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Purpose: The aim of the present study was to investigate the effect and safety of a multiphase modified ketogenic diet (MMKD) 
compared to beinaglutide treatment or lifestyle modification (LM) alone on weight loss in obese patients in China.
Patients and Methods: The present study was conducted in adults with obesity who did not have diabetes with two phases as 
follows: a 4-week run-in phase to guide diet and exercise, followed by a 12-week intervention phase aiming to lose weight. All 
participants performed aerobic and resistance exercise, and they were free to select any one of three weight-loss strategies as follows: 
LM group, 12 weeks of hypocaloric balanced diet (HBD); MMKD group, two cycles of a multiphase diet with each cycle comprised 
of 2 weeks of ketogenic diet (KD), 2 weeks of transition diet and 2 weeks of HBD; and beinaglutide group, 12 weeks of HBD plus 
daily injection of beinaglutide (0.4 mg per day). Body weight, body composition and metabolic variables were measured before and 
after the 12 weeks of treatment.
Results: All intervention strategies had significant weight loss, and the MMKD led to greater weight loss than LM (difference, −3.7 kg; 
95% confidence interval [CI], −6.1 to −1.4; P = 0.001) but not beinaglutide (difference, −1.5 kg; 95% CI, −4.3 to 1.3; P = 0.587). Waist 
circumference (WC), fat mass, body fat percentage (BFP) and visceral fat area (VFA) were also significantly decreased, and the MMKD 
had a greater effect on these parameters than LM or beinaglutide. In addition, significant reductions in blood pressure and homoeostatic 
model assessment of insulin resistance (HOMA-IR) were observed in all three groups, but the MMKD resulted in the most significant 
improvement in insulin resistance. Almost no adverse events, except for two cases of dizziness, were observed in the MMKD group, 
which was significantly fewer events than the other two groups.
Conclusion: These findings demonstrated that the MMKD is an effective and safe treatment for weight loss, thus providing an 
additional option for obese Chinese patients.
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Introduction
Substantial changes in lifestyle factors such as dietary patterns and sedentary behaviors, have resulted in increases of 
obesity in China in the past four decades.1 Strong evidence has been established that overweight and obesity increase the 
risk of major noncommunicable diseases including cardiovascular disease, type 2 diabetes mellitus (T2DM), and cancer, 
which are associated with premature death and disability.2 Studies have confirmed that at least 5% weight loss is 
associated with significant clinical benefits for many obesity-related complications.3–5 However, effective lifestyle 
interventions suitable for Chinese populations are scarce, and there are few approved weight loss medications and low 
acceptance of bariatric surgery in China.6 Therefore, it is urgent to seek an effective, feasible and easily acceptable 
approach for weight loss.
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One popular diet regimen is the ketogenic diet (KD), a low-carbohydrate and high-fat diet, which has been 
demonstrated to be effective for weight loss and improvement of metabolic parameters.7,8 Nevertheless, the KD is still 
not an established strategy for obesity treatment due to low tolerance and some side effects, such as fatigue, dizziness, 
gastrointestinal complaints, hepatic steatosis, nephrolithiasis, lipid abnormalities, and vitamin deficiency.9 Although the 
KD under strict medical supervision increases patients’ adherence and reduces the most common side effects, it is still 
a challenging approach for patients, especially with a high-carbohydrate diet.10 Additionally, the KD is associated with 
a reduction in consumption of healthy foods, such as whole grains, legumes and vegetables, and the KD is completely 
different from traditional Chinese food, resulting in an obstacle for implementation. Thus, we designed a multiphase 
modified ketogenic diet (MMKD) while considering Chinese food habits. The ketogenic phase of the MMKD limits 
carbohydrate intake to 27% of energy, and the MMKD contains approximately 50 g/day of digestible carbohydrates. 
Moreover, the MMKD emphasizes the choice of foods rich in whole grains with a low glycemic load, green leafy 
vegetables, fish and olive oil.

