stress. Discussion: CT@RPS/CS not only has no toxicity to cells 
but also adsorbs lead ions, which protects cells.   

1. Introduction 

Lead (Pb) is a widespread industrial pollutant and one of the ten chemicals recognized as causing major public health concerns [1]. 
Although lead pollution is decreasing yearly in China, it cannot be ignored in food [2,3]. The lead form currently in use has a direct 
impact on how much lead organisms absorb and how toxic the lead is to them. Exposure to lead pollution from various sources, such as 
contaminated soil and water, can have a significant impact on human health [4]. High-dose or long-term low-dose lead poisoning can 
lead to decreased immunity, affect the functions of human nervous, cardiovascular, skeletal, and reproductive systems, diseases of 
various organs, or even cancer [5–7]. Centers for Disease Control and Prevention of the United States (CDC) believes that there is no 
safe threshold for blood Pb concentration, and it is recommended that children’s blood Pb concentration ≥100 μg/L is lead poisoning. 

Rice porous starch (RPS) is generally prepared from rice starch using the enzymatic method, chemical method, or chemical method 
combined with the enzymatic method [8]. It has the advantages of small particle size, strong adsorption, easy digestion, and low 
allergens. Chitosan (CS), a natural cationic polysaccharide, is a non-toxic substance with antioxidant activity. CS is a potent antiox
idant, and it can prevent lipid oxidation in biological systems by scavenging free radicals and inhibiting ROS production [9–11]. 
Catechin (CT) is rich in phenolic hydroxyl groups, has a potent free radical scavenging ability, and has a variety of biological activities. 
Previous studies have shown that catechin can significantly inhibit DNA oxidative damage [12], reduce the occurrence of inflam
mation [13,14], have a positive effect on sarcoplasmic reticulum Ca2+ [15], effectively prevent neuroinflammation [16] and reduce 
the occurrence of Alzheimer’s disease and Parkinson’s syndrome [17]. Meanwhile, catechins have good adsorption on heavy metals, 
such as lead and cadmium [18,19]. Catechin can protect the activity of HepG2 cells exposed to lead and inhibit lipid peroxidation [20]. 

There were few application studies on chitosan-modified rice porous starch-loaded catechin in food. Based on previous 
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experimental research [21], it is found that CT@RPS/CS has a strong lead adsorption capacity. The cell HT-29 was used to establish an 
intestinal cell model to study whether CT@RPS/CS alleviates the cytotoxicity caused by lead exposure and explore whether 
CT@RPS/CS has a protective effect on HT-29 cells exposed to lead. 

2. Materials and methods 

2.1. Cell culture 

The HT-29 Cell line is an excellent model to study the different parameters in some research [22–24]. HT-29 cells were cultured in 
RPMI-1640 complete medium at 37 ◦C in a 5 % CO2 incubator. The complete medium contained 10 % fetal bovine serum (Thermo 
Fisher biochemical products (Beijing) Co., Ltd), 1 % Penicillin/Streptomycin (Beyotime Biotechnology, China), and RPMI-1640 
incomplete medium (HyClone company, USA); The cell culture medium was changed every 2–3 days. The cells were detached with 
0.25 % trypsin (including 0.02 % EDTA) when the cell adhesion rate reached 80–90 %. Then, the cells were sub-cultured in 1:3 or 1:2. 
The cells were cultured in the logarithmic growth phase and selected in the following experiment. HT-29 cells were treated according 
to groups and inoculated into 96 well plates (1 × 105 cells/well), cultured for 12–24 h until the cells wholly adhered to the wall 
(observed by inverted microscope). 

2.2. Chemicals and reagents 

Lead acetate (AR, Pb(C2H302)2⋅3H20)) was purchased from Sinopharm Chemical Reagent Co., Ltd. Chitosan (degree of deace
tylation 95 %, viscosity 100–200 mPas) was purchased from Shanghai Aladdin Chemical Reagent Co., Ltd. (China). Epicatechin gallate 
(EGCG, HPLC 98 %) was purchased from Sigma Chemical Co., Ltd (St. Louis, MO, USA). Milli-Q water was obtained from the Millipore 
Bedford purification system (MA, USA). 

