Name of Journal: World Journal of Gastrointestinal Oncology
Manuscript NO: 68891
Manuscript Type: ORIGINAL ARTICLE

Basic Study
Effects of dietary zinc deficiency on esophageal squamous cell proliferation and the mechanisms involved

Chen Y et al. A study based on a mouse model

Yao Chen, Fang-Xun Liu, Hong Liu

Yao Chen, Department of Traditional Chinese Medicine, Peking University International Hospital, Beijing 102206, China

Fang-Xun Liu, International Medical Center, Peking University International Hospital, Beijing 102206, China

Hong Liu, Department of Gastroenterology, Beijing Shijitan Hospital Affiliated to Capital Medical University, Beijing 100038, China

Author contributions: Chen Y participated in experiments, analyzed data, and wrote the manuscript; Liu FX contributed to designing the study and analyzing the data with Liu H; Liu FX also participated in experiments; All authors gave their approval for the submission of the final manuscript.

Corresponding author: Fang-Xun Liu, PhD, Attending Doctor, International Medical Center, Peking University International Hospital, No. 1 Life Park Road, Life Science Park of Zhongguancun, Changping District, Beijing 102206, China. lfx3627@163.com

Received: June 30, 2021
Revised: July 30, 2021
Accepted: September 29, 2021
Published online: 


Abstract
BACKGROUND
Dietary zinc deficiency has been shown to be associated with the development of esophageal cancer in humans, but the exact mechanism of action is not known

AIM
To observe the effects of dietary zinc deficiency on esophageal squamous cell proliferation. 

METHODS
Thirty C57BL/6 mice were randomly divided into three groups: A zinc-sufficient (ZS) group, zinc-deficient (ZD) group, and zinc-replenished (ZR) group. For weeks 1–10, zinc levels in the mice diets were 30.66–30.89 mg/kg in the ZS group and 0.66–0.89 mg/kg in the ZD and ZR groups. During weeks 10–12, the ZR group was switched to the ZS diet; the other two groups had no changes in their diets. Changes in body weight, serum, and esophageal tissue zinc concentrations were assessed as well as differences in the expression of proliferating cell nuclear antigen (PCNA), mitogen-activated protein kinase p38 (p38MAPK), nuclear factor kappa B (NF-κB) p105, NF-κB p65, and cyclooxygenase (COX)-2 proteins in the esophageal mucosa.

RESULTS
The body weight and zinc concentration in the serum and esophageal mucosa were significantly lower in the ZD and ZR groups than in the ZS group (P < 0.05). In ZD mice, there was a marked proliferation of basal cells in the esophageal mucosa, resulting in a disturbance in the arrangement of basal cells in layers 2–4, a thickening of the squamous layer, and a significant increase in the expression of the above-mentioned five proteins involved in proliferation and inflammation in the esophageal mucosa. Two weeks after switching to the ZS diet, the serum zinc concentration in the ZR group increased, and the expression of PCNA, NF-κB p105, and COX-2 decreased, but the concentration of zinc in the esophageal mucosa and the structure of the esophageal mucosa did not display any significant changes

CONCLUSION
The ZD diet decreased the growth rate and promoted the proliferation of esophageal squamous cells in mice. The mechanism of proliferation was related to the induced overexpression of COX-2, P38, PCNA, and NF-κB (p105 and p65), and the ZR diet reduced the expression of PCNA, NF-κB p105, and COX-2, thereby reversing this process.
​
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Core Tip: Dietary zinc deficiency has been shown to be associated with the development of esophageal cancer in humans, but the exact mechanism of action is not known. The aim of this study was to observe the effects of dietary zinc deficiency on esophageal squamous cell proliferation. In addition, we investigated the pathway of zinc deficiency-induced esophageal squamous cell proliferation by detecting the expression of five predictive biomarkers. The results of the study showed that zinc-deficient diet decreased the growth rate and promoted the proliferation of esophageal epithelial squamous cells in mice. The mechanism was related to the induced overexpression of cyclooxygenase-2, P38, proliferating cell nuclear antigen, and nuclear factor kappa B (p105 and p65), and zinc replenishment reduced the expression of proliferating cell nuclear antigen, nuclear factor kappa B p105, and cyclooxygenase-2, thereby reversing this process.


