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Purpose: To investigate the association between serum amino acid changes and alopecia in patients with obesity before and after bariatric surgery, and identify risk factors for postoperative alopecia.

Methods: This prospective cohort study (ChiCTR2300074104) included patients with obesity undergoing laparoscopic sleeve gastrectomy (LSG), categorized into non-mild alopecia (NM group, n = 24) and moderate–severe alopecia (MS group, n = 43) groups. Clinical data and serum amino acid concentrations were analyzed to: (1) compare preoperative and postoperative amino acid profiles; (2) evaluate amino acid differences between groups at various timepoints and correlate with alopecia severity; (3) perform logistic regression to identify alopecia risk factors.

Results: Among 67 patients analyzed, LSG significantly decreased serum concentrations of arginine, alanine, threonine, glutamic acid, branched-chain amino acids (valine, isoleucine, leucine), and aromatic amino acids (tyrosine, phenylalanine, tryptophan) (p < 0.05), while serine and glycine increased (p < 0.05). At 3 months postoperatively, leucine levels were higher in the MS group compared to the NM group. Spearman’s correlation analysis revealed threonine, γ-aminobutyric acid, and leucine levels were associated with alopecia severity (p < 0.05). Logistic regression identified serum leucine as an independent risk factor for postoperative alopecia (OR = 1.119, 95% CI 1.006-1.245, p = 0.038).

Conclusion: LSG surgery alters the serum amino acid profile in patients with obesity, and serum leucine concentration at 3 months postoperatively is an influential factor in postoperative alopecia.
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1 Introduction

With the change in people’s diet structure and lifestyle, the obese population is increasing. The World Health Organization estimates that in 2016, there were over 1.9 billion adults worldwide who were overweight, of which over 650 million were obese. The prevalence of obesity has exceeded 30% in some developed nations, and by 2030, there are expected to be over 366 million patients with obesity (1). Obesity-related complications such as cardiovascular disease, type 2 diabetes, and cancer (2, 3) will turn out to be a major challenge for global healthcare. Bariatric surgery should be considered for patients with severe obesity with body mass index (BMI) ≥ 40 kg/m2 or BMI ≥ 35.0 kg/m2 with associated complications (4), which is effective in achieving weight loss, improving the outcome of adverse cardiovascular events and decreasing mortality (5, 6).

Because it is safe and simple to do, laparoscopic gastric sleeve surgery (LSG) is one of the restrictive surgical techniques most frequently used for patients who are moderately to severely obese, which reduces the absorption of gastric volume to promote weight loss (7). However, the change in gastric volume as a result of LSG may cause patients to feel less hungry, reduced dietary intake leading to insufficient supplementation of protein intake, and patients to suffer from malnutrition and related postoperative complications (8). Alopecia is a common postoperative complication after LSG that causes great psychological stress to the patient, the exact cause of which is still unclear. Amino acids are essential for protein synthesis and hair follicle function, their deficiency or imbalance may contribute to alopecia, and one study showed differences in serum amino acid concentrations between patients with alopecia and the healthy population (9). Due to modifications in body metabolism, patients with obesity blood amino acid profiles alter post-surgery. A cross-sectional investigation revealed that the concentrations of branched-chain amino acids in serum were higher in patients with obesity and significantly lower following sleeve gastrectomy (10). In this study, we compared the changes in preoperative and postoperative amino acid profiles of patients with obesity proposed to undergo LSG surgery and examined the amino acid levels at different time points in the postoperative alopecia and non-alopecia groups of subjects, respectively, to find biomarkers with a strong correlation with alopecia.



2 Materials and methods


2.1 Study population

This was a prospective, single-center, observational cohort study. The subjects were recruited from the Department of Gastrointestinal Surgery of a tertiary general hospital in Nanjing for LSG from August 2021 to February 2022 The inclusion criteria were as follows: (1) The patients were 18-60 years old; (2) the procedure was LSG; (3) the BMI was >30 kg/m2; (4) the patients voluntarily signed an informed consent form and adhered to the requirements of the study protocol, and were able to complete a minimum of 3 months of postoperative follow-up. Exclusion criteria were as follows: (1) history of severe hair loss before surgery [normal hair loss is defined as no more than 100 hairs per day (11)]; (2) individuals who declined to participate in the follow-up or left the trial; (3) those with severe renal, hepatic, and cardiac impairment; (4) two or more operations were performed during hospitalization; (5) serious complications or even death occurred after operation; (5) Known refractory metabolic diseases, such as poorly controlled diabetes mellitus (e.g., fasting blood glucose ≥10 mmol/L), hyperthyroidism, hypothyroidism; (6) Pregnant or lactating women.

Patients were categorized into non-mild alopecia group (NM group) or moderate–severe alopecia group (MS group) based on skin microscopy examination diagnosis during the 3-month postoperative outpatient follow-up. The study was registered with the Chinese clinical trial registry1, registration numbers: ChiCTR2300074104. The study was approved by the Ethics Committee of Nanjing Drum Tower Hospital, Affiliated Hospital of Medical School, Nanjing University (2021-334-02). Study subjects signed an informed consent form.



2.2 Study methods


2.2.1 Data collection

Patients gender, age, diagnosis, BMI and other clinical information were collected from Hospital Information System. Enrolled patients completed postoperative outpatient follow-up at months 1 and 3 during the study cycle. According to the American Society for Metabolic and Bariatric Surgery (4), the patient’s post-discharge protein supplementation regimen was: whey protein (Swisse Wellness Pty Ltd) 60 g/day. The caloric intake protocol: 400 kcal/day for the first week; 600-800 kcal/day during weeks 3–4; and 1,200–1500 kcal/day for 2–6 months.

Postoperative follow-up is conducted by our hospital’s multidisciplinary weight loss and metabolism team. This team provides postoperative dietary education and a dietary guidance sheet to each enrolled patient. During each follow-up visit, the patient’s dietary status is assessed, and adjustments are made as necessary. Additionally, patient and family education is enhanced to improve patient adherence to treatment and self-management abilities, ensuring the implementation of the protocol and the effectiveness of weight loss.