2.3. The preparation of porous chitosan-modified starch preparation 

The following steps were taken in order to prepare RPS/CS powder [25]:1) 1 g of CS was dissolved in 400 mL of acetic acid solution 
(2 g per liter) and then mixed using magnetic stirring at 20 ◦C for 30 min 2) 3 g of RPS were evenly dispersed in the CS solution to create 
an RPS/CS dispersion with a CS concentration of 25 % (w/W). 3) After allowing the solution to precipitate for 24 h naturally, the 
supernatant was removed, and the precipitation was freeze-dried at − 50 ◦C for 24 h to prevent gelatinization. Finally, the powder 
sample was heat-treated in an oven at 130 ◦C for 4 h and then cooled to room temperature. The resulting RPS/CS powder was collected 
through a 200-mesh sieve. 

2.4. Experimental group design 

The experiment involved using T-29 cells, which were divided into four groups. The groups were as follows: Control group, Only Pb 
(II) group(G-Pb), Only CT@RPS/CS group (G-C@R/C), and Pb (II) and CT@RPS/CS group (G-Pb + C@R/C). The following steps were 
taken for each group, as shown in Table 1.  

(1) Control group: HT-29 cells were cultured in RPMI-1640 complete medium at 37 ◦C in a 5 % CO2 incubator for 24 h.  
(2) G-Pb: HT-29 cells were cultured in RPMI-1640 complete medium, containing 8 mM (CH3COO)2Pb⋅3H2O, at 37 ◦C in a 5 % CO2 

incubator for 24 h for the various experiments.  
(3) G-C@R/C: HT-29 cells were cultured in RPMI-1640 complete medium at 37 ◦C in a 5 % CO2 incubator for 24 h. The complete 

medium containing 4 mg/mL CT@RPS/CS was used in the various experiments.  
(4) G-Pb + C@R/C in Intervention group: HT-29 cells were cultured in RPMI-1640 complete medium at 37 ◦C in a 5 % CO2 

incubator for 24 h. The complete medium containing 8 mM (CH3COO)2Pb⋅3H2O and 4 mg/mL CT@RPS/CS was used in the 
various experiments.  

(5) G-Pb + C@R/C in Therapy group: HT-29 cells were cultured in RPMI-1640 complete medium (containing 8 mM (CH3COO)2 
Pb⋅3H2O) at 37 ◦C in 5 % CO2 incubator for 24 h and then washed twice with the complete medium. Finally, the cells were 
cultured in RPMI-1640 complete medium (containing 4 mg/mL CT@RPS/CS) at 37 ◦C in a 5 % CO2 incubator for 24 h. 

Table 1 
Experimental group design.   

Intervention group Therapy group Prevention group 

Control group cells were cultured without treated for 48 h 
G-Pb cells were cultured with Pb (II) and treated for 48 h 
G-C@R/C cells were cultured with CT@RPS/CS and treated for 48 h 
G-Pb + C@R/C without treated for 24 h. with Pb (II) treated for 24 h with CT@RPS/CS treated for 24 h 

Pb (II) + CT@RPS/CS treated for 24 h with CT@RPS/CS treated for 24 h with Pb (II) treated for 24 h  
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(6) G-Pb + C@R/C in Prevention group: HT-29 cells were cultured in RPMI-1640 complete medium (containing 4 mg/mL 
CT@RPS/CS) at 37 ◦C in 5 % CO2 incubator for 24 h and then washed twice with the complete medium. Finally, the cells were 
cultured in RPMI-1640 complete medium (containing 8 mM (CH3COO)2 Pb⋅3H2O) at 37 ◦C in a 5 % CO2 incubator for 24 h. 

2.5. Determination of cell proliferation activity 

According to the manufacturer’s instructions, the cell proliferation activity was assessed using the MTT assay kit (Beyotime 
Biotechnology, China). Briefly, the cells were cultured in 96-well in each experiment group and then incubated with 10 μL MTT so
lution (5 mg/mL) at 37 ◦C in an incubator for 4 h. They were then dissolved in 100 μL Formazan solution in an incubator for 4 h. Cell 
proliferation activity was determined by measuring the absorbance at 570 nm. This was done by using the measured OD value as a 
basis for calculation: a higher OD value indicates stronger cell activity. In comparison, a lower OD value indicates smaller cell activity. 