INTRODUCTION
Esophageal squamous cell carcinoma (ESCC), the predominant type of esophageal cancer, is a deadly disease with a 5-year survival rate of only 10%[1]. Because of the absence of early symptoms, patients with ESCC are usually diagnosed at a late stage and, therefore, have a poor prognosis. To improve the prevention and treatment of this deadly cancer, understanding its causes and discovering new early biomarkers are essential for chemoprevention and therapeutic options.
Risk factors for ESCC include alcohol and tobacco use, nutritional deficiencies, and exposure to environmental carcinogens such as N-nitrosomethylbenzylamine[2]. Epidemiological studies have shown an association between dietary zinc deficiency and the etiology of ESCC[3,4]. Studies from Linxian, China, an area of high ESCC prevalence, showed that zinc concentration in biopsy specimens was inversely associated with the risk of cancer development, providing the strongest evidence for an association between dietary zinc deficiency and the occurrence of esophageal cancer in humans[3]. It has been found that zinc deficiency can lead to the overexpression of various genes associated with immune response, apoptosis, cell proliferation, and transcriptional regulation. These overexpressed genes, such as pro-inflammatory cytokines interleukin-1β, interleukin-6, tumor necrosis factor alpha, and cyclic nucleotide phosphodiesterases, may affect esophageal cancer development[5]. However, this is just one of many possibilities. Because of the multiple functions of this element, it can be assumed that the role of zinc in antitumor initiation and promotion is multi-pathway, although its mechanism of action is not fully understood.
The expression of five predictive biomarkers, proliferating cell nuclear antigen (PCNA), mitogen-activated protein kinase p38 (p38MAPK), nuclear factor kappa B (NF-κB) p105, NF-κB p65, and cyclooxygenase (COX)-2 proteins, was shown to be important in the development of esophageal cancer. PCNA is an indicator of cell proliferation[6]. NF-κB p105 and NF-κB p65 are members of the NF-κB family and play important roles in the transcriptional regulation of genes related to inflammation, cell proliferation, differentiation, apoptosis, immune response, and tumorigenesis[7]. Zinc can negatively regulate the NF-κB signaling pathway through numerous mechanisms[8]. COX-2 is an inducible enzyme that converts arachidonic acid to prostaglandins and is involved in inflammatory diseases and tumor development[9]. High COX-2 expression increases the risk of esophageal cancer in healthy people, and inhibition of COX-2 may be useful in the prevention and treatment of this cancer[10-12]. p38MAPK signaling has been linked to the development and progression of cancer, and altered p38MAPK expression has been associated with poor outcomes in patients with esophageal cancer[13]. Hence, the aim of this study was to investigate the effects of dietary zinc deficiency on the growth, development, and proliferation of esophageal squamous cells in mice. In addition, we examined the pathway of zinc deficiency-induced esophageal squamous cell proliferation by detecting the expression of the above-mentioned five predictive biomarkers.

MATERIALS AND METHODS
Chemicals and animal diets
Immunohistochemical detection kits purchased from Abcam Inc. (Cambridge, United Kingdom) were used, and immunostaining was performed according to the manufacturer’s instructions. The D19410B egg white-based AIN-76A diet and D19401 egg white-based AIN-76A diet were purchased from Research Diets Inc. (New Brunswick, NJ, United States). These diets were assayed and found to contain 30.66–30.89 and 0.66–0.89 mg/kg zinc, respectively, and were accordingly used as zinc-sufficient (ZS) and zinc-deficient (ZD) diets (Table 1). This study was approved by the Institutional Research Ethics Committee of Beijing Shijitan Hospital. The study was conducted in accordance with the Guide for the Care and Use of Laboratory Animals (8th edition, National Academies Press).