2.2.2 Alopecia diagnostic criteria

Dermatologists from our hospital examined the patient at the time of admission and 3 months after surgery utilizing skin microscope (Jiangsu Jieda Technology Development Co., Ltd., Model JD-801) hair analysis testing technologies to assess hair growth condition. The occurrence and amount of alopecia were determined using the Ludwig classification for female alopecia (12) or the Hamilton-Norwood (H-N) classification system for male alopecia (11). Using a seven-point grading scale (13) (−3: significant decrease, −2: moderate decrease, −1: slight decrease,0: no change, +1: slight increase, +2: moderate increase, +3: significant increase) to compare baseline macroscopic images to those taken 3 months after surgery to assess the hair loss problem in conjunction with the patient’s symptoms.



2.2.3 Blood sample collection and serum amino acid testing

1.5 mL of serum samples remaining after the subjects’ preoperative, 1- and 3-month postoperative routine examinations were collected in 2 mL centrifuge tubes and stored at −80 °C. The serum samples were thawed before the assay and the concentrations of 17 amino acids by High-Performance Liquid Chromatography with o-phthalaldehyde Online Pre-column Derivatization (14), including taurine, serine, glutamine, glycine, threonine, aspartic acid, arginine, alanine, glutamic acid, γ-aminobutyric acid (GABA), tyrosine, valine, phenylalanine, isoleucine, leucine, methionine and tryptophan. The serum amino acid concentrations of the different species were calculated using a calibrated working curve at the completion of the experiments.

Experimental equipment: LC-20 AD Ultra-high Performance Liquid Chromatograph, L-ECD 6A Electrochemical Detector (Shimadzu Co., Ltd., Japan) and VP-ODS column (4.6 × 150 mm, 5 μm, Shimadzu Co., Ltd., Japan).

Chemicals and Reagents: HPLC grade methanol and working standards (taurine, serine, glutamine, glycine, threonine, aspartic acid, arginine, alanine, glutamic acid, GABA, tyrosine, valine, phenylalanine, isoleucine, leucine, methionine and tryptophan) were purchased from Sigma-Aldrich (Milano, Italy). Sodium tetraborate, sodium sulfite, o-phthalaldehyde, sodium hydroxide, hydrochloric acid, citric acid and perchloric acid from Sinopharm Chemical ReagentCo., Ltd.(Shanghai, China).

There are two types of mobile phases: the weak retention system mobile phase consists of acetonitrile 130 mL, methanol 100 mL, water 1770 mL, citric acid 22.8 g, NaH2PO4 21.9 g and anhydrous EDTA 0.15 g. Strongly retained mobile phase: methanol 640 mL, water 1,360 mL, KH2PO4 8.84 g and anhydrous EDTA 0.05 g. The mobile phase was filtered by 0.45 μm microporous filtration organic membrane and degassed by ultrasonication. The detection potential, mobile phase flow rate, injection volume, and column temperature were 0.7 V, 1.0 mL/min, 20 μL, 30 °C.




2.3 Sample size calculation

The primary endpoint of this study was serum amino acid concentration at 3 months postoperatively, and there are no relevant studies that provide serum amino acid concentrations in NM groups versus MS groups. We followed guidelines for minimum sample sizes for pilot studies (15) which recommends the inclusion of 10 ~ 40 people per group. In conjunction with the practicalities of this study, 20 participants were included in each group at least.



2.4 Statistical analysis

Continuous variables are expressed as mean±SD or medians with interquartile ranges. Between-group comparisons at baseline in continuous data were tested with the independent-sample t-test or Mann–Whitney U test, in which the categorical variables were tested with the χ2 test or Fisher exact test, and expressed as a rate (%). For comparisons of amino acid concentrations at different time points, using analysis of variance for repeated measurements or generalized estimating equation (GEE). Correlation analysis was performed using Spearman’s method. Logistic regression analysis was used to screen for independent influences affecting patients’ postoperative alopecia. The level of significance was set as a 2-sided p value less than 0.05. All analyses were conducted with SPSS version 26.0 (SPSS Inc), and graphing with Graphpad 9.0.




3 Results


3.1 Patient characteristics

A total of 93 LSG patients were enrolled in the pre-study period, 26 patients who did not complete 3 months of outpatient follow-up and refused to sign the informed consent were excluded, and 67 patients were finally included, and the flow chart of the study is shown in Figure 1. To assess potential selection bias, we compared the baseline characteristics of included and excluded patients. The results showed no statistically significant differences in baseline characteristics (p > 0.05), indicating that the exclusion of patients did not significantly affect the representativeness of the study population.

[image: Flowchart of a study assessing eligibility of 93 cases, with 26 exclusions. Sixty-seven included cases underwent follow-up and blood sample collection. At three months, dermoscopy was assessed, dividing participants into non-mild alopecia (24) and moderate-severe alopecia (43) groups, both analyzed.]

FIGURE 1
 Flow chart of the study.


There were 24 males (35.82%) and 43 females (64.18%), with a mean age of 32.59 ± 7.90 years, a mean BMI of 37.92 ± 6.24 kg/m2. A total of 43 patients with moderate to severe alopecia were observed in the postoperative period, with an incidence of alopecia of 64.18%, a male alopecia ratio of 14/24, and a female alopecia ratio of 29/43. The time of onset of alopecia was 2.88 ± 0.87 months postoperatively. The patients’ baseline demographic and clinical characteristics data are detailed in Table 1, and no significant differences between the MS group and the NM group were noted (p > 0.05). There was no statistically significant difference in weight loss between the two groups at one and 3 months postoperatively.


TABLE 1 Baseline characteristics of participants.