2.6. Determination of cell apoptotic 

According to the manufacturer’s instructions, the cell apoptosis was assessed using an annexin V-FITC apoptosis detection kit 
(Beyotime Biotechnology, China). Each experiment group had 6-well cultured cells.1.0 × 105 suspended cells were taken after 
centrifuging (1000 g, 5 min). Discard the supernatant, add 195 μL annexin FITC binding solution, gently resuspend the cells, and then 
gently mix 5 μL Annexin FITC. Finally, add 10 μL PI, gently mixed and incubated at room temperature (20–25 ◦C) in the dark for 10–20 
min, detected by flow cytometry immediately. If it cannot be detected in time, put it in an ice bath for a short time, store it in the dark 
with aluminum foil, and get it on the machine for detection as soon as possible. 

2.7. Determination of reactive oxygen species 

According to the manufacturer’s instructions, ROS was assessed by a biochemical kit (Beyotime Biotechnology, China). The ROS 
probe was detected in the cells by immunofluorescence using a Laser confocal microscope (LSM880+Airyscan, Zeiss, Germany). LSM 
800 provides high sensitivity for detecting weak fluorescent signals with low laser illumination and rapid frame rates. The system has a 
special ability to take highly detailed images of samples using spectral imaging and unmixing technology. It can also remove the 
unwanted autofluorescence background from low signals, which can often get in the way of important details. This feature is especially 
helpful when samples have a low signal-to-noise ratio. Researchers can use this system to get clear and accurate images. 

2.8. Determination of SOD and MDA 

Superoxide dismutase (SOD) is an antioxidant enzyme that can scavenge the superoxide anion. SOD has specificity and protects 
cells from free radical damage, which was assessed using a biochemical kit (Nanjing Jiancheng Institute of Bioengineering, China). The 
visible spectrophotometer measured the absorbance and calculated the SOD activity value according to formula (1). 

A(SOD)=
ODC

532 − ODS
532

ODC
532

÷ 50% × n1 × n2 (1) 

A(SOD) represents the total SOD activity value (U/ml), ODC
532 and ODS

532 represents the OD value of the control group and the 
determination group at wavelength 532 nm, n1 is the dilution multiple of the reaction system, n2 represents the dilution multiple before 
the sample test. 

Malondialdehyde (MDA) is one of the lipid peroxides produced by oxygen free radicals applying to the polyunsaturated fatty acids 
in biofilm, which can cause cell damage. According to the manufacturer’s instructions, MDA was assessed by a biochemical kit 
(Nanjing Jiancheng Institute of Bioengineering, China). The MDA content value was calculated according to formula (2) 

c(MDA)=
ODS

532 − ODC
532

ODST
532 − ODB

532
× 10% × n (2)  

c(MDA) represents the content of MDA in the supernatant, S represents the OD value of the determination group, C represents the OD 
value of the control group, ST represents the OD value of the standard solution, and B represents the OD value of the blank control 
group, all measured at wavelength 532 nm. n represents the dilution ratio of the sample before the test. 10 represents the standard’s 
concentration (the standard’s concentration in this study is 10 nM). 

2.9. Determination of cytokine content 

According to the manufacturer’s instructions, the ELISA kit assessed the cytokine content (Beyotime Biotechnology, China). Briefly, 
the cell supernatant was collected and temporarily stored in the refrigerator at - 20 ◦C, finally determining it. 

2.10. Statistical analysis 

This experiment expresses all experimental data by mean ± standard error (mean ± SD). At least three parallel samples are set in 
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each experiment. Results were analyzed by one-way ANOVA analysis and t-test. P < 0.05 is considered a statistical difference, and P <
0.01 is a significant difference in data comparison. PASW statistics version 18 for Windows software was used to analyze all exper
imental data processing. 