Previous studies have indicated that glucagon-like peptide-1 receptor agonists (GLP-1 RAs) significantly reduce body 
weight in obese patients by slowing gastric emptying and inhibiting appetite.11–13 Beinaglutide is a recombinant human 
GLP-1 RA with a 100% protein sequence identity to human GLP-1 (7–36), and it has been approved by the China Food 
and Drug Administration for the treatment of T2DM. Similar to other GLP-1RAs, the pharmacological efficacy of 
beinaglutide is not limited to glucose lowering. Significant weight loss (−10.05 kg) is observed in T2DM patients after 3 
months of treatment with beinaglutide according to the real-world data.14

To our knowledge, no studies have evaluated the efficacy of KD and GLP-1RAs for weight loss simultaneously. Thus, 
we designed a head-to-head clinical study to compare the efficacy of MMKD, beinaglutide or lifestyle modification (LM) 
on weight loss in obese patients in China. The present study included a 4-week run-in phase to guide diet and exercise 
followed by a 12-week intervention phase aiming to lose weight. All participants performed aerobic and resistance 
exercise, and they were free to select any one of three weight-loss strategies as follows: LM group, hypocaloric balanced 
diet (HBD) for 12 weeks; MMKD group, two cycles of a multiphase diet with each cycle comprised of 2 weeks of KD, 2 
weeks of transition diet and 2 weeks of HBD; and beinaglutide group, 12 weeks of HBD plus daily injection of 
beinaglutide (0.4 mg per day). The primary purpose of the present study was to investigate the change in body weight 
after a 12-week intervention. Changes in body composition parameters, glycemic profiles and lipid profiles were also 
observed, and all adverse events were recorded.

Materials and Methods
Study Design
Patients attending the weight-loss clinic of Nanjing Medical University affiliated Wuxi People’s Hospital were enrolled 
in an open label prospective weight-loss intervention study. The study was conducted from June 2018 to February 2020 
with two phases as follows: a 4-week run-in phase to instruct all participants in LM followed by a 12-week intervention 
phase aiming to lose weight with three possible weight-loss programs. The basic design of the study is shown in Figure 1.

The trial was approved by the Hospital Ethics Committee (KYLLKS 201806) and registered in the Chinese Clinical 
Trial Registry (ChiCTR 1800015923) prior to initiation of recruitment. All participants provided written informed 
consent. This study was performed in compliance with the Declaration of Helsinki.

The primary endpoint was the change in body weight after the 12-week intervention phase. The secondary endpoints 
included changes in body composition, blood pressure, plasma glucose, glycated hemoglobin 1c (HBA1c), lipid profile, 
and homoeostatic model assessment of insulin resistance (HOMA-IR) after the 12-week intervention.

Participants
The inclusion criteria were as follows: aged 18 to 60 years; body mass index (BMI) ≥ 30.0 kg/m2 or ≥ 28.0 kg/m2 with 
one or more comorbidities (hypertension, dyslipidemia, sleep apnea or impaired glucose tolerance); and stable body 
weight in the previous 3 months. A BMI cutoff of 28.0 kg/m2 was recommended to define obesity by the Working Group 
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on Obesity in China.15 The major exclusion criteria were diabetes and secondary obesity caused by diseases or drugs. 
The complete list of the exclusion criteria is shown in the Supplementary Appendix (Table S1).

Interventions
During the run-in phase, all participants consumed a HBD with the total calories calibrated by basal metabolic rate 
multiplied by 1.2. The basal metabolism was measured by bioelectrical impedance analysis (InBody® S10 Medical Body 
Composition Analyzer, Biospace Co., Ltd., Korea). The macronutrient composition of the HBD was 39%, 37% and 24% 
of total energy from carbohydrates, fat and protein, respectively.