	Characteristics
	MS group (n = 43)
	NM group (n = 24)
	p-value

 

 	Age (years) 	29 (25, 39) 	34 (30, 40) 	0.064


 	Male (n, %) 	14 (32.56) 	10 (41.67) 	0.456


 	Height (cm) 	100 (90, 128) 	105.5 (93.25, 132) 	0.433


 	Weight (kg) 	168 (162, 175) 	168 (163.25, 176) 	0.943


 	BMI (kg/m2) 	37.39 ± 6.16 	38.81 ± 6.39 	0.374


 	Waist (cm) 	117.15 ± 13.93 	118.48 ± 17.19 	0.732


 	Hip (cm) 	121.23 ± 11.28 	121.77 ± 11.29 	0.852


 	WHR 	0.97 (0.92, 1.02) 	0.96 (0.93, 1.02) 	0.748


 	SBP (mmHg) 	145 (128, 152) 	144.5 (128, 151) 	0.896


 	DBP (mmHg) 	90.14 ± 11.33 	91 ± 8.07 	0.72


 	Course of obesity (years) 	5 (3, 10) 	6.5 (3, 13) 	0.389


 	Types of obesity-related comorbidities (n) 	5 (3, 6) 	4.5 (3.2, 6) 	0.76


 	ALT (U/L) 	35 (24.3, 59.0) 	38.5 (23.0, 67.7) 	0.137


 	AST (U/L) 	28.17 ± 5.30 	26.36 ± 4.72 	0.49


 	TG (mmol/L) 	1.8 ± 0.6 	1.6 ± 0.7 	0.615


 	TC (mmol/L) 	4.8 ± 1.3 	4.7 ± 1.2 	0.439


 	HDL-C (mmol/L) 	1.0 ± 0.3 	1.1 ± 0.5 	0.465


 	LDL-C (mmol/L) 	3.1 ± 1.2 	2.9 ± 0.8 	0.18


 	HbA1C (mmol/mol) 	39.06 ± 8.06 	35.34 ± 5.58 	0.08


 	Hypoglycemia (mmol/L) 	5.7 ± 1.9 	5.4 ± 1.4 	0.323


 	Uric acid (μmol/L) 	339.23 ± 23.5 	350.20 ± 21.3 	0.127





Normally distributed variables were expressed as mean ± standard deviation; skewed distributed variables as median and interquartile range; p-value for differences between two groups were calculated with Mann–Whitney U test for skewed distributed variables and T-test for normal distributed and χ2 test for categorical variables; BMI, body mass index; WHR, Waist-to-Hip Ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; ALT, glutamic-pyruvic transaminase; AST, glutamic oxaloacetic transaminase; TG, triglyceride; TC, total cholesterol; HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-density lipoprotein cholesterol; HbA1C, glycosylated hemoglobin; NM, non-mild alopecia group; MS, moderate–severe alopecia group.
 

When the amino acid concentrations of the patients in the NM group and the MS group were compared, the analysis showed that there was no statistically significant difference between the two groups’ preoperative amino acid concentrations (p > 0.05). Supplementary Table 1 displays the preoperative amino acid levels of the patients in the two groups.



3.2 Comparative analysis of amino acid levels in patients with obesity before and after bariatric surgery

Comparative analysis of serum amino acid concentration data for all subjects during the preoperative and follow-up periods using the GEE method is shown in Supplementary Table 2, and the positive results are represented in Figure 2. The findings revealed that the amino acid profile of patients with obesity changed following LSG, with serum concentrations of most amino acids decreasing postoperatively compared to preoperative levels. Arginine, alanine, threonine, glutamic acid, branched-chain amino acids (BCAAs, valine, isoleucine and leucine), and aromatic amino acids (AAAs, tyrosine, phenylalanine, tryptophan) showed significant decreases in serum concentrations postoperatively (p < 0.05); serine and glycine showed significant increases postoperatively (p < 0.05); and the concentrations of the other amino acids remained essentially unchanged during the follow-up period.

[image: Twelve violin plots labeled A to L compare amino acid concentrations at three time points: Pre, T1, and T3. Each plot shows differences in concentration for specific amino acids: Arg (A), Ala (B), GluA (C), Val (D), Tyr (E), Phe (F), Ser (G), Gly (H), Thr (I), Ile (J), Leu (K), and Trp (L). Statistical significance is indicated by asterisks above the plots.]

FIGURE 2
 Comparison of serum amino acid concentrations before and after surgery in all patients (A) Arginine; (B) Alanine; (C) Glutamic acid; (D) Valine; (E) Tyrosine; (F) phenylalanine; (G) Serine; (H) Glycine; (I) Threonine; (J) isoleucine; (K) leucine; (L) Tryptophan. All data were presented as median (inter quartile range); concentration units are μg/ml; p-Value: generalized estimating equation analysis; Pre: preoperative; T1: 1 month after surgery; T3: 3 months after surgery; (*) statistical difference between pre and after surgery: *p<0.05, **p<0.01, ***p<0.001; (#) statistical difference wtih one mouth postoperatively. #p<0.05, ##p<0.01, ###p<0.001.




3.3 Comparative analysis of amino acid levels at different time points between-group

The amino acid concentrations of MS and NM patients were compared at different time points (preoperative, 1 and 3 months postoperative), and the results are shown in Table 2. At 3 months postoperative, the serum leucine concentration was significantly higher in the MS group than in the NM group (9.88 [5.65, 14.95] vs. 6.30 [4.68, 12.02], p < 0.05).


TABLE 2 Compassion of plasma amino acid concentration between two groups at the 1, 3 months of postoperation.


	Amino acids
	Group
	Pre
	T1
	T3

 

 	Taurine 	MS group 	12.06 (9.38, 17.16) 	15.01 (6.17, 25.36) 	19.57 (9.65, 25.47)


 	NM group 	15.01 (9.92, 22.78) 	12.06 (7.78, 20.11) 	14.21 (23.59, 9.12)


 	p-value 	0.593 	0.539 	0.183


 	Serine 	MS group 	12.95 (11.08, 15.75) 	14.22 (11.52, 17.16) 	14.95 (11.08, 19.63)


 	NM group 	12.55 (10.81, 15.22) 	12.68 (11.01, 15.55) 	15.75 (11.98, 18.39)


 	p-value 	0.984 	0.52 	0.691


 	Glutamine 	MS group 	58.09 (49.39, 64.70) 	53.13 (41.43, 63.22) 	54.96 (44.35, 68.52)


 	NM group 	57.39 (44.70, 62.09) 	51.13 (48.26, 66.78) 	57.13 (51.09, 69.35)


 	p-value 	0.803 	0.814 	0.53


 	Glycine 	MS group 	11.80 (7.71, 15.90) 	19.40 (10.42, 24.88) 	18.07 (10.36, 25.78)