3. Results 

3.1. Effect of Pb(□) exposure on HT-29 cells 

Compared with the control group, the cell survival rate was reduced under low-concentration Pb(□) exposure (0.5 mM and 1 mM), 
but the difference was not statistically significant (p > 0.05). With the increase of Pb (□) concentration, the survival rate of HT-29 cells 
decreased continuously when the survival rate was only 18.81 % under 10 mM Pb (□) exposure. Under 8 mM Pb (□) exposure, the 
survival rate was 47.35 %, significantly different from the blank control and 10 mM Pb (□) exposure. The result is consistent with the 
literature report [26], which reflects that the concentration of 8 mM Pb (□) can produce relatively moderate cytotoxicity (Fig. 1). 

3.2. Protective effect of CT@RPS/CS from Pb (□) exposure to HT-29 cells 

From Fig. 2, The HT-29 cells were exposed to 8 mM Pb (□) at a low concentration of CT@RPS/CS had a fragile protective effect on 
the survival of cells, such as when the concentration of CT@RPS/CS was 0.4 mg/mL, the survival of cells was only 47.91 % which was 
significantly lower than that of the control group (P < 0.05). When the concentration of CT@RPS/CS continues to increase to 10 mg/ 
mL and 20 mg/mL, the survival of cells is like that of when the concentration of CT@RPS/CS is 8 mg/mL. Nevertheless, the survival of 
cells was similar between the concentration of CT@RPS/CS being 8 mg/mL and the concentration of CT@RPS/CS being 4 mg/mL. So, 
at last, 4 mg/mL of CT@RPS/CS was selected for the following further study. 

3.3. The activity effect of CT@RPS/CS on Pb (□) exposed HT-29 cells 

The effect of CT@RPS/CS on the survival rate of HT-29 cells under 8 Mm Pb (□) exposure is shown in Fig. 3. Fig. 3 A, 3B, and 3C 
represent the intervention, therapy, and prevention groups. In the study, the survival rate of HT-29 cells in G-Pb was significantly lower 
than that in the Ctrl group and G- C@R/C in the intervention, therapy, and prevention groups. Whether in the intervention group, the 
therapy group, or the prevention group, the results reflected that the survival rate of HT-29 cells is higher than that of HT-29 cells in the 
G-Pb group, the survival rate of G- C@R/C + Pb group, 88.91 %, 79.70 %, and 90.55 % respectively. 

3.4. The apoptotic effect of CT@RPS/CS on Pb (□) exposed HT-29 cells 

The flow cytometry diagram in Fig. 4 contains four quadrants [27]: Q1 represents necrotic cells, Q2 represents a non-viable 
apoptotic cell, Q3 represents a viable apoptotic cell, and Q4 represents living cells—data analysis of each in Fig. 5. Fig. 4 shows 
that the number of cells in Q2 and Q3 in the G-Pb group is significant in the Ctrl group in the intervention, therapy, or prevention 
groups. The number of cells in the Q4 quadrant is lower than that in the Ctrl group, In the G-C@R/C group, the number of cells in Q2, 
Q3, and Q4 quadrants were like that in the Ctrl group, which was no significant difference in the corresponding quadrant comparison, 
and viable apoptotic rate and non-viable apoptotic rate were much lower than those in G-Pb group. Fig. 5 showed the data in the G-Pb 
+ C@R/C group, the order of living cell ratio was intervention group > prevention group > therapy group; The order of viable 

Fig. 1. Effects of Pb (□) exposure concentrations on the viability of HT-29 cells. Note: Viability represents the rate of the treatment group vs. the 
Ctrl group. a, b, c, and d represent statistical differences in intra-group comparisons, respectively. 
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apoptotic cell ratio was therapy group > prevention group > intervention group, and the order of non-viable apoptotic cell ratio was 
prevention group > intervention group > therapy group. 

