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Background and Objectives: The aim of this study was to determine whether a walnut-based low carbohydrate 

diet (w-LCD) promotes fat redistribution and reduces visceral fat accumulation in people with central obesity 

(CO). Methods and Study Design: This study was a 12-week prospective randomized controlled trial. CO par-

ticipants were recruited and assigned to the w-LCD group or high-carbohydrate, low-fat diet (HCD) group. Ac-

cording to "2021 Guidelines for Medical Nutrition Therapy of Overweight and Obesity", the HCD program was 

constructed; based on the HCD program, the w-LCD program was formed by replacing 150 grams/day of staple 

food with walnuts rich in healthy fat. The visceral fat area (VFA), trunk to leg fat ratio (TLR), and waist-to-hip 

ratio (WHR) were assessed at baseline and 12 weeks. Results: The Group × Time interaction effects were signif-

icant for TLR (η² = 0.071, p = 0.039) and VFA (η² = 0.093, p = 0.014) with moderate effect, and body mass index 

(BMI, η² = 0.168, p = 0.001) with large effect. Although comparison between groups revealed no significant on 

TLR, VFA and BMI at 12 weeks, comparison within groups showed all decreased with large effect on TLR (η² = 

0.174, p = 0.001), VFA (η² = 0.393, p <0.001) and BMI (η² = 0.399, p <0.001) in the w-LCD group over time. 

Conclusions: A w-LCD achieves a significantly greater and faster fat reduction over time compared to the con-

trol group, providing a solid evidence-based foundation for dietary management in people with CO. 
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INTRODUCTION 

The prevalence of central obesity (CO) is showing a rap-

idly increasing trend globally.1 Over the past four dec-

ades, the prevalence of CO has increased from 31.3% to 

48.3% globally2 and from 18.6% to 37.4% in China.3 The 

important epigenetic feature of CO is the accumulation of 

excess fat in the abdomen or trunk, which is highly corre-

lated with detrimental visceral fat and decreased subcuta-

neous fat of legs.4-6 Existing evidence suggests that vis-

ceral or trunk fat, but not legs fat in CO is more strongly 

associated with metabolic disease, including type 2 diabe-

tes (T2D), and cardiovascular diseases (CVD) than over-

all obesity.7-14 In cases of excessive energy, if fat is stored 

in the legs rather than in trunk or visceral fat depots, the 

risk of metabolic diseases can be reduced.15 A national 

health and screening survey showed that for an increase 

of one unit in the trunk-to-leg fat ratio (TLR), adolescents 

had an increase in homeostatic model of assessment of 

insulin resistance of 0.6 (95%CI: 0.4 - 0.8), in systolic 

blood pressure of 4.6 mmHg (95%CI: 1.7 mmHg - 7.4 

mmHg), and in diastolic blood pressure of 5.0 mmHg 

(95%CI: 2.0 mmHg - 7.9 mmHg).16 Thus, when searching  

 

 

for management strategies for CO populations, reducing 

visceral fat and changing fat distribution can be targeted 

accordingly.  

Carbohydrate-insulin model (CIM) refers to an increase 

in the proportion of dietary carbohydrate over time, which 

stimulates the release of insulin from pancreatic β-cells.17 

Since adipose tissue is very sensitive to insulin, the con-

sumed carbohydrate is more likely to enter adipose tissue, 

then synthesized fatty acids and triglycerides, stored in 

adipose tissue, leading to total fat deposition.17-21 More  
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importantly, compared with the fat in hips or legs, viscer-

al or trunk adipose tissue has a greater capacity to take up 

carbohydrates, resulting in excessive accumulation of 

visceral or trunk fat and abnormal fat distribution.22 

Therefore, CIM suggests that lowering the ratio of dietary 

carbohydrate to fat without changing protein or calorie 

intake can reduce insulin secretion.23 

Walnuts are the most consumed food by our population 

and are easy to chew and eat. It is rich in omega-3 poly-

unsaturated fatty acid (ω-3 PUFA),24, 25 which is currently 

recognized as a healthy nutrient that can increase the 

quantity of bifidobacteria and lactobacilli in the gut, 

which contribute to the production of short-chain fatty 

acids (SCFAs).26 Then SCFAs bind to G protein-coupled 

receptor 43 (GPR43) and G protein-coupled receptor 40 

(GPR40) of L cells in the ileum and colon, and promote 

the secretion of glucagon-like peptide-1 (GLP-1) and 

Peptide YY (PYY) from L cells.27, 28 GLP-1 and PYY has 

a lower ability to promote insulin secretion by pancreatic 

β cells, thus there is a relative reduction of carbohydrate 

ingestion by visceral or trunk fat adipose tissue which 

may be beneficial in improving fat redistribution.29  

Therefore, adjusting the composition of dietary nutri-

tion by increasing the proportion of healthy fats such as 

ω-3 PUFA rich foods while reducing the proportion of 

carbohydrates, may improve fat redistribution and de-

crease visceral fat in people with CO. A randomized con-

trolled trial (RCT) showed that after 3 months of inter-

vention, insulin-resistant people in the monounsaturated 

fatty acids-rich diet group (47%carbohydrate, 38% fat, 

15% protein) had a lower TLR than that of the carbohy-

drate-rich diet group (65% carbohydrate, 20% fat, 15% 

protein) (2.5 ± 0.2 vs. 2.1 ± 0.2, p <0.05).30 Another 4w 

RCT in obese people with T2D found that the visceral fat 

area (VFA) in low carbohydrate, high fat diet group 

(LCD, 25% protein, 39% carbohydrate, 35% fat) was 

reduced by 40cm2 (p <0.05) from baseline; while there 

was no difference in the high carbohydrate, low fat diet 

group (HCD: 26% protein, 62% carbohydrate, 10% fat).31 

However, the above studies did not explore whether the 

walnut-based low carbohydrate (w-LCD) improves the 

TLR and VFA in the CO population. In addition, there is 

lack of studies on the effect of w-LCD on TLR and VFA 

in China.  