 	NM group 	12.28 (10.12, 15.66) 	16.87 (13.13, 24.46) 	15.30 (12.05, 24.76)


 	p-value 	0.389 	0.476 	0.536


 	Threonine 	MS group 	10.10 (8.42, 12.34) 	8.56 (7.05, 11.01) 	9.68 (6.31, 11.36)


 	NM group 	9.26 (7.71, 11.50) 	9.54 (7.08, 12.34) 	10.87 (8.70, 13.67)


 	p-value 	0.514 	0.714 	0.066


 	Aspartic 	MS group 	3.88 (3.01, 5.44) 	3.30 (2.33, 4.08) 	3.69 (2.72, 6.02)


 	NM group 	4.85 (3.69, 6.80) 	3.50 (2.91, 4.37) 	3.69 (2.33, 6.75)


 	p-value 	0.181 	0.27 	0.633


 	Arginine 	MS group 	20.05 (17.25, 25.18) 	15.15 (11.42, 19.06) 	18.88 (12.99, 23.78)


 	NM group 	17.48 (13.52, 26.10) 	14.45 (11.54, 18.53) 	19.35 (15.39, 22.84)


 	p-value 	0.551 	0.9 	0.906


 	Alanine 	MS group 	27.78 (23.69, 39.73) 	19.13 (15.70, 27.73) 	23.27 (17.30, 32.08)


 	NM group 	31.45 (23.27, 37.00) 	21.70 (16.40, 25.42) 	23.85 (21.83, 32.78)


 	p-value 	0.735 	0.804 	0.621


 	Glutamic acid 	MS group 	11.23 (9.43, 14.07) 	9.81 (7.07, 11.04) 	8.38 (6.44, 10.93)


 	NM group 	12.73 (10.93, 16.92) 	8.83 (6.14, 11.00) 	10.03 (7.82, 13.47)


 	p-value 	0.273 	0.277 	0.32


 	GABA 	MS group 	1.99 (1.18, 2.41) 	1.21 (0.97, 1.66) 	1.57 (1.09, 1.93)


 	NM group 	1.33 (0.56, 2.53) 	1.45 (0.84, 2.05) 	0.99 (0.77, 1.42)


 	p-value 	0.299 	0.42 	0.699


 	Tyrosine 	MS group 	7.99 (6.30, 9.28) 	4.95 (3.07, 7.11) 	4.61 (3.52, 7.55)


 	NM group 	7.86 (6.44, 10.21) 	5.56 (4.03, 7.10) 	4.33 (2.83, 6.13)


 	p-value 	0.839 	0.373 	0.11


 	Valine 	MS group 	14.90 (11.40, 17.04) 	10.10 (6.97, 16.78) 	12.74 (8.15, 17.33)


 	NM group 	17.36 (11.21, 20.26) 	11.71 (8.29, 15.96) 	9.81 (6.24, 16.29)


 	p-value 	0.939 	0.89 	0.051


 	Phenylalanine 	MS group 	6.04 (4.67, 7.91) 	4.72 (3.16, 7.77) 	4.33 (3.13, 6.32)


 	NM group 	5.65 (4.42, 7.72) 	5.10 (3.30, 6.50) 	3.78 (2.69, 5.37)


 	p-value 	0.772 	0.999 	0.104


 	Isoleucine 	MS group 	3.13 (2.10, 3.72) 	2.50 (1.70, 4.53) 	2.98 (1.57, 3.99)


 	NM group 	3.95 (2.14, 4.50) 	2.85 (2.35, 4.61) 	1.93 (1.14, 3.39)


 	p-value 	0.9 	0.99 	0.052


 	Leucine 	MS group 	10.53 (8.60, 13.62) 	9.63 (5.48, 15.53) 	9.88 (5.65, 14.95)


 	NM group 	11.81 (7.64, 16.81) 	10.96 (7.22, 13.29) 	6.30 (4.68, 12.02)


 	p-value 	0.726 	0.452 	0.020*


 	Methionine 	MS group 	0.48 (0.41, 0.50) 	0.48 (0.24, 0.66) 	0.48 (0.24, 0.72)


 	NM group 	0.48 (0.28, 0.78) 	0.48 (0.24, 0.61) 	0.28 (0.24, 0.48)


 	p-value 	0.943 	0.958 	0.25


 	Tryptophan 	MS group 	1.86 (1.20, 3.25) 	1.24 (0.83, 1.75) 	1.79 (0.97, 2.62)


 	NM group 	2.10 (1.18, 3.03) 	1.10 (0.83, 2.24) 	1.65 (0.83, 2.06)


 	p-value 	0.785 	0.752 	0.307





All data were presented as median (inter quartile range); concentration units are μg/ml; p-Value: generalized estimating equation analysis; * and Bold values indicate significant difference between the two groups (p < 0.05). NM, non-mild alopecia; MS, moderate–severe alopecia. Pre, preoperative; T1, 1month after surgery; T3, 3 months after surgery.
 



3.4 Analysis of the correlation between amino acid levels and the occurrence of alopecia


3.4.1 All patients at 1 month postoperatively

Spearman’s correlation coefficient ranges from [−1, 1], with less than 0 indicating negative correlation and more than 0 indicating positive correlation. Correlation coefficients closer to 0 are weaker, and correlation is only significant at p < 0.05. As demonstrated in Figure 3A, Spearman’s correlation study of amino acid content at 1 month postoperatively with the occurrence of alopecia revealed no significant link.

[image: Two heatmaps labeled A and B show correlations between alopecia and various amino acids, represented by cells colored from blue (1.0) to red (-1.0). The y-axis lists compounds like Tau, Ser, Glu, and others. Heatmap B includes asterisks (*) indicating significant correlations.]

FIGURE 3
 Heat map of the relationship between alopecia and amino acid levels: (A) at 1 month postoperatively; (B) at 3 month postoperatively. p-value from Spearman’s correlation analysis. Tau, taurine; Ser, serine; Glu, glutamine; Gly, glycine; Thr, threonine; Asp, aspartic acid; Arg, arginine; Ala, alanine; GluA, glutamic acid; GABA, γ-Aminobutyric acid; Tyr, tyrosine; Val, valine; Phe, phenylalanine; Ile, isoleucine; Leu, leucine; Met, methionine; Trp, Tryptophan.* p<0.05.