During the intervention phase, all participants were given the option to select any one of three possible weight-loss 
programs, namely, LM, MMKD or beinaglutide injection. Patients in the LM arm underwent a HBD for a 12-week 
intervention period. Patients in the MMKD arm underwent two cycles of a multiphase diet, and each cycle was comprised 
of 2 weeks of KD intervention with 27% carbohydrates; 2 weeks of transition diet intervention with 29% carbohydrates; and 
2 weeks of HBD with 39% carbohydrates. The total calories for the KD were the actual basal metabolism measured by 
InBody S10. If the basal metabolism exceeded 1500 kcal, it was calculated as 1500 kcal. Regarding the total energy, 27%, 
41% and 32% from carbohydrates, fat and protein, respectively. Carbohydrates with a glycemic index less than 55 such as 
whole grains or bran were selected as the staple food. The total calories, nutrient components and food choices of the diets at 
each stage of the MMKD have been described in our previous study.16 In the beinaglutide arm, patients consumed a HBD 
plus received injections of beinaglutide (0.4 mg per day), which was given twice daily as subcutaneous injections and 
titrated, starting at a dose of 0.1mg per injection and increasing to 0.2 mg per injection within 2 weeks to reduce side effects. 
Beinaglutide and injector pens were supplied by Shanghai Benemae Pharmaceutical Corporation.

Each participant also performed aerobic exercise designed to meet the World Health Organization recommendations17 

during the entire study. Aerobic exercise, namely, brisk walking at a speed of 4.8 km/h, was performed 30 min per day. 
Each particpant was instructed to gradually increase the walking speed to the target speed of 4.8 km/h in the first 2 weeks 
in the run-in phase and then maintain this speed for the following study. Resistance exercise was added in the 
intervention period with 10 sets per day of hip bridges, plank supports, static squatting against the wall, and 60- degree 
double straight-leg elevation. Each movement was maintained for 30s with a 1 min rest every 5 min. As long as the 
sufficient exercise volume (duration × intensity) was reached, participants could reduce exercise frequency to 5 times per 
week with prolonged duration or increased intensity.

Schedule of Visits
After the initial screening visit, selected participants were scheduled for 5 face-to-face visits every 4 weeks ± 3 days 
and telephone interviews weekly throughout the study (Figure 1). A complete physical, anthropometric and 

Run-in phase Intervention phase

LM

MMKD  

Beinaglutide + LM

T

Week  -4        0    2     4          8       12

Onsite visit   1   2        3         4          5       6

Telephone visit weekly between two onsite visits

LM
Evaluation 

for eligibility

Figure 1 Study design. 
Abbreviations: LM, lifestyle modification; MMKD, multiphase modified ketogenic diet; T, titration of beinaglutide within 2 weeks.
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biochemical assessment was performed at visits 1, 3, and 6. A dietary plan and an exercise guide were provided at 
visit 2. The remaining in-person visits and telephone interviews were to control adherence and evaluation of potential 
side effects.

All dietary regimens during the study period were conducted by a registered nutritionist and a nutrition technician 
with an occupational qualification certificate. The nutritionist designed and instructed the diet plan for each participant, 
and the nutrition technician assisted in the follow-up to ensure effective implementation. Eating patterns and adherence 
were evaluated from 3 days per visit of dietary records (2 weekdays and 1 weekend day). In the MMKD arm, a WeChat 
group was established for each participant to monitor morning- urine ketones and program performance as described in 
our previous study.

The aerobic and resistance exercises were planned and monitored by two rehabilitation physicians who had an 
exercise prescription specialist certificate. Physical activity level and compliance were evaluated from physical activity 
records at each visit.

Outcome Measurements
Body weight and height were measured in light clothing without shoes on a calibrated scale (HNH-318, Omron, Japan). 
Weight loss percentage was calculated using the following equation: weight loss percentage = (baseline body weight (kg) 
- treatment body weight (kg))/baseline body weight (kg). BMI was calculated using the following formula: BMI = weight 
(kg)/height squared (m2). Waist circumference (WC) at the middle point between the costal arch and the iliac crest as 
well as hip circumference (HC) at the symphysis greater trochanter level were measured to the nearest 0.1 cm using 
a standard flexible nonelastic metric tape. Waist-to-hip ratio (WHR) was calculated using the following formula: WHR = 
WC (cm)/HC (cm). Sitting systolic and diastolic blood pressures were measured twice using a mercury-gravity 
manometer after 15 min of rest. All measurements were performed by well-trained nurses

Fat mass, muscle mass, skeletal muscle mass (SMM), body fat percentage (BFP), and visceral fat area (VFA) along 
with other body composition variables were determined using bioelectrical impedance analysis (InBody® S10).