3.5. The content changes of reactive oxygen species (ROS) in HT-29 cells 

The DCFH-DA fluorescence probe can observe the content of ROS in HT-29 cells, and the number and fluorescence intensity of ROS 
at 488 nm can reflect the level of ROS. Under the observation of the laser confocal microscope, the ROS content of HT-29 cells in 
different treatment groups is shown in Fig. 6. The green fluorescent represented the ROS level. Whether in the intervention, therapy, or 
prevention groups, the green fluorescence point is evident in the G-Pb group, which reflects high ROS level content. The content of ROS 
in G-C@R/C (Fig. 6C(I), C(T), and C(P)) was slightly higher than that in the Ctrl group (Fig. 6 A(I), A(T), and A(P)) but significantly 
lower than that in the G-Pb group (Fig. 6 B(I), B(T), and B(P)). The number of fluorescent cells and fluorescence intensity in the visual 
field decreased to varying degrees (Fig. 6 D(I), D(T), and D(P)), indicating that CT@RPS/CS can reduce the content of ROS. In the 
treatment group or prevention group, the number of fluorescent cells in the visual field decreased significantly, reflecting that 
CT@RPS/CS can reduce the content of ROS, but it is limited to protective and preventive (Fig. 6D (T) and 6D (P)). 

Fig. 7A, B, and 7C shows that in the intervention group, therapy group, and prevention group, the SOD activity values in the G-Pb 
group are lower than that in the Ctrl group, with differences in comparison. In the G-C@R/C group, SOD activity was higher than that 
in the Ctrl group, with differences in comparison. In the intervention and therapy groups, the SOD activity value was no significant 
difference between G-Pb + C@R/C and G-Pb group. Still, the activity value in the prevention group was slightly higher than that in the 
Ctrl group and higher than in the G-Pb group, with differences in comparison. 

3.6. Detection of SOD and MDA in HT-29 cells 

Fig. 7D, E, and 7F show that in the intervention, therapy, and prevention groups, the MDA value in the G-Pb group is higher than 

Fig. 2. Effects of the viability of HT-29 cells by different concentrations of CT@RPS/CS. Note: Viability represents the rate of the treatment group 
vs. the Ctrl group. A, b, and c represent statistical differences in intra-group comparisons, respectively. 

Fig. 3. Cell viability of HT-29 cells in intervention, therapy, and prevention group. Note: Viability represents the rate of the treatment group vs. the 
Ctrl group. A, B, and C represent intervention, therapy, and prevention groups. a and b represent statistical differences in intra-group comparisons, 
respectively. 
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that in the Ctrl group, with a difference in comparison. In the G-C@R/C group, MDA values were almost the same as those in the Ctrl 
group, and there was no significant difference between G-C@R/C and Ctrl groups. In G-Pb + C@R/C, the MDA values were lower than 
those in group G-Pb and slightly higher than those in the Ctrl and G- C@R/C groups. 

3.7. Detection of secreted cytokines 

The distribution of cytokines in each group is shown in Fig. 8. Whether in the intervention group, the therapy group, or the 
prevention group, the cytokine concentration in the G-Pb group is the highest than other groups, with the difference in comparison, 
except for TNF concentration in the therapy group. The cytokines concentration in the G- C@R/C group is similar to or slightly lower 
than that in the Ctrl group, with no difference in comparison. In the intervention group, the immune factor (IL-1, IL-6, IL-8, and IL-10) 
of G-C@R/C was slightly lower than that of the Ctrl group. The TNF of G-C@R/C is like that of the Ctrl group and slightly higher than 
that of the G-Pb + C@R/C Group. The comparative difference is shown in Fig. 8 (A1, A2, A3, A4, A5). In the therapy group, the immune 
factor (IL-1, IL-6, IL-8, IL-10, and TNF) of G-C@R/C was slightly lower than that of the Ctrl group G-Pb + C@R/C Group, with no 
difference in comparison. The comparative difference is shown in Fig. 8 (B1, B2, B3, B4, and B5).In the prevention group, the immune 
factor (IL-1, IL-6, IL-8, IL-10, and TNF) of G-C@R/C was like or slightly lower than that of the Ctrl group, Except IL-10; there was no 
significant difference compared with the Ctrl group, as shown in Fig. 8 (C1, C2, C3, C4, and C5). 