3.4.2 All patients at 3 month postoperatively

The findings of Spearman’s correlation analysis revealed that the levels of threonine (r = −0.248, p = 0.043), GABA (r = 0.247, p = 0.044), and leucine (r = 0.263, p = 0.031) at 3 months postoperatively had an association with alopecia, as illustrated in Figure 3B. At 3 months postoperatively, threonine concentrations were negatively connected with alopecia, whereas GABA and leucine concentrations were positively correlated with alopecia occurrence.




3.5 Independent influences on alopecia in bariatric surgery patients

Whether alopecia occurred after bariatric surgery was used as the dependent variable. The indicators with statistically significant differences between the two groups in the above analysis and amino acids with significant correlation with postoperative alopecia (serum GABA, leucine, and threonine concentrations at 3 months postoperatively) were used as independent variables for logistic regression analysis using the forward stepwise method. As demonstrated in Table 3, the findings indicated that serum leucine was an independent risk factor (p < 0.05) for the development of alopecia in individuals 3 months following surgery.


TABLE 3 Logistic regression analysis of risk factors for hair loss in patients 3 month after weight loss metabolic surgery.


	Variables
	β
	S. E.
	Wald
	p-value
	OR
	95% CI for OR



	Lower
	Upper

 

 	Leu 	0.112 	0.054 	4.306 	0.038 	1.119 	1.006 	1.245


 	Constant 	−0.459 	0.532 	0.743 	0.389 	 	 	





Bold values indicate significant difference between the two groups (p < 0.05).
 




4 Discussion

This single-center prospective cohort study classified patients into NM and MS groups based on 3-month postoperative dermatoscopic findings and compared serum amino acid concentrations preoperatively and at 1 and 3 months post-LSG to identify hair loss-related factors. To assess potential selection bias, we compared baseline characteristics between included (n = 67) and excluded (n = 26) patients, finding no significant differences (p > 0.05), indicating minimal impact on representativeness.


4.1 Analysis of serum amino acid concentration changes before and after LSG in obese patients

Our study observed decreased postoperative serum concentrations of most amino acids in obese patients following LSG. Significant reductions occurred in threonine, alanine, arginine, glutamic acid, branched-chain amino acids (BCAAs: valine, isoleucine, leucine), and aromatic amino acids (AAAs: tyrosine, phenylalanine, tryptophan), while serine and glycine showed significant increases (16, 17).



4.2 Mechanistic analysis of amino acid concentration changes before and after LSG

Threonine reduction aligns with previous studies (16, 17), potentially due to decreased postoperative protein intake, though the mechanism remains unclear. Alanine reduction may result from enhanced cellular uptake and glucose-alanine cycling (18–20). While our findings of decreased arginine levels align with increased metabolism (21–23), contrasting reports exist (19), warranting further investigation. Postoperative glutamate reductions may relate to gut microbiota changes affecting synthesis (21).

Elevated preoperative BCAAs, associated with obesity and insulin resistance (24, 25), decreased significantly postoperatively, consistent with prior findings (26, 27). Reductions in leucine (28) correlated with improved metabolic parameters, including insulin resistance and glycemic control (21). The decline in BCAAs reflects restored insulin function and reduced protein hydrolysis (10, 29). The reason for the decrease in the concentration of BCAAs in the postoperative period is related to the improvement of insulin resistance and the restoration of insulin’s ability to inhibit protein hydrolysis in patients with obesity after gastrectomy.

In this study, patients with obesity had lower amounts of AAAs following bariatric surgery than they had before the procedure. Liu et al. found that (30) dysbiosis of the gut flora in patients with obesity was linked to an enhanced tyrosine production pathway and raised tyrosine levels. According to cohort research (31), patients’ serum concentrations of AAAs decreased as a result of increased gut microbial activity and higher excretion following weight loss. Lee G et al. (27) have suggested that the decrease in tyrosine concentration after LSG may be related to changes in gut flora and normalization of metabolic imbalances caused by obesity. Tryptophan decreases may stem from restricted intake (32). To identify the mechanism underlying amino acid imbalance, future research could examine the relationship between alterations in gut microbes and amino acid concentrations following bariatric surgery, as this study did not involve the detection of gut microorganisms. Increased serine/glycine concentrations likely reflect improved insulin resistance and altered metabolism (33).



4.3 Correlation analysis between amino acid concentration changes and post-LSG alopecia

Bariatric metabolic surgery can help morbidly patients with obesity lose weight and improve metabolic syndrome, but due to changes in the structure and function of the digestive tract, it is highly likely to cause insufficient intake or impaired absorption of nutrients, which can lead to conditions such as alopecia, anemia, or Wernicke’s encephalopathy; therefore, regular monitoring of the patients and appropriate interventions are essential to avoid postoperative complications (34). Alopecia is a common complication after weight loss surgery. In this study, the rate of alopecia in patients who underwent bariatric surgery was 64.18%. The mean time of development of alopecia in the MS group was 2.88 ± 0.87 months after surgery. A meta-analysis (35) discovered that hair loss occurs in 57% of patients following surgery, and while hair loss does not cause major health problems, it does have an impact on patients’ mental health and quality of life. The clinical explanation for the cause of postoperative alopecia is unclear, but it has been proposed that oxidative stress caused by bariatric surgery may inhibit early hair growth, causing the hair follicle to atrophy and enter a resting phase, followed by alopecia lasting about 3 months (36).