Total cholesterol (TC), low-density lipoprotein-cholesterol (LDL-C), high-density lipoprotein-cholesterol (HDL-C), 
triacylglycerol (TG), uric acid, blood urea nitrogen, creatinine, total bilirubin, direct bilirubin, alanine transaminase, 
aspartate transaminase, alkaline phosphatase, gamma-glutamyl transferase and glucose were measured by photometric 
assays (Chemistry Immuno-analyzer AU5800, Beckman Coulter, USA). HbA1c was measured by a high pressure liquid 
chromatography method (VARIANT II Haemoglobin Testing System, BIORAD, USA). Serum insulin concentration was 
measured by an electrochemiluminescence immunoassay method (Roche Diagnostic Systems). Postprandial levels of 
glucose (P2hBG) and insulin (P2hINS) were obtained after a standard glucose tolerance test. HOMA-IR was calculated 
as fasting blood glucose (FBG, mmol/L) multiplied by fasting plasma insulin (FINS, mU/L) and then divided by 
a constant 22.5.

Statistical Analysis
Intention to treat analysis (ITT) and per-protocol analysis (PP) were performed to determine the primary outcome. PP 
analysis was performed to determine the secondary outcomes. Subjects with one visit after intervention were included in 
the ITT analysis, and those who completed the entire study were included in the PP analysis. The carry-forward method 
was applied for drop-outs in the complete ITT sample.

Categorical variables are presented as numbers (percentages) and were analyzed by Chi-squared test or Fisher’s exact 
test. Continuous variables with normal distribution are presented as the mean ± standard deviation. Data on insulin and 
HOMA-IR were ln-transformed prior to statistical analysis. Baseline data among the three arms were analyzed by one- 
way analysis of variance (ANOVA), and pairwise post-hoc comparisons were analyzed by honest significant difference 
test. Weight change over time was analyzed by a mixed effects model. The differences between baseline and post- 
intervention were compared by paired t-test within three separate arms. Changes of outcome variables with the 
intervention among the three arms were analyzed by covariance analysis.
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All statistical analyses were performed in IBM SPSS Statistics version 23.0 (IBM Corp, Armonk, NY, USA), and 
graphs were created in GraphPad Prism version 8.3.0 (GraphPad Software, San Diego, CA, USA). P-value < 0.05 was 
considered statistically significant.

Results
Participant Characteristics
Of the 117 patients screened in the weight-loss clinic, 113 met the participation criteria (2 patients failed due to T2DM, 1 
patient failed due to lung cancer and 1 patient failed due to severe thrombocytopenia) and were enrolled in the run-in 
phase. Moreover, 9 patients dropped out during the run-in phase, resulting in a total of 104 patients (58.7% male and 
41.3% female) who were grouped into three study arms with the following completion numbers: 50 of 57 subjects in the 
LM arm completed the study; 19 of 22 subjects in the MMKD arm completed the study; and 21 of 25 subjects in the 
beinaglutide arm completed the study (Figure 2).

The characteristics of the participants before and after the run-in phase are shown in Table S2. During the run-in 
phase, the participants’ body weight decreased by a mean of 3.3 kg (95% confidence interval [CI], 2.9 to 3.8). This 
decrease was accompanied by decreases in the WC, HC, body composition, blood pressure, resting heart rate, blood 
glucose, HbA1c, lipid levels, insulin and HOMA-IR.

The baseline characteristics of the participants in the three study arms are shown in Table 1. There was a significant (P = 0.005) 
difference in the allocations of females and males among the three study arms as follows (ratio of females to males): 29.8% to 
70.2% in the LM arm; 40.9% to 50.1% in the MMKD arm; and 68.0% to 32.0% in the beinaglutide arm. These differences 
accounted for the baseline differences observed in body fat, fasting insulin level and HOMA-IR.

Changes in Body Weight and Composition
After 12 weeks of intervention, body weight, BMI, WC, HC, WHR, fat mass, BFP and VFA significantly decreased 
within the three separate arms (Table S3). Muscle mass, SMM and water significantly decreased in the MMKD and 
beinaglutide arms but not in the LM arm (Table S3). Treatment effects for these variables had significant differences 
among the three study arms with the exception of WHR and SMM (Figure 3, Table S3).