Therefore, based on the above, the hypothesis of this 

study is that w-LCD can reduce visceral fat accumulation 

and promoting fat redistribution while losing weight of 

CO people in China.  

 

METHODS 

Study design 

This was a 12-week RCT that recruited CO participants 

by publishing recruitment advertisements at the Physical 

Examination Centre of the First Affiliated Hospital of 

Soochow University and the We Chat platform from De-

cember 2022 to October 2023. The recruited participants 

were randomly assigned to either the w-LCD group or the 

HCD group by a computer-generated random number 

table, which was hidden by a non-principal researcher. So 

the method for allocation is blinded. This study was ap-

proved by the Ethics Committee of Soochow University 

(The approval number is SUDA20221228H09) and regis-

tered with the China Clinical Trial Registry 

(ChiCTR2300068330). All participants signed informed 

consent, and all methods were performed in accordance 

with the Declaration of Helsinki. 

 

Study participants 

The inclusion criteria for participants in this study were 

(1) aged 18 to 60 years; (2) meeting the diagnostic criteria 

for CO of the 2022 edition of the Chinese Expert Consen-

sus on Obesity Prevention and Control for Chinese Resi-

dents,32 which were waist circumference (WC) ≥90 cm 

for men and ≥85 cm for women, and 24 kg/m2 ≤ body 

mass index (BMI) ≤ 32.5 kg/m2; (3) good ability of lan-

guage expression and understanding; (4) voluntary partic-

ipation. Exclusion criteria for participants were (1) bari-

atric patients within the past 6 months; (2) nuts allergy; 

(3) <45% of dietary CHO to total calories in daily diet as 

assessed by three-day diet diary;32 (4) eating disorder; (5) 

gastrointestinal disorders; (6) using diuretics, steroids, 

beta-blockers, or any medication that may affect glucose 

metabolism; (7) pregnancy or breastfeeding; (8) micro-

vascular or macrovascular complications; (9) neoplasms 

and severe organ diseases such as heart failure, liver, kid-

ney and brain insufficiency; and (10) participating in sev-

eral studies at the same time. Participants were withdrawn 

from the study if they were (1) unable to implement the 

w-LCD program ≥4 day/w in the w-LCD group and the 

HCD program ≥4 day/w in the HCD group during follow-

up;33 (2) stopped continuing due to adverse reactions to 

the w-LCD or HCD program; (3) suffering from a major 

life event;34 and (4) withdrawal or loss of follow-up due 

to subjective intention. 

 

Sample size calculation 

The formula for estimating the sample content according 

to the comparison of the means of two independent sam-

ples is:35 

N1 = N2 = 2 [(tα/2 + tβ/2) S/δ]2 

Evidence from the relevant literature showed that the 

mean differences and standard deviations for the TLR 

were 0.4 and 0.2,30 waist-to-hip ratio (WHR) were 0.03 

and 0.02,36 and VFA were 39.3 and 10.3 in the LCD 

group and HCD group, respectively. Therefore, at the α = 

0.05 and β = 0.20 levels, the table was tα/2 = 1.96 and tβ = 

0.84, respectively, we calculated that there were 11 or 20 

or 28 cases for each group, respectively. Therefore, the 

sample size for this study was 28. Considering a 20% 

dropout rate, at least 35 cases in each group were needed. 

According to the actual condition, this study is expected 

to recruit 40 cases in each group.  

 

Intervention 

Before the intervention, all participants underwent a 1-

week purging period, avoiding all nut supplementation 

(walnuts, almonds, peanuts, etc.).    

HCD group 

The 2021 Chinese Guidelines for Medical Nutrition Ther-

apy for Overweight and Obesity recommends a reduction 

of 500~1000 kcal daily on the target energy intake, i.e., 

1200~1400 kcal for men and 1000~1200 kcal for women. 

In addition, the HCD program for the HCD group is a 

five-word formula that was developed by our team based 
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on the 2021 Chinese Guidelines for Medical Nutrition 

Therapy of overweight and obesity37 and expert consulta-

tion. The specifics of the five-word formula included 500 

g/day of vegetables, 100 g/meal of staple and 200 g/day 

of fruit, 3 spoons/day of vegetable oil and 30 g/day of oat 

bran, 4 cups/day of water (250 mL for each cup), 5 

types/day of protein-rich foods (50 g of fish or shrimp, 50 

g of dried Tofu, 220 mL whole milk, 25 g lean meat, an 

egg) and 5 g/day of salt).  

 

w-LCD group 

Walnuts were used to replace the staple food for 50 

grams/meal of the w-LCD program and the rest was the 

same as the regimen for the HCD group. Walnuts were 

uniformly purchased (Fenyang Xiangyuan Souvenir Co., 

Ltd, Fenyang, China). Although walnuts were purchased 

and provided free of charge for the first two weeks, they 

were funded by the participants due to funds were limited 

for the next 10 weeks, and we packaged them into 50 

g/bag for men and 45 g/bag for women and then distrib-

uted them in the w-LCD group. The packaged walnuts 

were distributed every two weeks. 

The time of consuming walnuts was with or between 

meals. Walnuts can be eaten raw or dry-roasted pro-

cessed, avoiding seasoning processes such as salt-baked, 

five-spice, or caramelized. All participants received five 

follow-ups (baseline, 1 week, 4 weeks, 8 weeks, and 12 

weeks) which included collecting information on the im-

plementation of the dietary regimen for dietary adher-

ence; asking them if they had, any adverse reactions or 

major events and excluding participants with poor adher-

ence to the diet program.  