4.4 Potential mechanisms linking amino acid changes and post-LSG alopecia

Our analysis identified elevated 3-month postoperative leucine as an independent risk factor for alopecia (OR = 1.119, p = 0.038). While the precise mechanisms require further investigation, existing literature provides relevant insights. Clinical data demonstrate that androgenetic alopecia patients exhibit significantly reduced plasma zinc levels correlating with decreased follicular density (37). Animal studies further indicate that leucine supplementation can reduce hepatic zinc concentrations, High leucine leads to reduced Zn uptake and Zn deficiency enhances oxidative stress, the latter of which further promotes leucine catabolism and ultimately exacerbates hair follicle damage (38). Kim MK et al. (39) investigated the differences in gene expression of dermal papilla cells (DPs), which regulate hair growth in balding and non-balding areas, in patients with androgenetic alopecia and discovered that leucine-rich repeat containing 15 (LRRC15) was overexpressed in balding-area DP cells compared to non-balding-area DPs, inhibiting cell growth. Leucine is a BCAA and a study by Vincent P et al. (40) discovered that branched-chain amino acid metabolism is disrupted in the body due to diabetes mellitus, metabolic syndrome, and heart failure, resulting in higher BCAAs in plasma. The non-significant elevation of isoleucine and valine may be related to small sample size and individual differences.

This study has several limitations. First, we did not systematically collect data on patients’ family history of alopecia or psychological factors such as stress and anxiety, which may influence hair loss and act as unmeasured confounders. Second, although age differences between the alopecia and non-alopecia groups were not statistically significant, age may still serve as a potential confounding variable affecting both hair loss susceptibility and amino acid metabolism. Third, the relatively small sample size and single-center design limit the generalizability of our findings, and individual variability in obesity-related metabolism and amino acid regulation may affect the interpretation of specific results. Finally, the follow-up period was limited to 3 months postoperatively, which may not fully reflect long-term trends in amino acid changes or hair outcomes. Future studies with larger cohorts, longer follow-up, and more comprehensive data collection are needed to validate these preliminary findings and better understand the underlying mechanisms.

In conclusion, this study suggests that leucine concentration at 3 months postoperatively is an independent risk factor for postoperative alopecia in patients by comparing the serum amino acid concentration in the MS group with the NM group after bariatric surgery. Based on these findings, monitoring leucine levels in the early postoperative period could help identify patients at risk of alopecia. Early detection would allow for timely nutritional assessment and personalized dietary interventions to prevent or mitigate hair loss. Furthermore, increasing awareness among clinicians about the nutritional factors contributing to postoperative alopecia could enhance patient counseling and management strategies.




Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving humans were approved by the Medical Ethics Committee of Nanjing Drum Tower Hospital Affiliated to Nanjing University Medical School. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

TW: Data curation, Methodology, Writing – original draft. JH: Writing – review & editing, Methodology, Formal analysis. XS: Data curation, Writing – original draft, Project administration, Formal analysis. HZ: Software, Methodology, Writing – review & editing. JB: Writing – review & editing, Investigation, Software. XC: Writing – review & editing, Methodology, Supervision, Project administration. XB: Methodology, Formal analysis, Software, Project administration, Investigation, Funding acquisition, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by Jiangsu Research Hospital Association (JY202129).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1618630/full#supplementary-material



Footnotes

1   
http://www.chictr.org.cn/



References
	 1. World Health Organization
. Obesity and overweight. Geneva: World Health Organization (2016).