Body weight showed a significant decrease over time within each arm (F for time = 109.011, P < 0.001); however, 
the trend of weight loss was similar across the three study arms (F for treatment = 0.044, P = 0.957) (Figure 3A). From 
week 8 to 12, weight loss in the beinaglutide arm continued to significantly decrease but not in the other two arms 
(Figure 3A). After 12 weeks of intervention, the participants’ body weight decreased by a mean of −3.2 kg in the LM 
arm, −7.0 kg in the MMKD arm and −5.7 kg in the beinaglutide arm. In the MMKD arm, the treatment effect was 
−3.7 kg (95% CI, −6.1 to −1.4; P = 0.001) compared to LM and −1.5kg (95% CI, −4.3 to 1.3; P = 0.587) compared to 
beinaglutide (Figure 3B). In the beinaglutide arm, the treatment effect was −2.3kg (95% CI, −4.6 to 0.1; P = 0.058) 
compared to LM (Figure 3B). The ITT analysis results are shown in Figure S1, and they were consistent with the PP 
analysis results.

The change in the SMM showed no difference among the three study arms (Figure 3C). The reduction in the fat mass 
was greater in the MMKD arm than in the LM arm, with a treatment effect of −2.9 kg (95% CI, −5.1 to −0.7; P = 0.005), 
and this reduction was not observed between the MMKD arm and the beinaglutide arm (P = 0.053) or between the LM 
arm and the beinaglutide arm (P = 1.000) (Figure 3D). The reduction in the BFP was greater in the MMKD arm than the 
other two arms, with a treatment effect of −2.1% (95% CI, −4.0 to −0.3; P = 0.020) compared to LM and −2.4% (95% 
CI, −4.6 to −0.2; P = 0.030) compared to beinaglutide (Figure 3E). Similarly, the reduction in VFA was greater in the 
MMKD arm than the other two arms, with a treatment effect of −17.1 cm2 (95% CI, −28.8 to −5.5; P = 0.002) compared 
to LM and −15.8 cm2 (95% CI, −29.7 to −2.0; P = 0.020) compared to beinaglutide (Figure 3F). The reductions of BFP 
and VFA were not different between the LM arm and the beinaglutide arm (P = 1.000 for both).

The percentages of participants in each arm who had a total weight loss of at least 5% and at least 10% of the baseline 
body weight after the run-in phase are shown in Figure 3G. The mean weight loss percentage during the 12-week 
intervention was 8.0% in the MMKD arm, 6.0% in the beinaglutide arm and 3.8% in the LM arm (Figure 3H).
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Improvements in Metabolic Indicators
The values for metabolic variables before and after 12 weeks of intervention in all three arms are presented in Table 2. 
Systolic blood pressure decreased significantly in all three arms with no difference among them, and a similar diastolic 
blood pressure decrease was observed in the LM and MMKD arms. The resting heart rate displayed no intragroup or 
intergroup change.

117 assessed for eligibility

113 entered 4-week run-in

104 completed 4-week run-in

and entered the treatment group

with their own willingness

LM(n=57) MMKD (n=22) Beinaglutide (n=25)

50 completed the study 19 completed the study 21 completed the study

4 excluded

2 diabetes 

1 lung cancer 

1 severe thrombocytopenia

9 excluded

2 unable to follow lifestyle

modification

2 relocated for work

5 withdrew consent

4 dropped out

1 accidental pregnancy

1 haemorrhoid surgery

1 autoimmune hepatitis

1 unresponsive to

contact

3 dropped out

2 unresponsive 

to contact

1 withdrew

consent

7 dropped out

1 relocated for

work

3 unresponsive

to contact

3 withdrew

consent

Figure 2 Flow-chart of participant enrollment process. 
Abbreviations: LM, lifestyle modification; MMKD, multiphase modified ketogenic diet.
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Table 1 Baseline Characteristics of the Study Participants After the 4-Week Run-in

Variables LM MMKD Beinaglutide P value

(n=57) (n=22) (n=25)