Experimental design
Thirty C57BL/6 mice (age, 3 wk; weaned) of specific-pathogen-free grade were procured from Sparford Laboratory Animal Technology Co. [Beijing, China; certificate number: SCXK (Beijing) 2011-0004]. The animals were housed in groups in stainless steel cages in a temperature-and humidity-controlled room with a 12 h light/dark cycle. The mice were randomized into three groups: ZS, ZD, and zinc-replenished (ZR) groups, with 10 mice in each group. For weeks 1–10, mice in the ZD and ZR groups were fed the ZD diet, and mice in the ZS group were fed the ZS diet. During weeks 10–12, the ZR group was switched to the ZS diet, and the other two groups were fed the same diets without change. All mice had free access to deionized water. The body weight and weight of the ingested feed for all mice were weighed weekly. All animals were euthanized after 12 wk of feeding. The changes in zinc concentrations in the serum and esophageal tissues, as well as differences in the expression levels of PCNA, p38MAPK, NF-κB p105, NF-κB p65, and COX-2 proteins in the esophageal mucosa, were assessed.

Collection and treatment of specimens
The animals were anesthetized with pentobarbital, which was provided by the animal room at our research facility, before euthanization. Blood was collected from the tail of each animal, and the serum was obtained and prepared for zinc analysis. Subsequently, whole esophagi were excised, opened longitudinally, and rinsed with normal saline. The esophageal mucosa was divided into three sections: One part for the detection of zinc concentration and the other two parts fixed in buffered formalin and embedded in paraffin. Cross-sections of the esophagus were cut to a thickness of 4 mm. Half of the sections were stained with hematoxylin and eosin and examined for histopathology under an optical microscope (Olympus, Tokyo, Japan) at 200 × magnification. The remaining tissue sections were dewaxed, hydrated, and analyzed with diluted primary antibodies (Abcam Inc.): PCNA (1:50; ab92552), P38 (1:50; ab31828), NF-κB p105 (1:50; ab32360), NF-κB p65 (1:50; ab16502), and COX-2 (1:50; ab15191).
Serum and esophageal mucosal zinc content was measured by inductively coupled plasma mass spectrometry (inductively coupled plasma mass spectrometry; model ELAN DRC II, Perkin Elmer Inc., Waltham, MA, United States). Prior to sample loading, serum samples were diluted 20 times, and esophageal mucosal samples were weighed, pretreated for microwave digestion, and diluted 20 times. The inductively coupled plasma mass spectrometry was set up with the following parameters: Nebulization gas flow rate, 0.98 L/min; auxiliary gas flow rate, 1.20 L/min; plasma gas flow rate, 15.0 L/min; retention time, 100 ms; sample absorption rate, 1 mL/min; scanning mode, single-point peak-jumping; resolution, 0.7–0.9 aum; 45Sc; 166Er; detection limit, Sc 0.03 ng/mL, Er 0.0003 ng/mL.

Statistical analysis
Statistical analyses were performed using SPSS software (version 22.0; IBM Inc., Armonk, NY, Unites States). Measurements conforming to a normal distribution were expressed as the mean ± SD. Differences between the groups were evaluated by one-way analysis of variance or the Kruskal–Wallis test for continuous variables. Statistical significance was set at P < 0.05.

RESULTS
Effect of zinc deficiency and replenishment on body weight
As shown in Table 1, the body weight of mice at 3 wk of age did not differ significantly among the three groups. At 10 wk, the body weight of mice was significantly lower in the ZD and ZR groups than in the ZS group (P < 0.05). At 12 wk, the body weight of mice in the ZD group was significantly lower than that of mice in the ZS and ZR groups (P < 0.05). The body weight of mice in the ZR group at 12 wk was higher than that at 10 wk, but there was no significant difference in the body weight of mice in the ZS group, suggesting that dietary zinc replenishment remedied the decrease in body weight caused by zinc deficiency in mice.