 

Outcomes  

Body compositions 

TLR, VFA and BMI were measured using the Inbody720 

Body Composition Analyser (Bysbys Co., Ltd., Korea) by 

bioelectrical impedance-based analysis which can provide 

an accurate analysis of body composition and its correla-

tion coefficient with the gold standard Dule Energy X-

Ray Absorptiometry exceeds 0.98.38, 39 To ensure the ac-

curacy of the results, it was recommended that partici-

pants were fasting in the morning, emptied bowels, re-

frained from strenuous exercise for 2 hours, and stood 

still for about five minutes before the test.39 Before test-

ing, participants take off their jackets and only wear a 

piece of thin clothing without electronic items and metal 

jewellery; remove their shoes and socks; stand barefoot 

on the apparatus, and align their heels with the origin to 

ensure full contact between the feet electrode positions. 

The researcher input the basic information of participants 

and recorded their weights shown on the screen of the 

machine. The participants grabbed the handle with both 

hands, straightened their arms to the sides, clicked to start 

detection, and waited for about 2 minutes. In addition, 

participants were instructed not to keep their bodies still. 

After testing, the amount of trunk fat (g) and leg fat (g), 

VFA (cm2), BMI (kg/m2) and body fat percentage (BF%) 

were recorded and the TLR was the ratio of trunk fat to 

leg fat.  

 

 

 

WHR 

The measurement of WC required participants to relax 

their waist naturally and keep their feet about 30 cm 

apart. Then the researcher wrapped a plastic tape measure 

around the navel and took the measurement at the end of 

exhalation. Hip circumference (HC) was measured along 

the pubic symphysis and gluteus maximus muscle. The 

average of the two measurements was taken as the final 

value and was accurate to 0.1 cm. WHR was the ratio of 

WC to HC. 

 

Fasting GLP-1, PYY and C-peptide 

Participants were informed that they should not change 

their diet before blood collection and should not consume 

alcohol for 24 hours.40 On the fasting at least 8 h but no 

more than 16 h in the morning,40 5ml of cubital venous 

blood was drawn from participants at the Molecular la-

boratory of the School of Nursing of Soochow University, 

and immediately placed in separating glue and procoagu-

lant tubes. Within 30 minutes of collection, blood sam-

ples are centrifuged for 10 minutes on 4°C and 9000 

rpm/min. Subsequently, the centrifuged serum was ex-

tracted and stored in a -80°C ultra-low temperature re-

frigerator. Avoiding serum from being repeatedly freeze-

thawed. After all participants had completed the interven-

tion, GLP-1 and C- peptide which represents the level of 

insulin secretion by pancreatic beta cells were detected by 

the GLP-1 kit and the C- peptide kit (Bostik Biotechnolo-

gy Co., Shenyang, China), respectively, based on the En-

zyme Linked Immunosorbent Assay (ELISA). The nor-

mal ranges for GLP-1, PYY and C-peptide are 0.375 

pmol/mL-12 pmol/mL, 5pg/ml-160pg/ml and 0.25ng/mL-

8 ng/mL, respectively. 

 

Dietary records 

The 3-day dietary record forms were collected from par-

ticipants at baseline, 1 week, 4 weeks, 8 weeks, and 12 

weeks of the intervention, respectively. The researchers 

provided food weight estimation charts to the participants 

to help them assess the specific weight of the foods. If 

some participants still could not accurately estimate the 

amount of food, an electronic balance scale was provided. 

Instructed participants to record the time of eating, the 

names of food intake, the compositions of mixed food 

such as dumplings, buns and the estimated weight (e.g. 50 

g) during 2 workdays and 1 rest day. Then, the Fuhua 

Nutrition Calculator (V2.7.6.10, Beijing, China) was used 

to calculate the energy proportion of three macronutri-

ents, which was used to assess the adherence of partici-

pants to the corresponding dietary regimen. 

 

Physical activity 

The physical activity for the week prior of overweight 

and obese population was evaluated with the International 

Physical Activity Questionnaire (IPAQ) at baseline and 

12weeks.41 This questionnaire collected the frequency 

and total daily duration of walking, moderate exercise, 

and vigorous activity. The intensity of physical activity 

was quantified using metabolic equivalent (MET) values: 

3.3 METs for walking, 4.0 METs for moderate activity, 

and 8.0 METs for vigorous activity. The PA-MET score 
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was computed using the formula: MET level × minutes of 

activity × weekly frequency. Based on these calculations, 

exercise intensity was categorised into three levels: low 

(≤600 MET-min/week), middle (600–1500 MET-

min/week) and high (≥1500 MET-min/week).42 In addi-

tion, weekly exercise time = minutes of daily activity × 

weekly frequency. 

 

Statistical analyses 

Statistical analyses were performed using IBM SPSS 25.0 

(Inc, Chicago, IL, USA). p < 0.05 for two-sided was con-

sidered statistically significant. 

(1) Description of sociodemographic, clinical and nu-

tritional data: continuous variables were expressed as 

mean ± standard deviation (SD) if they were normally 

distributed, otherwise quartiles M (P25, P75); categorical 

variables were expressed as frequency (%). 

(2) Repeated-measures ANOVA was applied to evalu-

ate the continuous outcomes (TLR, WHR, VFA, BMI). 

The between-subject factor was Group (w-LCD vs. HCD) 

and the within-subject factor was Time (baseline vs. 12 

weeks). Sphericity was checked using Mauchly's test; 

since the within-subject factor had only two levels, the 

sphericity assumption was inherently satisfied (df = 1). 