Demographic Variables
Age (years) 34±9 31±9 30±4 0.116
Sex (no.%) 0.005

Male 40(70.2) 13(59.1) 8(32.0)

Female 17(29.8) 9(40.9) 17(68.0)
Marital status (no.%) 0.663

Not married 15(26.3) 7(31.8) 5(20.0)

Married 42(73.7) 15(68.2) 20(80.0)
Education (no.%) 0.590

High school or below 14(24.6) 4(18.2) 8(32.0)

College or above 43(75.4) 18(81.8) 17(68.0)
Smoking (no.%) 10(17.5) 4(18.2) 3(12.0) 0.825

Drinking (no.%) 11(19.3) 6(27.3) 1(4.0) 0.070

Medications (no.%)
Antihypertensive therapy 15(26.3) 2(9.1) 2(8.0) 0.084

Lipid-lowering therapy 2(3.5) 2(9.1) 1(4.0) 0.603

Uric acid-lowering therapy 0 2(9.1) 1(4.0) 0.053
Liver protection therapy 2(3.5) 0 0 1.000

Anthropometric variables
Body weight (kg) 89.7±14.4 90.9±18.2 90.6±18.7 0.948

BMI (kg/m2) 31.4±3.5 32.2±4.2 33.3±4.3 0.136
WC (cm) 101.3±9.8 101.8±11.6 102.8±14.4 0.865

HC (cm) 105.9±7.0 108.8±8.5 109.0±10.4 0.180

WHR 0.96±0.06 0.93±0.06 0.94±0.08 0.358
Muscle mass (kg) 55.0±9.3 53.5±12.3 50.1±10.0 0.131

SMM (kg) 32.4±6.5 32.0±7.9 29.6±6.3 0.232

Fat mass (kg) 31.3±8.3 34.1±6.9 37.4±10.2* 0.012
BFP (%) 34.8±6.2 37.8±4.7* 41.1±5.2*# <0.001

VFA (cm2) 136.1±39.9 151.7±32.1 169.5±44.3* 0.003

Water (kg) 42.8±7.3 41.5±9.5 39.0±7.8 0.133

Metabolic Variables
Blood pressure (mmHg)

Systolic 131±13 132±14 136±16 0.252

Diastolic 76±10 77±11 80±11 0.286

Resting heart rate (beats/min) 70±11 71±10 75±10 0.254
Lipid profile

TC (mmol/L) 4.85±0.89 5.20±1.02 5.20±1.07 0.189

LDL-C (mmol/L) 2.98±0.82 3.26±0.87 3.46±1.04 0.069
HDL-C (mmol/L) 0.96±0.19 1.09±0.28 1.04±0.22 0.065

TG (mmol/l) 1.94±1.17 1.88±1.68 1.73±0.75 0.768

HBA1c (%) 5.2±0.4 5.4±0.5 5.3±0.4 0.136
FBG (mmol/L) 5.18±0.59 5.03±0.61 5.03±0.69 0.458

P2hBG (mmol/L) 7.07±1.83 7.27±1.90 7.52±1.69 0.585

LnFINS (mU/L) 2.68±0.51 2.75±0.52 3.04±0.41*# 0.012
LnP2hINS (mU/L) 4.39±0.68 4.49±0.96 4.81±0.62 0.066