Effect of zinc deficiency and replenishment on food intake
As shown in Table 2, the food intake of mice between the ages of 3 and 10 wk did not differ significantly among the three groups. At 12 wk, the food intake of mice in the ZD group was significantly lower than that of mice in the ZS group (P < 0.01), while there was no significant difference in food intake between the ZR and ZS groups.

Effect of zinc deficiency and replenishment on serum and esophageal mucosal zinc levels
As shown in Table 3, serum zinc levels of mice in the ZD group were significantly lower than those of mice in the ZS group (P < 0.05), while there was no significant difference between the serum zinc levels in the ZR and ZS groups. Esophageal mucosal zinc levels were significantly lower in the ZD group than in the ZS group (P < 0.01). Although esophageal mucosal zinc levels of mice in the ZR group increased, they were still significantly lower than those of mice in the ZS group (P < 0.01), suggesting that the improvement in the esophageal mucosal zinc level was significantly lower than that in the serum zinc level.

Histopathological changes in the esophageal mucosa
Hematoxylin and eosin staining showed that the esophageal mucosa of mice in the ZS group consisted of a layer of basal cells that were arranged in an orderly manner. In ZD mice, there was apparent basal cell hyperplasia in the esophageal mucosa, which resulted in two to four layers of basal cells arranged in a disordered manner, along with a visible squamous layer thickening. However, columnar metaplasia, inflammation, or ulcers was not observed. Two weeks after zinc replenishment, the esophageal mucosa showed no obvious improvement (Figure 1). 

Expression of PCNA, P38, NF-κB p105, NF-κB p65, and COX-2 in mouse esophageal mucosal tissue
Immunohistochemical staining showed that compared with mice in the ZS group, those in the ZD group showed increased expression levels of PCNA, P38, NF-κB p105, NF-κB p65, and COX-2 in the esophageal mucosa. Two weeks after zinc replenishment, the expression levels of PCNA, NF-κB p105, and COX-2 in the esophageal mucosa of ZR group decreased, while those of NF-κB, p65, and P38 showed no significant change (Figure 2).