4. Discussion 

As far as we know, oral lead can have a series of adverse effects on the human body, and the intestine is the major organ that directly 
contacts and absorbs lead. Previous studies have shown that lead toxicity was one of the essential mechanisms that caused oxidative 
stress [28]. Consistent with our results, the production of reactive oxygen species and oxidative stress was induced by lead in PC12 cells 
[20]. Moreover, lead-induced cell death depends on the level of reactive oxygen species [29], and the mitochondria were damaged by 

Fig. 4. Flow cytometry of HT-29 cells apoptosis in each group. Note: A, B, C, and D represent Ctrl, G-Pb, G-C@R/C, and G-Pb + C@R/C, 
respectively. I, T, and P represent the intervention, therapy, and prevention group, respectively. 
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the excessive production of ROS, which would lead to cell dysfunction [30]. In addition, a previous study showed that the nuclei of 
intestinal cells, which may be detected by transmission electron microscopy, were a powerfully negative effect of lead [31]. 

In this study, 8 mM Pb (II) was used in vitro, leading to 50 % mortality and elevated levels of reactive oxygen species, which is 
consistent with the literature [26]. The results (Fig. 1) showed that the activity of HT-29 cells was less affected by a low concentration 
of Pb (II) exposure. When the concentration of Pb (II) was low (0.5 mM and 1 mM), the survival rate of HT-29 cells decreased. When 
exposed to 8 mM Pb (II), the survival rate of HT-29 cells was only 47.35 % of the control group. When exposed to 10 mM Pb (II), the 
survival rate of HT-29 cells was only 18.81 %, which was not conducive to the later experiment. Therefore, 8 mM was selected as the 
moderate exposure concentration, consistent with the literature [26]. The results (Fig. 2) showed a little protective effect on 
lead-exposed cells at low concentrations of CT@RPS/CS. When CT@RPS/CS concentration reaches 4 mg/mL, there is no significant 
difference in the survival rate of HT-29 cells under 8 mM lead exposure compared with the control group. With the increase of 
CT@RPS/CS concentration, the survival rate of lead-exposed cells does not increase significantly, suggesting that CT@RPS/CS of 4 
mg/ml can be used as the experimental concentration for later experiments. 

Whether in the intervention group, treatment group, or prevention group, CT@RPS/CS can improve the survival rate of HT-29 cells 
after lead exposure; that is, it has a protective effect. In addition, when only CT@RPS/CS was used, there was no significant difference 
between the survival rate of HT29 cells and that of the control group, suggesting that CT@RPS/CS had no cytotoxicity. Through the 
apoptosis experiment, whether in the intervention group, treatment group, or prevention group, the apoptosis rate of the G-C@R/C 
group was significantly lower than that of the G-Pb group. The comparison difference was statistically significant, almost the same as 
that of the Ctrl group, which also showed that CT@RPS/CS had no toxic effect on cells (as shown in Fig. 4). After treatment with 
CT@RPS/CS, the apoptosis rate decreased significantly. In the G-Pb + C@R/C group, the apoptosis rates of the intervention group, 
treatment group, and prevention group were 29.92 %, 37.4 %, and 28.63 %, respectively, which was significantly lower than that of 
the G-Pb group, suggesting that CT@RPS/CS treatment can alleviate the damage of Pb (II) exposure to cells to a certain extent, as 
shown in Fig. 5. 

Many previous studies have shown that Pb(II) exposure can lead to oxidative stress damage of kidney cells, liver cells, nerve cells, 

Fig. 5. Data analysis of HT-29 cell apoptosis in each group. Note: A, B, and C represent the living cell, non-viable apoptotic cell, and viable apoptotic 
cell, respectively. I, T, and P represent intervention, therapy, and prevention groups. a, b, c, and d represent statistical differences in intra-group 
comparisons, respectively. 
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and intestinal cells, especially the rise of ROS level, damaging biological macromolecules such as protein and DNA [20,32]. The results 
of the ROS content of HT-29 cells in different groups are shown in Fig. 6. The green fluorescence points in the cells exposed to lead ion 
stimulation is obvious, indicating that the ROS level is significantly increased. After the intervention, treatment, and prevention with 
CT@RPS/CS, the green fluorescence point of cells in the visual field was not obvious, indicating that CT@RPS/CS can reduce ROS 
content in HT-29 cells. In addition, in the blank group and only the CT@RPS/CS group, the green fluorescence point of cells in the 
visual field is not apparent, indicating that the above treatment will not cause oxidative damage to HT-29 cells. 