When a significant Group x Time interaction was detect-

ed, standard simple effects analyses with Bonferroni ad-

justments were performed, Main effects of Time and 

Group were reported for non-significant interactions. Ef-

fect sizes are reported as partial eta squared (η2) with the 

following classification to define small (η2 ≤0.01), medi-

um (0.01 <η2 ≤0.06), and large (η2 ≥0.14) effect sizes.43  

(3) Continuous variables, including the GLP-1 and C-

peptide between the groups were tested by a two-sample 

independent t-test if they conformed to normal distribu-

tion; otherwise the Mann-Whitney test. 

(4) The categorical variables such as diarrhoea were 

tested by the chi-square test. 

(5) The intention to treat (ITT) analysis for TLR, WHR 

and VFA was performed to ensure the reliability of the 

study results. All randomly allocated 80 participants were 

retained in their original randomized groups for ITT anal-

ysis, irrespective of intervention adherence or study drop-

out. Missing endpoint outcome data from withdrawn sub-

jects were imputed using the last observation carried for-

ward (LOCF) approach based on their latest available 

measured values. 

 

RESULTS 

Study participants 

This study recruited 80 CO populations, who were ran-

domly divided into the w-LCD group (n = 40) and the 

HCD group (n = 40). There were 5 participants with a 

dropout rate of 12.5% (1 lost to follow-up, 4 poor adher-

ence) in the w-LCD group and 11 participants with a 

dropout rate of 27.5% (1 poor adherence, 1 pregnant, 2 

automatic exits , 7 lost to follow-up) in the HCD group 

who withdrew from the study. Finally, 35 participants in 

the w-LCD group and 29 participants in the HCD group 

were analyzed for outcomes in this study (Figure 1).  

The mean age of the participants was (37.3 ± 9.80) 

years; 35 (54.7%) were female. The general characteris-

tics of the participants in the two groups are shown in 

Table 1. There were no significant differences (p >0.05) 

between the two groups. In addition, there were no statis-

tically significant differences (p >0.05) in the demograph-

ic data, clinical data, nutrition data and body composition 

between participants who completed the follow-up and 

those who did not (Supplementary Table 1). 

 

Dietary adherence  

Repeated measure ANOVA revealed a significant Group 

× Time interaction effect on fat (η² = 0.290, p < 0.001) 

with a large effect size as shown in Table 2. Group effects 

on fat (η² = 0.155, p = 0.002) and carbohydrates (η² = 

0.184, p = 0.001) were significant with large effect sizes. 

In addition, the intake of energy, fat, and carbohydrates, 

as well as protein, decreased over time in both groups. In 

addition, the ITT analysis was in agreement with the 

 

 
 

Figure 1. The flowchart of inclusion 
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above findings in general except for the Group × Time 

interaction of fat (η² = 0.029, p = 0.081) showing no sta-

tistical difference (Supplementary Table 2).  

Furthermore, the carbohydrate and fat energy ratios 

were about 55% and 25% in both groups at baseline, re-

spectively. During dietary intervention, the carbohydrate 

and fat energy ratios were to be maintained at about 39% 

and 42%, respectively, in the w-LCD group, which was in 

accordance with the w-LCD protocol; the carbohydrate 

and fat energy ratios were to be maintained at about 57% 

and 24%, respectively, in the HCD group, which was in 

accordance with the HCD protocol (Figure 2). 

 

Effect of w-LCD on body composition in CO popula-

tions 

Repeated measure ANOVA revealed significant Group × 

Time interaction effect on TLR (η² = 0.071, p = 0.039) 

and VFA (η² = 0.093, p = 0.014) with moderate effect 

sizes, and on BMI (η² = 0.168, p = 0.001) with large ef-

fect sizes as shown in Table 3, which confirm that the w-

LCD group achieved a statistically superior trend in low-

ering TLR, VFA, and BMI over the 12-week period com-

pared to the HCD group. In addition, there was a tenden-

cy of significant differences in the Group × Time interac-

tion effect of WHR (η² = 0.052, p = 0.072), indicating 

that w-LCD has the tendency to potentially reduce WHR. 

Although comparisons between groups revealed no 

significant on TLR, VFA and BMI at 12 weeks, compari-

sons within groups revealed a reduction in both TLR (η² 

= 0.174, p = 0.001), VFA (η² = 0.393, p < 0.001) and 

BMI (η² = 0.399, p < 0.001) in the w-LCD group with 

large effect sizes compared with those of the HCD group. 

In addition, WHR (η² = 0.147, p = 0.002) and BF% (η² = 

0.100, p = 0.007) decreased over time with moderate ef-

fect sizes in both groups. 

Except for the Time × Group interaction for WHR (η² = 

0.056, p = 0.037) with moderate effect sizes being signif-

icant and the decrease in WHR (η² = 0.171, p < 0.001) 

with moderate effect sizes over time in the HCD group, 

the other results of the ITT analysis were in agreement 

with the above findings in general (Supplementary Table 

3). 