DISCUSSION
Over the past several decades, zinc has been known to be an essential trace element that is widely distributed in vivo and plays a regulatory role in the immune system through its availability, which is tightly regulated by several transporters and regulators. As a functional component or activator of a variety of enzymes, zinc can promote human growth and development, augment nucleic acid and protein synthesis, and increase cell-mediated immune functions[14-16]. Zinc deficiency due to an improper diet is very common, as the human body cannot store zinc reserves[5]. Consequently, zinc deficiency is a global health problem, affecting approximately one-third of the world’s population, predominantly in developing countries[17,18]. Dietary zinc intake is less than half the recommended dose in more than 10% of the population[5]. Acute zinc deficiency causes a decrease in innate and adaptive immunity, whereas chronic deficiency increases inflammation and the risk of cancer[19-22]. Many epidemiological studies have shown that zinc deficiency in humans is associated with an increased risk of developing ESCC, although the mechanism through which this occurs is not fully understood[3,23,24]. By using the ZD rat model, we designed this study to elucidate the effects of dietary zinc deficiency on esophageal squamous cells and the possible mechanisms. In addition, the effect of zinc deficiency on the esophageal mucosa of ZD rats was observed.
Our results showed that after 12 wk of the ZD diet, food intake, body weight, and zinc content in the serum and esophageal mucosal tissues of ZD mice decreased significantly, which differed considerably from that in the ZS group. After 2 wk of zinc replenishment, the body weight and serum zinc content of the ZR mice increased, with no difference compared to the ZS group, while the esophageal mucosal zinc content was very low, indicating that the zinc content in the esophageal mucosal tissues recovered more slowly than the serum zinc content after zinc replenishment. In both animal and human studies, zinc has been shown to participate in the regulation of cell proliferation in several ways; therefore, zinc deficiency can restrict growth[25-26]. It is essential for enzyme systems to influence cell division and proliferation. In humans, an early symptom of zinc deficiency is diarrhea, followed by listlessness and depression[27]. Severe zinc deficiency can lead to hepatic encephalopathy, growth retardation, cell-mediated immune dysfunction, and cognitive impairment[25-28]. Zinc supplementation may be a crucial intervention for improving these clinical problems[29]. Furthermore, epidemiological studies have revealed an association between high circulating zinc concentrations and reduced risk of cancer[30-33]. The mean serum zinc levels in high-risk regions were significantly low. The elemental concentrations of zinc showed a significant difference (P < 0.001) in tumor and non-tumor tissues from the same individual[34]. Zinc deficiency is closely related to the risk of esophageal cancer in multiple populations[32,33]. Zinc is presumed to play a pivotal role in defending against the initiation and promotion of several malignancies, although the mechanism of this role is not fully known[21].
Since the genetic characteristics of mice are clearer than those of rats, mice are the best animal model for studying the development and progression of diseases. The pathological results of this study showed that esophageal mucosal basal cells of mice in the ZD group demonstrated obvious hyperplasia, disordered cell arrangement, and a thickened squamous layer. Previous studies have shown that dietary zinc deficiency may also lead to hyperplasia and hyperkeratosis of esophageal squamous cells in rats and that cell proliferation is directly related to the development of esophageal cancer[35]. Rats fed a low-zinc diet for 5 wk developed esophageal preneoplasia with unique genetic characteristics[36]. Feeding a low-zinc diet to rats for 23 wk resulted in increased expression of cancer-related inflammatory factors that could lead to the development of esophageal cancer when combined with a non-carcinogenic dose of the environmental carcinogen N-nitrosomethylbenzylamine[37-39], while replenishing zinc through a ZS diet reduced these effects in ZD rats. Studies from areas with a high incidence of esophageal cancer have shown that a higher total number of proliferating cells in the esophageal epithelium found in hyperplasia and dysplasia was associated with an increased risk of cancer[40]. Zinc is important for maintaining healthy esophageal epithelium, and zinc deficiency results in abnormal esophageal cell proliferation, promoting tumor development[41].
The expression of five predictive biomarkers, COX-2, NF-κB p65, NF-κB p105, PCNA, and P38, was examined via immunohistochemistry in this study. The results showed that dietary zinc deficiency could induce the overexpression of COX-2, P38, PCNA, NF-κB (p65 and p105), and other inflammatory factors, which may be related to the occurrence of ESCC. After 2 wk of ZR, the expression level of PCNA, NF-κB p105, and COX-2 in the esophageal mucosa decreased. This finding is consistent with the results of Fong et al[42], who found that zinc deficiency also affected cancer development by regulating the expression of NF-κB p65, COX-2, and leukotriene A4 hydrolase. Zinc deficiency significantly increased the incidence of esophageal cancer by inducing the overexpression of inflammatory factors, while zinc supplementation reversed this process[37]. Zinc deficiency-induced inflammation is a critical factor in ESCC development. Furthermore, Taccioli et al[36] found that short-term zinc deficiency could induce the overexpression of proinflammatory genes S100A8 and S100A9 in the esophageal mucosa. Chronic inflammation has been implicated in the pathogenesis of ESCC[37]. Zinc deficiency upregulates oncogenic miR-21, miR-31, and miR-223 and downregulates the tumor suppressor gene miR-375, all of which are accompanied by the dysregulation of their target genes in esophageal cancer[42-44].

CONCLUSION
In conclusion, dietary zinc deficiency can inhibit growth and promote the proliferation of esophageal epithelial squamous cells in mice. The mechanism may be related to the induced overexpression of COX-2, P38, PCNA, NF-κB (p65 and p105), and other tumor-related factors. Zinc replenishment reversed this process by reducing the expression of PCNA, NF-κB p105, and COX-2. Because China has a high incidence of esophageal cancer, it may be beneficial to prevent the occurrence of esophageal cancer by promoting an increase in the intake of foods rich in zinc, such as fish, seafood, meat, fresh vegetables, and fruits.