The results of SOD activity and MDA concentration of HT-29 cells in different groups are shown in Fig. 7. In the G-Pb group, the 
activity of SOD decreased significantly, and the content of MDA increased. This result is consistent with that reported in the literature 
[33,34]. In the G-C@R/C group, MDA did not increase or decrease significantly. However, in the intervention group, treatment group, 
and prevention group, SOD content increased, indicating that CT@RPS/CS can improve the activity of SOD enzyme without increasing 
MDA content, reflecting that CT@RPS/CS has a certain ability to antioxidant stress and can alleviate the oxidative stress caused by 
exposure to lead ion to a certain extent. Among them, in the intervention group, the values of SOD and MDA were similar to those in the 
G-Pb group, which reflected that the antioxidant stress protection ability of HT-29 cells was weak in the presence of Pb (II) and 
CT@RPS/CS at the same time. In the treatment group, the values of SOD and MDA were similar to those in the G-Pb group, reflecting 
that CT@RPS/CS could not repair the damaged cells of HT-29 cells exposed to Pb (II). In the prevention group, the SOD value and MDA 
value were like those in the Ctrl group, the SOD value was higher than that in the G-Pb group, and the MDA value was lower than that 
in the G-Pb group, which reflected that when CT@RPS/CS was added in advance, CT@RPS/CS and Pb (II) were preferentially com
bined. The combined compound could not effectively damage HT-29 cells and played a preventive and protective role. 

Cytokines are substances synthesized under external stimulation and have physiological effects and immune regulation functions, 
including some low molecular weight proteins [35]. The changes in cytokine levels in intestinal epithelial cells are closely related to 
their immune status. Abnormal cytokine levels often reflect intestinal inflammatory response, increased permeability, and other 
physiological disorders [36–38]. In this study, the cytokines detected include pro-inflammatory factors and anti-inflammatory factors. 
The excessive production of inflammatory factors is one of the leading causes of tissue injury and TNF- α is one of the most critical 
inflammatory factors and has a wide range of biological effects. The expression level of pro-inflammatory cytokines decreased because 
IL-10 causes activated monocytes to produce IL-1 β, IL-6, IL-8, and TNF- α. In this study, the HT-29 cell model was used and exposed to 

Fig. 6. Laser confocal image of HT-29 cells in each group. Note: A, B, C, and D represent Ctrl, G-Pb, G-C@R/C, and G-Pb + C@R/C, respectively. I, 
T, and P represent intervention, therapy, and prevention groups. 

S. Jiang and H. Hu                                                                                                                                                                                                    



Heliyon 10 (2024) e25019

9

Pb(II), and the expression of IL-1β, IL-6, IL-8, TNF-α, and IL-10 in Pb(II) exposed cells increased a lot compared with the Ctrl group, and 
there were significant differences in the comparison, suggesting that Pb(II) exposure may also be one of the factors causing the in
flammatory response of intestinal cells. IL-10, as an inhibitory factor, increased the expression level under the condition of Pb (II) 
exposure in this study, which should have been able to reduce IL-1 β, IL-6, IL-8, and TNF-α. From the experimental results, the Pb (II) 
expression failed to show its due function. It may be that Pb (II) exposure led to the denaturation of intracellular proteins, disrupted the 
stability of the intracellular system, made intracellular cytokines unable to achieve dynamic balance, and caused intestinal cell 
inflammation. CT@RPS/CS was used to intervene, treat, and prevent Pb (II) exposed HT-29 cells. The results showed that the pro
duction of IL-1β, IL-6, IL-8, and TNF-α in the G-PB + C@R/C group decreased to varying degrees, reflecting that CT@RPS/CS can 
effectively restore the activity of HT-29 cells, stabilize the cell microenvironment, and play a better barrier role. 

5. Conclusion 

This study found that Pb (II) exposure can significantly reduce the activity of HT-29 cells, induce the level of antioxidant stress in 
HT-29 cells, and promote the body’s absorption of lead. We found that CT@RPS/CS can effectively restore the activity of HT-29 cells 
after Pb (II) exposure and reduce ROS induced by Pb (II), reduce the production of relevant inflammatory cytokines, further play a 
certain protective role, and reduce the absorption of Pb (II) by cells, to reduce the toxicological role of Pb(II) in the host. 
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