Table 1. Comparison of demographic and clinical data between the two groups 
 

Variables w-LCD group (n=35) 

mean±SD/n (%) 

HCD group (n=29) 

mean±SD/n (%) 

t/χ2 p 

Age (years) 36.9 ± 10.2 37.9 ± 9.5 -0.392† 0.696 

Sex     

 Male 17.0 (48.6) 12.0 (41.4) 0.331‡ 0.565 

Education     

 ≤Middle school 1.00 (2.90) 1.00 (3.40) - >0.999 

Marital status     

 Married 25.0 (71.4) 25.0 (86.2) 2.027† 0.155 

Occupation     

 On the job 27.0 (77.1) 27.0 (93.1) 1.973§ 0.160 

Medical insurance     

 Yes 34.0 (97.1) 29.0 (100) - >0.999 

Monthly personal income (yuan)     

 ≤5000 8.00 (22.9) 2.00 (6.90) 1.973§ 0.160 

Smoking     

 Yes 3.00 (8.60) 4.00 (13.8) 0.070§ 0.792 

Drinking     

 Yes 8.00 (22.9) 9.00 (31.0) 0.544† 0.461 

Quality of sleep   3.498¶ 0.171 

 Poor 0.00 (0.00) 3.00 (10.3)   

 Moderate 20.0 (57.1) 16.0 (55.2)   

 Good 15.0 (42.9) 10.0 (34.5)   

Sleeping time (h/d) 7.00 ± 0.60 6.90 ± 0.90 0.305† 0.761 

Other diseases     

 Yes 2.00 (5.70) 5.00 (17.2) 1.142§ 0.285 

SBP (mmHg) 122 ± 12.2 121 ± 10.8 0.119† 0.906 

DBP (mmHg) 77.4 ± 10.9 74.7 ± 9.10 1.032† 0.306 

Heart rate (bpm) 77.2 ± 8.80 77.9 ± 8.70 -0.281† 0.779 

Exercise at baseline (min/weeks) 84.0 ± 79.8 72.8 ± 107 0.480† 0.633 

Exercise at 12weeks (min/weeks) 69.4 ± 78.4 66.9 ± 104 0.111† 0.912 

Exercise intensity at baseline   1.313¶ 0.587 

 Low 24.0 (68.6) 22.0 (75.9)   

 Moderate 7.00 (20.0) 6.00 (20.7)   

 High 4.00 (11.4) 1.00 (3.40)   

Exercise intensity at 12weeks   1.649¶ 0.484 

 Low 24.0 (68.6) 24.0 (82.8)   

 Moderate 5.00 (14.3) 2.00 (6.90)   

 High 6.00 (17.1) 3.00 (10.3)   

Energy at baseline (kcal/d) 1746 ± 412 1892 ± 512 -1.217† 0.228 
 

w-LCD, walnut-based low carbohydrate diet; HCD, high-carbohydrate low-fat diet; SBP, systolic blood pressure; DBP, diastolic blood 

pressure.  
†Two-sample independence t-test; ‡chi-square test; §Calibrated chi-square test; ¶Fisher exact test 
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Effect of w-LCD on GLP-1 and C-peptide in CO popula-

tions 

At 12 weeks, The GLP-1, PYY and C-peptide levels of 

all participants fluctuated within the normal range, but 

GLP-1 and PYY was higher [GLP-1: w-LCD 2.10 (1.84, 

2.69) pmol/L vs. HCD 1.59 (0.86, 2.14) pmol/L, Z = -

2.343, p = 0.019; PYY: w-LCD (33.1 ± 5.50) pg/ml vs. 

(26.8 ± 5.93) pg/ml, t = 3.663, p = 0.001], and C-peptide 

was lower [w-LCD 1.11 (0.73, 1.29) vs. HCD 1.61 (1.01, 

3.64), Z = -2.242, p = 0.025] in the w-LCD group (Figure 

3). 

 

DISCUSSION 

The walnut-based low carbohydrate diet (w-LCD) is now 

an effective nutritional intervention to change fat distribu-

tion. In this study, after 12 weeks of intervention, it was 

found that w-LCD reduced TLR and VFA, and had a de-

creasing trend on WHR in CO populations. Meanwhile, it 

could reduce BMI.   

 

W-LCD promoted fat redistribution in CO populations 

Fat accumulation is a double-edged sword for the body. 

On the one hand, trunk fat accumulation has a negative 

impact on the body, and on the other hand, hip and leg fat 

accumulation has a protective effect on the body.44 A 

prospective cohort study45 including 21,472 people with 

T2D with 7.7 years of follow-up found that the risk of 

CVD and death in the highest quartile of trunk fat was 

higher than those in the lowest quartile of trunk fat, re-

spectively; while, the risk of CVD and death in the high-

est quartile of hip and leg fats were lower than in the low-

est quartile of hip and leg fats, respectively. Therefore, 

lowering trunk fat to hip or leg fat may prevent the devel-

opment of CO-related metabolic diseases.  

The TLR, which was measured simply, directly and 

accurately by bioelectrical impedance-based analysis, is a 

parameter that is independent of overall obesity and can 

be used as a good indicator of fat distribution.46-48 How-

ever, there are relatively few studies regarding the effect 

of w-LCD on TLR in CO populations at present. 

Paniagua et al. performed a 3 months RCT in insulin-

resistant populations and showed that the w-LCD group 

Paniagua et al. performed a 3 months RCT in insulin-

resistant populations and showed that the w-LCD group 

had a lower TLR than that of the HCD group (2.1 ± 0.2 

vs. 2.5 ± 0.2, p <0.05).30 In this study, it was also found 

that the TLR decreased more in the w-LCD group than in 

the HCD group. Although the lack of statistical signifi-

cance at 12-week because both study groups received 

active dietary interventions, the robust Group × Time 

interaction provides the proof that the overall fat reduc-

tion over the 12 weeks was significantly higher and faster 

in the w-LCD group. 