ARTICLE HIGHLIGHTS
Research background
Zinc is an element with multiple functions. Zinc deficiency can lead to overexpression of several genes related to immune response, apoptosis, cell proliferation, and transcriptional regulation. Dietary zinc deficiency has been shown to be associated with the development of esophageal cancer in humans, but the exact mechanism of action is not known. 

Research motivation
Esophageal squamous cell carcinoma is a deadly disease with a 5-year survival rate of only 10%. Because of the absence of early symptoms, patients with esophageal squamous cell carcinoma ESCC are usually diagnosed at a late stage and, therefore, have a poor prognosis. To improve the prevention and treatment of this deadly cancer, understanding its causes and discovering new early biomarkers are essential for chemoprevention and therapeutic options.

Research objectives
The aim of this study was to investigate the effects of dietary zinc deficiency on the growth, development, and proliferation of esophageal squamous cells in mice. In addition, we investigated the pathway of zinc deficiency-induced proliferation of esophageal squamous cells by detecting the expression of five predictive biomarkers, namely proliferating cell nuclear antigen (PCNA), mitogen-activated protein kinase p38 (p38MAPK), nuclear factor kappa B (NF-κB) p105, NF-κB p65, and cyclooxygenase (COX)-2 protein.

Research methods
Thirty C57BL/6 mice were randomly divided into three groups: a zinc-sufficient (ZS) group, zinc-deficient (ZD) group, and zinc-replenished (ZR) group. For weeks 1–10, zinc levels in the mice diets were 30.66–30.89 mg/kg in the ZS group and 0.66–0.89 mg/kg in the ZD and ZR groups. During weeks 10–12, the ZR group was switched to the ZS diet; the other two groups had no changes in their diets. Changes in body weight, serum, and esophageal tissue zinc concentrations were assessed as well as differences in the expression of PCNA, p38MAPK, NF-κB p105, NF-κB p65, and COX-2 proteins in the esophageal mucosa.

Research results
The body weight and zinc concentration in the serum and esophageal mucosa were significantly lower in the ZD and ZR groups than in the ZS group. In ZD mice, there was a marked proliferation of basal cells in the esophageal mucosa, resulting in a disturbance in the arrangement of basal cells in layers 2–4, a thickening of the squamous layer, and a significant increase in the expression of the above-mentioned five proteins involved in proliferation and inflammation in the esophageal mucosa. 

Research conclusions
The results indicated that the ZD diet decreased the growth rate and promoted the proliferation of esophageal squamous cells in mice. The mechanism of proliferation was related to the induced overexpression of COX-2, P38, PCNA, and NF-κB (p105 and p65), and the ZR diet reduced the expression of PCNA, NF-κB p105, and COX-2, thereby reversing this process.