LnHOMA-IR 1.21±0.56 1.25±0.56 1.53±0.44* 0.038

Notes: *P < 0.05 compared with the LM arm; #P < 0.05 compared with the MMKD arm. 
Abbreviations: BMI, body mass index; WC, waist circumference; HC, hip circumference; WHR, waist-to-hip ratio; SMM, skeletal muscle mass; BFP, 
body fat percentage; VFA, visceral fat area; TC, total cholesterol; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-density lipoprotein- 
cholesterol; TG, triacylglycerol; HbA1c, glycosylated hemoglobin; FBG, fasting blood glucose; P2hBG, 2h postprandial blood glucose, FINS, fasting 
plasma insulin, P2hINS, 2h postprandial insulin; HOMA-IR, homeostatic model assessment for insulin resistance.
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Figure 3 Changes in body weight and composition. (A) Change in body weight over time during the study. (B) Change in body weight from week 0 to 12. (C) Change in 
skeletal muscle mass from week 0 to 12. (D) Change in fat mass from week 0 to 12. (E) Change in body fat percentage from week 0 to 12. (F) Change in visceral fat area 
from week 0 to 12. (G) Percentage of participants in each intervention group who had a total weight loss of at least 5% or10% of the initial body weight at week 0. (H) Mean 
weight loss percentage in each group after the 12-week intervention. 
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Abbreviations: LM, lifestyle modification; MMKD, multiphase modified ketogenic diet; HBD, hypocaloric balanced diet.
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Table 2 Treatment Effects for Metabolic Variables Before and After the 12 Weeks of Intervention

Variables LM (n=50) MMKD (n=19) Beinaglutide (n=21) Difference Among Groups

Week 0 Week 12 P value Week 0 Week 12 P value Week 0 Week 12 P value P value

Blood pressure (mmHg)

Systolic 129±12 125±12 0.006 132±14 125±16 0.015 139±16 134±13 0.036 0.326
Diastolic 75±10 72±9 0.008 77±11 72±10 0.042 82±11 79±8 0.073 0.072

Resting heart rate (beats/min) 71±12 70±10 0.534 70±10 70±10 0.810 77±9 74±10 0.255 0.816

Lipid profile
TC (mmol/L) 4.81±0.89 4.89±0.90 0.369 5.19±0.88 5.12±0.96 0.689 5.21±1.06 5.46±1.28 0.128 0.235

LDL-C (mmol/L) 2.97±0.84 2.90±0.75 0.287 3.33±0.77 3.27±0.89 0.684 3.58±1.06 3.78±1.21* 0.142 0.036
HDL-C (mmol/L) 0.96±0.19 1.05±0.22 <0.001 1.06±0.24 1.13±0.20 0.066 1.00±0.21 1.00±0.15* 0.966 0.039

TG (mmol/L) 1.89±1.14 1.86±1.10 0.846 1.94±1.80 1.29±0.65* 0.058 1.83±0.76 1.48±0.58 0.004 0.007

HBA1c (%) 5.1±0.4 5.2±0.4 0.299 5.4±0.5 5.1±0.4 0.069 5.4±0.3 5.2±0.3 0.012 0.192
FBG (mmol/L) 5.20±0.60 5.01±0.51 0.004 5.10±0.62 4.86±0.47 0.147 5.10±0.73 5.01±0.54 0.567 0.460

P2hBG (mmol/L) 7.10±1.91 6.84±1.61 0.313 7.07±1.98 7.01±1.63 0.886 7.45±1.75 6.91±1.99 0.250 0.850

LnFINS (mU/L) 2.68±0.53 2.54±0.61 0.061 2.77±0.40 2.30±0.55 0.002 3.10±0.38 2.90±0.49 0.023 0.079
LnP2hINS (mU/L) 4.37±0.68 4.23±0.70 0.093 4.38±0.96 4.11±0.56 0.107 4.93±0.58 4.33±0.94 0.004 0.390

LnHOMA-IR 1.21±0.58 1.04±0.65 0.025 1.27±0.45 0.77±0.61 0.003 1.60±0.41 1.40±0.50# 0.027 0.029

Notes: *P < 0.05 compared with the LM arm; # P < 0.05 compared with the MMKD arm. 
Abbreviations: TC, total cholesterol; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol; TG, triacylglycerol; HbA1c, glycosylated hemoglobin; FBG, fasting blood glucose; P2hBG, 2h postprandial 
blood glucose; FINS, fasting plasma insulin; P2hINS, 2h postprandial insulin; HOMA-IR, homeostatic model assessment for Insulin resistance.
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Regarding lipid metabolism, TG was decreased in the MMKD and beinaglutide arms with a significantly larger 
decrease in the MMKD arm than in the LM arm (P = 0.008), while HDL-C was significantly increased in the LM arm 
with a significantly larger increment compared to the beinaglutide arm (P = 0.046). Moreover, LDL-C was increased in 
the beinaglutide arm with a significantly larger increment than in the LM arm (P = 0.033).