In addition, WC can reflect visceral fat content and HC 

can reflect hip fat content.49 Therefore, the WHR, which 

is widely used in clinical practice, can be used as a simple 

and inexpensive alternative for indirect estimation of fat 

distribution.50-52 Farnoosh et al. found no significant dif-

ference in WHR between low and medium carbohydrate 

diets,53 which is inconsistent with this study. It was found 

that the w-LCD had a tendency to lower WHR in CO 

populations after 12 weeks of intervention, which may 

confirm that the dietary program might promote visceral 

fat redistribution to hip fat. Mei et al. found that the 

Mediterranean diet combined with LCD significantly 

reduced WHR (p <0.05) in overweight people.36 Similar-

ly, Magnus et al. found a greater decline of WHR in CO 

populations in the LCD group compared to conventional 

diets (-0.05 vs. -0.02).54 The reason for the inconsistency 

may be related to the fact that both groups in the Far-

noosh et al. study restricted carbohydrates to different 

degrees (carbohydrate energy ratio: intervention 15% vs. 

control 39%), which can both lead to a decrease in WHR.  

 

W-LCD reduced visceral fat accumulation in CO popu-

lations 

The International Atherosclerosis Society and the Chair 

of the International Cardiometabolic Risk Task Force on 

Visceral Obesity jointly stated that visceral adiposity ra-

ther than overall obesity is an independent risk factor for 

the risk of CVD, metabolic disease and death, suggesting 

that visceral fat may be a more important indicator of the 

effectiveness of obesity management strategies.55 Alt-

hough the Expert Consensus on Prevention and Control 

of Obesity in Chinese Residents used WC as a diagnostic 

criterion for visceral obesity, this indicator can only esti-

mate the amount of abdominal visceral fat.32 The method 

fails to exactly reflect the degree of visceral obesity  

 
 

Figure 2. The trend of the macronutrient energy supply % in the w-LCD group and HCD group 
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Table 2. Comparison of total energy, macronutrients and DF intake between the two groups over time 
 

Variables w-LCD group (n=35) 

mean±SD/n(%) 

HCD group (n=29) 

mean±SD/n(%) 

Repeated Measures ANOVA [η²(p)] Post-hoc testing 

Time effect Group effect Time × group interac-

tion effect 

Simple effects analyses 

η² p 

Energy (kcal/d)   0.653 (<0.001***) 0.023 (0.245) 0.013 (0.381)   

 Baseline 1746 ± 412 1892 ± 512      

 12 weeks 1162 ± 224 1211 ± 326      

Carbohydrate (g/d)   0.631 (<0.001***) 0.184 (0.001**) 0.046 (0.099)   

 Baseline 238 ± 70.5 262 ± 81.6      

 12 weeks 112 ± 32.9 175 ± 51.5      

Fat (g/d)   0.193 (<0.001***) 0.155 (0.002**) 0.290 (<0.001***)   

 Baseline 52.1 ± 18.5 54.7 ± 21.3      

 12 weeks 55.2 ± 11.2 31.3 ± 11.3    0.004 0.612 

 η² 0.013 0.353    0.519 <0.001*** 

 p 0.379 <0.001***      

Protein (g/d)   0.489 (<0.001***) 0.005 (0.256) 0.022 (0.591)   

 Baseline 81.7 ± 25.9 89.0 ± 32.1      

 12 weeks 55.0 ± 9.90 58.7 ± 18.2      

DF (g/d)   0.031 (0.175) <0.001 (0.913) <0.001 (0.875)   

 Baseline 18.6 ± 11.9 18.7 ± 14.5      

 12 weeks 21.3 ± 4.80 21.04 ± 5.10       
 

w-LCD, walnut-based low carbohydrate diet; HCD, high-carbohydrate low-fat diet; DF, dietary fiber.  

**p <0.01; ***p <0.001. 
 
 

 
 

Figure 3. Comparison of GLP-1(pmol/L), PYY (pg/mL) and C-peptide (ng/mL) between the two groups at 12weeks. w-LCD, walnut-based low carbohydrate diet; HCD, high-carbohydrate low-fat diet; GLP-1, Glu-

cagon-like peptide-1. PYY, Peptide YY. *p <0.05 
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Table 3. Comparison of body composition between the two groups over time 
 

Variables w-LCD group (n=35) 

mean±SD/n(%) 

HCD group (n=29) 

mean±SD/n(%) 

Repeated Measures ANOVA [η²(p)] Post-hoc testing 

Time effect Group effect Time × group interac-

tion effect 

Simple effects analyses 

η² p 

TLR        

 Baseline 1.80 ± 0.19 1.82 ± 0.16  0.101 (0.012*) 0.012 (0.347) 0.071 (0.039*) <0.001 0.863 

 12 weeks 1.74 ± 0.20 1.81 ± 0.15    0.033 0.154 

 η² 0.174 0.002      

 p 0.001** 0.756      

WHR        

 Baseline 0.93 ± 0.05 0.92 ± 0.04 0.147 (0.002**) 0.004 (0.643) 0.052 (0.072)   

 12 weeks 0.90 ± 0.03 0.91 ± 0.09      

VFA (cm2)        

 Baseline 113 ± 33.4 116 ± 109 0.367 (<0.001***) 0.013 (0.364) 0.093 (0.014*) 0.001 0.766 

 12 weeks 97.4 ± 31.7 109 ± 31.6    0.036 0.132 

 η² 0.393 0.082      

 p <0.001*** 0.022*      

BMI (kg/m2)        

 Baseline 27.6 ± 2.49 27.3 ± 2.26 0.296 (<0.001***) 0.004 (0.632) 0.168 (0.001**) 0.005 0.597 

 12 weeks 26.1 ± 2.63 27.0 ± 2.69    0.029 0.180 

 η² 0.399 0.018      

 p <0.001*** 0.292      

BF (kg)        

 Baseline 28.9 ± 16.6 26.2 ± 5.34 0.113 (0.006) 0.001 (0.837) 0.047 (0.086)   

 12 weeks 22.9 ± 6.42 24.8 ± 5.70      

BF%        

 Baseline 35.9 ± 14.6 34.5 ± 6.34 0.100 (0.007**) 0.001 (0.936) 0.038 (0.209)   

 12 weeks 30.8 ± 7.43 32.6 ± 7.44      
 

w-LCD, walnut-based low carbohydrate diet; HCD, high-carbohydrate low-fat diet; DF, dietary fiber.  