Research perspectives
In this study, all five proteins were detected by immunohistochemistry staining, which is a semi-quantitative method. In future studies, we will try to increase the sample size and use a quantitative approach to make the results more meaningful.
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Figure Legends
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Figure 1 Hematoxylin and eosin staining of the esophageal mucosa (200 ×). A: Zinc-sufficient group; B: Zinc-deficient (ZD) group; C: Zinc-replenished group. The esophageal mucosa of mice in the Zinc-sufficient group (A) consisted of a layer of basal cells that were arranged in an orderly manner. In the ZD mice (B), there was apparent basal cell hyperplasia in the esophageal mucosa, that resulted in two to four layers of basal cells arranged in a disordered manner, along with a visible squamous layer thickening. The esophageal mucosa of mice in the Zinc-replenished group (C) showed no obvious improvement compared to that of mice in the ZD group.
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Figure 2 Immunohistochemical staining for cyclooxygenase-2, nuclear factor kappa B p65, nuclear factor kappa B p105, P38, and proliferating cell nuclear antigen in the esophageal mucosa (200 ×). A: Cyclooxygenase (COX)-2 was not expressed or was minimally expressed in the cytoplasm of normal cells; B: COX-2 expression was significantly increased in the esophageal mucosa of mice in the zinc-deficient (ZD) group; C: Two weeks of zinc-replenished (ZR) group reduced the COX-2 expression level; D: Nuclear factor kappa B (NF-κB) p65 showed a low expression level in the cytoplasm of normal cells; E: NF-κB p65 expression level significantly increased in the esophageal mucosa of mice in the ZD group; F: Compared with mice in the ZD group, in those in the ZR group, NF-κB p65 expression level did not change significantly in the esophageal mucosa; G: NF-κB p105 showed a low expression level in the cytoplasm of normal cells; H: NF-κB p105 expression level significantly increased in the esophageal mucosa of mice in the ZD group; I: Two weeks of ZR group reduced the NF-κB p105 expression level; J: P38 was expressed in small amounts in the cytoplasm and nucleus of normal cells; K: P38 expression was increased in the nucleus of esophageal mucosal cells in the ZD group; L: Compared with mice in the ZD group, in those in the ZR group, P38 expression level did not change significantly in the esophageal mucosa; M: Proliferating cell nuclear antigen (PCNA) showed a low expression level in the cytoplasm of normal cells; N: PCNA expression level significantly increased in the esophageal mucosa of mice in the ZD group; Compared with mice in the ZD group, in those in the ZR group, 2 wk of ZR reduced the PCNA expression level. ZS: Zinc-sufficient; ZD: Zinc-deficient; ZR: Zinc-replenished; COX-2: Cyclooxygenase-2; NF-κB: Nuclear factor kappa B; PCNA: Proliferating cell nuclear antigen.


Table 1 Effect of zinc deficiency and replenishment on body weight (g; n = 10)
	Age
	ZS group
	ZD group
	ZR group

	3 wk
	19.06 ± 2.42
	18.72 ± 2.89
	18.38 ± 3.25

	10 wk
	27.80 ± 2.21
	24.22 ± 2.47a
	22.52 ± 2.89a

	12 wk
	30.55 ± 3.18
	23.4 ± 2.76b
	27.98 ± 3.16


aP < 0.05 vs zinc-sufficient (ZS) group. 
bP < 0.01 vs ZS group. Data are shown as mean ± SD. ZS group: Zinc-sufficient group; ZD group: Zinc-deficient group; ZR group: Zinc-replenished group. 

Table 2 Effect of zinc deficiency and replenishment on food intake (g/mouse/d/kg; n = 10)
	Age
	ZS group
	ZD group
	ZR group

	3 wk
	386.25 ± 39.86
	405.98 ± 40.24
	396.47 ± 36.79

	10 wk
	358.49 ± 34.81
	389.02 ± 36.24
	380.11 ± 40.28

	12 wk
	309.72 ± 35.17
	222.13 ± 28.48b
	335.80 ± 38.13


bP < 0.01 vs zinc-sufficient group. Data are shown as mean ± SD. ZS group: Zinc-sufficient group; ZD group: Zinc-deficient group; ZR group: Zinc-replenished group.

Table 3 Effect of zinc deficiency and replenishment on serum and esophageal mucosal zinc levels (n = 10)
	
	ZS group
	ZD group
	ZR group

	Serum zinc(μg/dL)
	1.19 ± 0.14
	0.97 ± 0.11a
	1.29 ± 0.18

	Mucosal zinc (mg/g)
	32.80 ± 0.38
	20.83 ± 0.24b
	23.78 ± 0.29b


aP < 0.05 vs zinc-sufficient (ZS) group. 
bP < 0.01 vs ZS group. Data are shown as mean ± SD. ZS group: Zinc-sufficient group; ZD group: Zinc-deficient group; ZR group: Zinc-replenished group. 
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