	 2. Moghbeli, M, Khedmatgozar, H, Yadegari, M, Avan, A, Ferns, GA, and Ghayour, MM. Cytokines and the immune response in obesity-related disorders. Adv Clin Chem. (2021) 101:135–68. doi: 10.1016/bs.acc.2020.06.004 
	 3. Iyengar, NM, Gucalp, A, Dannenberg, AJ, and Hudis, CA. Obesity and cancer mechanisms: tumor microenvironment and inflammation. J Clin Oncol. (2016) 34:4270–6. doi: 10.1200/JCO.2016.67.4283 
	 4. Mechanick, JI, Apovian, C, Brethauer, S, Timothy Garvey, W, Joffe, AM, Kim, J , et al. Clinical practice guidelines for the perioperative nutrition, metabolic, and nonsurgical support of patients undergoing bariatric procedures - 2019 update: cosponsored by American Association of Clinical Endocrinologists/American College of Endocrinology, the Obesity Society, American Society for Metabolic and Bariatric Surgery, obesity medicine association, and American Society of Anesthesiologists. Obesity. (2020) 28:O1–o58. doi: 10.1002/oby.22719 
	 5. Sjöström, L
. Review of the key results from the Swedish obese subjects (SOS) trial - a prospective controlled intervention study of bariatric surgery. J Intern Med. (2013) 273:219–34. doi: 10.1111/joim.12012 
	 6. Tang, B, Zhang, Y, Wang, Y, Wang, X, An, Z, and Yu, X. Effect of bariatric surgery on long-term cardiovascular outcomes: a systematic review and meta-analysis of population-based cohort studies. Surg Obes Relat Dis. (2022) 18:1074–86. doi: 10.1016/j.soard.2022.05.007 
	 7. Boza, C, Salinas, J, Salgado, N, Pérez, G, Raddatz, A, Funke, R , et al. Laparoscopic sleeve gastrectomy as a stand-alone procedure for morbid obesity: report of 1,000 cases and 3-year follow-up. Obes Surg. (2012) 22:866–71. doi: 10.1007/s11695-012-0591-6 
	 8. Gu, L, Fu, R, Chen, P, Du, N, Chen, S, Mao, D , et al. In terms of nutrition, the Most suitable method for bariatric surgery: laparoscopic sleeve gastrectomy or roux-en-Y gastric bypass? A systematic review and meta-analysis. Obes Surg. (2020) 30:2003–14. doi: 10.1007/s11695-020-04488-2 
	 9. Gowda, D, Premalatha, V, and Imtiyaz, DB. Prevalence of nutritional deficiencies in hair loss among Indian participants: results of a cross-sectional study. Int J Trichology. (2017) 9:101–4. doi: 10.4103/ijt.ijt_48_16 
	 10. Tan, HC, Hsu, JW, Kovalik, JP, Eng, A, Chan, WH, Khoo, CM , et al. Branched-chain amino acid oxidation is elevated in adults with morbid obesity and decreases significantly after sleeve gastrectomy. J Nutr. (2020) 150:3180–9. doi: 10.1093/jn/nxaa298 
	 11. Wolff, H, Fischer, TW, and Blume-Peytavi, U. The diagnosis and treatment of hair and scalp diseases. Dtsch Arztebl Int. (2016) 113:377–86. doi: 10.3238/arztebl.2016.0377 
	 12. Trüeb, RM
. Hair loss. Praxis. (2003) 92:1488–96. doi: 10.1024/0369-8394.92.36.1488 
	 13. Suchonwanit, P, Iamsumang, W, and Rojhirunsakool, S. Efficacy of topical combination of 0.25% finasteride and 3% Minoxidil versus 3% Minoxidil solution in female pattern hair loss: a randomized, double-blind, controlled study. Am J Clin Dermatol. (2019) 20:147–53. doi: 10.1007/s40257-018-0387-0 
	 14. Li, C, Shen, K, Chu, L, Liu, P, Song, Y, and Kang, X. Decreased levels of urinary free amino acids in children with autism spectrum disorder. J Clin Neurosci. (2018) 54:45–9. doi: 10.1016/j.jocn.2018.05.001 
	 15. Hertzog, MA
. Considerations in determining sample size for pilot studies. Res Nurs Health. (2008) 31:180–91. doi: 10.1002/nur.20247 
	 16. Lanzon, B, Martin-Taboada, M, Castro-Alves, V, Vila-Bedmar, R, González de Pablos, I, Duberg, D , et al. Lipidomic and Metabolomic signature of progression of chronic kidney disease in patients with severe obesity. Meta. (2021) 11:11. doi: 10.3390/metabo11120836 
	 17. Lopes, TI, Geloneze, B, Pareja, JC, Calixto, AR, Ferreira, MM, and Marsaioli, AJ. Blood metabolome changes before and after bariatric surgery: a (1)H NMR-based clinical investigation. OMICS. (2015) 19:318–27. doi: 10.1089/omi.2015.0009 
	 18. Tan, HC, Khoo, CM, Tan, MZ, Kovalik, JP, Ng, AC, Eng, AK , et al. The effects of sleeve gastrectomy and gastric bypass on branched-chain amino acid metabolism 1 year after bariatric surgery. Obes Surg. (2016) 26:1830–5. doi: 10.1007/s11695-015-2023-x 
	 19. Nicoletti, CF, Morandi Junqueira-Franco, MV, dos Santos, JE, Marchini, JS, Salgado, W Jr, and Nonino, CB. Protein and amino acid status before and after bariatric surgery: a 12-month follow-up study. Surg Obes Relat Dis. (2013) 9:1008–12. doi: 10.1016/j.soard.2013.07.004 
	 20. Khoo, CM, Muehlbauer, MJ, Stevens, RD, Pamuklar, Z, Chen, J, Newgard, CB , et al. Postprandial metabolite profiles reveal differential nutrient handling after bariatric surgery compared with matched caloric restriction. Ann Surg. (2014) 259:687–93. doi: 10.1097/SLA.0b013e318296633f 
	 21. Huang, HH, Lin, TL, Lee, WJ, Chen, SC, Lai, WF, Lu, CC , et al. Impact of metabolic surgery on gut microbiota and sera Metabolomic patterns among patients with diabetes. Int J Mol Sci. (2022) 23:7797. doi: 10.3390/ijms23147797 
	 22. Sledzinski, T, Sledzinski, M, Smolenski, RT, and Swierczynski, J. Increased serum nitric oxide concentration after bariatric surgery--a potential mechanism for cardiovascular benefit. Obes Surg. (2010) 20:204–10. doi: 10.1007/s11695-009-0041-2 
	 23. Palau-Rodriguez, M, Tulipani, S, Marco-Ramell, A, Miñarro, A, Jáuregui, O, Sanchez-Pla, A , et al. Metabotypes of response to bariatric surgery independent of the magnitude of weight loss. PLoS One. (2018) 13:e0198214. doi: 10.1371/journal.pone.0198214 
	 24. Newgard, CB, An, J, Bain, JR, Muehlbauer, MJ, Stevens, RD, Lien, LF , et al. A branched-chain amino acid-related metabolic signature that differentiates obese and lean humans and contributes to insulin resistance. Cell Metab. (2009) 9:311–26. doi: 10.1016/j.cmet.2009.02.002 
	 25. Zhao, X, Han, Q, Liu, Y, Sun, C, Gang, X, and Wang, G. The relationship between branched-chain amino acid related Metabolomic signature and insulin resistance: a systematic review. J Diabetes Res. (2016) 2016:1–12. doi: 10.1155/2016/2794591 
	 26. Vaz, M, Pereira, SS, and Monteiro, MP. Metabolomic signatures after bariatric surgery - a systematic review. Rev Endocr Metab Disord. (2022) 23:503–19. doi: 10.1007/s11154-021-09695-5 
	 27. Lee, G, Park, YS, Cho, C, Lee, H, Park, J, Park, DJ , et al. Short-term changes in the serum metabolome after laparoscopic sleeve gastrectomy and roux-en-Y gastric bypass. Metabolomics. (2021) 17:71. doi: 10.1007/s11306-021-01826-y 
	 28. Samczuk, P, Luba, M, Godzien, J, Mastrangelo, A, Hady, HR, Dadan, J , et al. "gear mechanism" of bariatric interventions revealed by untargeted metabolomics. J Pharm Biomed Anal. (2018) 151:219–26. doi: 10.1016/j.jpba.2018.01.016 
	 29. Yao, J, Kovalik, JP, Lai, OF, Lee, PC, Eng, A, Chan, WH , et al. Comprehensive assessment of the effects of sleeve gastrectomy on glucose, lipid, and amino acid metabolism in Asian individuals with morbid obesity. Obes Surg. (2019) 29:149–58. doi: 10.1007/s11695-018-3487-2 
	 30. Liu, R, Hong, J, Xu, X, Feng, Q, Zhang, D, Gu, Y , et al. Gut microbiome and serum metabolome alterations in obesity and after weight-loss intervention. Nat Med. (2017) 23:859–68. doi: 10.1038/nm.4358 
	 31. Li, JV, Ashrafian, H, Sarafian, M, Homola, D, Rushton, L, Barker, G , et al. Roux-en-Y gastric bypass-induced bacterial perturbation contributes to altered host-bacterial co-metabolic phenotype. Microbiome. (2021) 9:139. doi: 10.1186/s40168-021-01086-x 
	 32. Christensen, MHE, Fadnes, DJ, Røst, TH, Pedersen, ER, Andersen, JR, Våge, V , et al. Inflammatory markers, the tryptophan-kynurenine pathway, and vitamin B status after bariatric surgery. PLoS One. (2018) 13:e0192169. doi: 10.1371/journal.pone.0192169 
	 33. Tan, HC, Hsu, JW, Tai, ES, Chacko, S, Wu, V, Lee, CF , et al. De novo glycine synthesis is reduced in adults with morbid obesity and increases following bariatric surgery. Front Endocrinol. (2022) 13:900343. doi: 10.3389/fendo.2022.900343 
	 34. Gasmi, A, Bjørklund, G, Mujawdiya, PK, Semenova, Y, Peana, M, Dosa, A , et al. Micronutrients deficiences in patients after bariatric surgery. Eur J Nutr. (2022) 61:55–67. doi: 10.1007/s00394-021-02619-8 
	 35. Zhang, W, Fan, M, Wang, C, Mahawar, K, Parmar, C, Chen, W , et al. Hair loss after metabolic and bariatric surgery: a systematic review and meta-analysis. Obes Surg. (2021) 31:2649–59. doi: 10.1007/s11695-021-05311-2 
	 36. Kil, MS, Kim, CW, and Kim, SS. Analysis of serum zinc and copper concentrations in hair loss. Ann Dermatol. (2013) 25:405–9. doi: 10.5021/ad.2013.25.4.405 
	 37. Kondrakhina, IN, Verbenko, DA, Zatevalov, AM, Gatiatulina, ER, Nikonorov, AA, Deryabin, DG , et al. A cross-sectional study of plasma trace elements and vitamins content in androgenetic alopecia in men. Biol Trace Elem Res. (2020) 199:3232–41. doi: 10.1007/s12011-020-02468-2