**p <0.01; ***p <0.001. 
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when the organism is suffering from conditions such as 

cities.56 Instead, the measurement of VFA is more 

convenient, intuitive and accurate to reflect the level of 

visceral fat deposition in the human abdomen. 57  

In this study, Although the lack of statistical signifi-

cance at 12-week, the obvious Group × Time interaction 

provides the proof that the overall fat reduction over the 

12 weeks was significantly higher and faster in the w-

LCD group. It was found that VFA decreased significant-

ly from 113 cm2 at baseline to 97 cm2 at 12 weeks in the 

w-LCD group, which is lower than the threshold of vis-

ceral fat obesity in Asia (≤100cm2).58 In addition, the de-

crease of VFA in the w-LCD group was higher than that 

of the HCD group, indicating that w-LCD effectively 

reduced visceral fat deposition in people with CO. In a 2-

month RCT, it was found that very low-energy ketogenic 

diets (600-800 kcal/d energy, <50 g/d carbohydrate) re-

duced visceral fat deposition from 170.8 ± 58.0cm2 to 

131.5 ± 47.7cm2 (p <0.05) in obese people.59 The result of 

Yoh et al. similarly found that VFA decreased by 40 cm2 

(p <0.05) from baseline in the LCD group (1000 kcal/d 

energy, 40% carbohydrate, 35% fat) among obese people 

with T2D after 4 weeks of intervention.31 Thus, LCD 

could reduce visceral fat deposition, but the reduction of 

VFA in this study was less than that of German and Yoh 

et al. On the one hand, it may be related to the relatively 

high carbohydrate energy ratio in this study, which leads 

to a relative increase of insulin secretion and promotes the 

entry of carbohydrates into adipose tissue, thus resulting 

in the accumulation of visceral fat. On the other hand, it 

may be related to the fact that the overweight population 

included in this study had lower baseline visceral fat con-

tent, which contributed to a lower decline of VFA than 

that of obese populations. Moreover, VFA decreased sig-

nificantly in the HCD group from baseline, which may be 

related to that all participants received dietary fiber (DF) 

which is rich in oat bran supplementation in this study, 

which had been reported to reduce insulin secretion and 

thus relatively decrease visceral fat deposition.60  

 

W-LCD induced fat redistribution and visceral fat re-

duction and its cross-sectional relationship with 12-

week fasting C peptide and GLP 1 and PYY levels 

According to CIM, lowering the ratio of carbohydrates to 

ω-3 PUFA can inhibit C-peptide and promote GLP-1 

production in CO populations, which in turn can lower 

weight, reduce visceral fat deposition and TLR.17 Thus, 

we examined the GLP-1 and C-peptide levels at 12 weeks 

in both groups. 

C-peptide 

The physiological pathways through which w-LCD links 

to altered fat distribution remain to be fully elucidated. 

CIM suggests that fat cells are the core of the obesity eti-

ology, rather than a site for passive storage of excess en-

ergy. Although many factors affect energy storage in fat 

cells, insulin plays a dominant role in controlling its 

anabolism.17 Insulin mainly stimulates glucose intake and 

inhibits the release of fatty acids in visceral adipose tis-

sue, thereby promoting visceral fat deposition and caus-

ing abnormal fat distribution.61 Torbay et al. injected in-

sulin or saline into rats daily and the fat mass of rats re-

ceiving insulin increased after 4 weeks of intervention.62 

Consistent with this finding, mice with genetically re-

duced insulin secretion had higher energy expenditure 

and did not become obese due to diet.63-65 Furthermore, 

visceral fat is more sensitive to insulin and more capable 

of ingesting carbohydrates than hip or leg fat, which may 

lead to accumulation of visceral fat and abnormal fat dis-

tribution.22, 66 

Thus, the inhibition of insulin secretion may lower 

weight, reducing visceral fat deposition and altering fat 

distribution. The effect of the carbohydrate amount is the 

most significant among the many factors influencing in-

sulin secretion.17 A meta-analysis of 17 RCTs involving 

1141 obese patients showed that the LCD group had low-

er fasting insulin levels than the HCD group (MD: -2.24 

micro IU mL-1, 95%CI: -2.65, -1.82).67 Marti et al. also 

found that fasting insulin levels decreased from baseline 

(-338 ± 398 μU/mL, p = 0.004) in the LCD group after 6 

weeks of intervention.68 C-peptide used as an indicator of 

insulin secretion in this study was also found to be lower 

in the w-LCD group than that of the HCD group after 12 

weeks of intervention. In addition, the fasting C-peptide 

levels were within the normal range (0.8-4.2 ng/mL) in 

both groups after dietary intervention. Due to the lack of 

baseline C-peptide, we could not conclude whether w-

LCD maintains or reverses the status of insulin in CO 

populations. We speculate that the w-LCD demonstrates a 

cross-sectional statistical association with lower fasting 

insulin exposure, which concurrently co-exists with re-

duced VFA and shifts in fat redistribution. 

 

GLP-1 and PYY 

GLP-1 and PYY, as gastrointestinal satiety peptide hor-

mone, could weakly promote insulin secretion from pan-

creatic β-cells, and thus is associated with alter fat distri-

bution and reduce visceral fat deposition.29 Zhao et al. 

found that GLP-1 analogs led to a reduction in visceral fat 

and a relative increase in hip and leg fats in high-fat diet-

induced obese rats, which may promote fat redistribu-

tion.69 Rachel et al. knocked out the PYY gene and found 

that the mice developed visceral fat accumulation.70 Ac-

cording to the CIM, increasing the proportion of ω-3 

PUFA can improve intestinal flora and increase the pro-

duction of SCFAs, which promote GLP-1 and PYY pro-

duction via GPR43 and GPR40. This study found that 

fasting GLP-1 and PYY levels were higher in the w-LCD 

group than those of the HCD group [GLP-1: 2.10 (1.84, 

2.69) pmol/L vs. 1.59 (0.86, 2.14)] pmol/L, Z = -2.343, p 

= 0.019; PYY: w-LCD (33.1 ± 5.50) pg/mL vs. (26.8 ± 

5.93 pg/mL, t = 3.663, p = 0.001). The promotion of 

GLP-1 and PYY production may be related to the sup-

plementation of ω-3 PUFA-rich nuts (walnuts) in the 

LCD group. Similar to this study, a previous study by our 

team, Ren et al found that the fasting GLP-1 level was 

higher in the intervention group after 12 weeks of inter-

vention in T2D patients with nuts (almonds) added to 

LCD.71 In addition, Liana et al.72 found that after a 60g/d 

walnut intervention, postprandial PYY levels in the wal-

nut group increased significantly compared to baseline. 

Numao et al.73 and Aaron et al.74 also demonstrated that 

low-carbohydrate, high-fat diet could increase the level of 

GLP-1 and PYY production. Therefore, we tentatively 

suggest that w-LCD might be accompanied by higher 



                                                                  W-LCD on fat redistribution and VFA                                                            775                                                              

GLP-1 and PYY, which are statistically correlated with 

lower visceral adiposity and altered fat distribution. 

 

W-LCD reduced BMI in CO populations 

BMI and BF%, as concise and effective indicators to 

measure obesity, can better reflect the degree of obesi-

ty.73, 75 These indicators are associated with the blood 

pressure variability index, which increases with the de-

gree of obesity and thus increases the risk of CVD.76 In 

addition, the risk of diabetes increases with greater obesi-

ty-related indicators.77 Although we found no significant 

difference in BMI between the two groups at 12 weeks, 

which is consistent with the study by Guo et al,78 both 

low-carbohydrate and low-fat diets led to short-term 

weight loss in obese or overweight people with impaired 

glucose regulation using generalized estimating equa-

tions; the Group × Time interaction for BMI was signifi-

cant. This indicates that the BMI in the w-LCD group 

decreased much more over the course of the study, which 

may be related to the restriction of carbohydrate intake. A 

meta-analysis of RCT found that LCD significantly re-

duced BMI (SMD: -1.66, 95%CI: -2.70, -0.61).79 Another 

reason may be related to walnut supplementation in this 

study. A dose-response meta-analysis found that walnut 

intake up to 35 g/d significantly reduced BMI (Coef. = -

1.24, p = 0.041).80 Therefore, increasing walnut intake 

along with LCD may lead to more reduction in BMI. Alt-

hough this study did not find that w-LCD could effective-

ly reduce BF%, there was a trend of its decrease. A net-

work meta-analysis by Rubén et al showed that walnuts 

significantly reduced BF% (SMD: -0.85; 95%CI: -1.20, -

0.49).81  

 

Conclusions 

A walnut-based low carbohydrate diet achieves a signifi-

cantly greater and faster fat reduction over time compared 

to the control group, providing a solid evidence-based 

foundation for dietary management in people with CO.  

 

Strengths and limitations 

To our knowledge, this is the first study to explore the 

effect of w-LCD on improving fat redistribution and vis-

ceral fat accumulation of CO populations in China. How-

ever, there are some limitations. Firstly, due to time limi-

tation, this study was a short-term 12 weeks clinical 

study, and it will be necessary to explore the long-term 

effects of w-LCD on fat redistribution and visceral fat 

deposition, as well as to explore participants' adherence to 

w-LCD programs after the intervention ends in the future. 

Secondly, due to the limitation of funds, this study only 

detected fasting GLP-1 and C-peptide at 12 weeks, which 

could not analyze the causal relationship of w-LCD on 

the humoral factors. Thus detecting the dynamic post-

prandial GLP-1 was needed for interpretation of patho-

genesis of obesity based on the CIM. In addition, this 

study did not explore the relationship between w-LCD 

and metabolic indicators such as insulin resistance and 

inflammatory markers, which will also be a focus of our 

future research. Thirdly, due to the fact that this study is a 

small sample RCT which might limit the statistical pow-

er, and stratified analyses such as gender, different base-

line obesity level and lipid profile levels cannot be con-

ducted about the effect of w-LCD on the improvement of 

outcome indicators. Therefore, this study still needs to be 

validated in larger populations in the future. Fourthly, in 

this study, the HCD group had a higher dropout rate, 

which may be related with the less effective weight loss 

in the HCD group compared to the w-LCD group, weak-

ening their weight loss confidence. Another limitation is 

the failure to strictly control for isocaloric conditions 

across the intervention groups. Fifthly, this study em-

ployed three-day dietary records as dietary assessment 

tools, which may introduce self-reporting bias. Therefore, 

future research should consider utilizing objective biolog-

ical markers or food diaries to evaluate dietary intake and 

adherence to dietary regimens more accurately and impar-

tially. Finally, this study did not design a personalized 

diet based on participants' weight, nature of work, etc., 

which is another one of the limitations of this study. The 

intervention program can be improved in the future. 
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