	 38. Kang, Y, Kim, N, Choi, YJ, Lee, Y, Yun, J, Park, SJ , et al. Leucine-enriched protein supplementation increases lean body mass in healthy Korean adults aged 50 years and older: a randomized, double-blind, placebo-controlled trial. Nutrients. (2020) 12. doi: 10.3390/nu12061816 
	 39. Kim, MK, Kwack, MH, Kim, MK, Kim, JC, and Sung, YK. Expression level of leucine-rich repeat containing 15 regulates characteristics of dermal papilla cells of human hair follicle. J Dermatol Sci. (2021) 101:134–7. doi: 10.1016/j.jdermsci.2020.09.013 
	 40. Portero, V, Nicol, T, Podliesna, S, Marchal, GA, Baartscheer, A, Casini, S , et al. Chronically elevated branched chain amino acid levels are pro-arrhythmic. Cardiovasc Res. (2022) 118:1742–57. doi: 10.1093/cvr/cvab207 


Copyright
 © 2025 Wang, Huang, Sun, Zhao, Bao, Chu and Bian. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnut-12-1618630-g003.jpg
Fner
|-eioadoly

ecia
Tau
Ser|
Gluj
Gly
Thr|*
Asp|
Arg|
Ala)
GluA|
GABA[=
Tyr|
Met)
Vall
Phe|
e}
Leu[=
Trp|

[nio

[F1os

Frey
1oadoly

TT
]






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Correlation between changes of amino acid spectrum and alopecia in patients with obesity undergoing bariatric surgery: a prospective cohort study



		1 Introduction



		2 Materials and methods



		2.1 Study population



		2.2 Study methods



		2.2.1 Data collection



		2.2.2 Alopecia diagnostic criteria



		2.2.3 Blood sample collection and serum amino acid testing









		2.3 Sample size calculation



		2.4 Statistical analysis









		3 Results



		3.1 Patient characteristics



		3.2 Comparative analysis of amino acid levels in patients with obesity before and after bariatric surgery



		3.3 Comparative analysis of amino acid levels at different time points between-group



		3.4 Analysis of the correlation between amino acid levels and the occurrence of alopecia



		3.4.1 All patients at 1 month postoperatively



		3.4.2 All patients at 3 month postoperatively









		3.5 Independent influences on alopecia in bariatric surgery patients









		4 Discussion



		4.1 Analysis of serum amino acid concentration changes before and after LSG in obese patients



		4.2 Mechanistic analysis of amino acid concentration changes before and after LSG



		4.3 Correlation analysis between amino acid concentration changes and post-LSG alopecia



		4.4 Potential mechanisms linking amino acid changes and post-LSG alopecia









		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fnut-12-1618630-g001.jpg
Assessed for eligibility (1=93)

Included cases

(@=67)

Excluded (1=

):

No postoperative follow-up completed
@=15)
Refusal of demmoscopy (n=11)

Follow-up and blood sample collection

(1. 3 months after surgery)

Demoscopy/hair condition assessment at

3 months postoperatively

Non-mild alopecia group Moderate-severe alopecia group
(1=24) (=43)
Analysed Analysed
(=24) (0=43)






OPS/images/fnut-12-1618630-g002.jpg
<

T

Pre T

T3

(1uy/Bri)
uopenuouod eA

(1wyBrl)
uopesUa0D YNI9

(1uyybrl)
uopenuaouos ey

(1w/Br)
uopenusau0d Bay

H F 1 F
& ——e®- 2
H 8 P
(1wyBrl) (wy/Br)
uonenussuod A9 | uonenuesuod dig
—O=rr
| —e@- .
—a= ¢ —
§ 8 8 = © s ¢ =
(jua/Brl) (1wyBr)
uoRenuaIu0 19§ X uopenuosuoanat
—+ e
3 . ‘u&Y =
— g
£
b N A
() (1wy/Brl)

uonenuadu0d ayd - uope1u8oud )|

—==) 2 - fd

i, | —— — £

@ —> £
£ 2 2 % 2 s & ¢
(jwyBr) (1wyBrl)

UoRRIUBIU0D AL = UORERUadU0d JY)





OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Correlation between changes of
amino acid spectrum and
alopecia in patients with obesity
undergoing bariatric surgery: a
prospective cohort study












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