Concerning glucose metabolism, FBG and P2hBG were decreased in all three arms, but only the reduction of FBG in 
the LM arm reached statistical significance. HBA1c was decreased in the MMKD and beinaglutide arms with 
a significant reduction in the beinaglutide arm. FINS was significantly decreased in the MMKD and beinaglutide 
arms, and a similar change was observed for P2hINS in the beinaglutide arm. There were no intergroup differences 
for changes of FBG, P2hBG, FINS, and P2hINS. Moreover, a predominance change of HOMA-IR was discovered in all 
three arms with significantly larger reductions with MMKD than with beinaglutide (P = 0.045).

Side Effects
The complete list of all adverse events is provided in Table 3. Adverse events were reported by 29.8% of participants. 
Two serious adverse events occurred in the beinaglutide group and one in the LM group. In the beinaglutide group, the 
most common adverse event was nausea (64.0%) followed by dizziness (24.0%), joint injury (20.0%), vomiting (16.0%), 
upper respiratory tract infection (16.0%) and hypoglycemic symptoms (12.0%). Drug-related adverse events, including 
gastrointestinal symptoms, hypoglycemic symptoms, fatigue and dizziness, were usually relieved within 6 weeks of 
beinaglutide treatment. Participants in the other two groups reported fewer adverse events than those in the beinaglutide 
group. All participants who completed the study felt better than before the study began.

Discussion
In the present study, the MMKD led to greater weight loss than LM after 12 weeks of intervention, but the weight loss 
due to the MMKD was not statistically different compared to that due to beinaglutide. WC, fat mass, BFP and VFA were 
also significantly decreased among the three groups, and the MMKD had a greater effect on these parameters compared 
to LM and beinaglutide. Additional health benefits, such as significant improvements in blood pressure and HOMA-IR, 
were observed with the most benefit in the MMKD group. Importantly, there were fewer reported adverse events in the 
MMKD group than in the other two groups.

The reduction in body weight was an important achievement of the MMKD. Participants in the MMKD group, 
beinaglutide group and LM group lost 8.0% (−7.0 kg), 6.0% (−5.7 kg) and 3.8% (−3.2 kg) of baseline weight, 
respectively. Overall, 84%, 62% and 40% of the participants in the MMKD group, beinaglutide group and LM group 
lost 5% of weight, and 37%, 10% and 6% of these participants lost 10% of weight, respectively. Notably, our findings 

Table 3 Adverse Events During the Study

Event All Participants LM MMKD Beinaglutide

(n=104) (n=57) (n=22) (n=25)

Number of Participants (Percent)

All adverse events 31(29.8) 10(17.5) 2(9.1) 19(76.0)

Serious adverse event 3(2.9) 1(1.8) 0 2(8.0)

Upper respiratory tract infection 7(6.7) 3(5.3) 0 4(16.0)
Nausea 16(15.4) 0 0 16(64.0)

Vomiting 4(3.8) 0 0 4(16.0)

Abdominal pain 1(1.0) 0 0 1(4.0)
Dizziness 9(8.7) 1(1.8) 2(9.1) 6(24.0)

Fatigue 2(1.9) 0 0 2(8.0)

Joint injury (recurrence of old injury or trauma) 10(9.6) 5(8.8) 0 5(20.0)
Hypoglycemic symptoms 3(2.9) 0 0 3(12.0)

Notes: serious adverse events: in the LM group, autoimmune hepatitis (in one); in the benaglutide group, haemorrhoid surgery (in one) and 
accidental pregnancy (in one).
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showed that the effect the MMKD on weight loss was superior to beinaglutide. The weight loss effect of beinaglutide in 
this study was similar to that of liraglutide with short-term treatment,18,19 which has been approved by the US Food and 
Drug Administration and European Medicines Agency for weight management. However, due to a variation in KD 
regimens and study timelines, the total weight reduction resulting from the MMKD was slightly different from several 
previous studies in overweight/obese Chinese adults. A non-energy-restricted low-carbohydrate diet with an approximate 
50 g/day carbohydrate intake with exercise has been reported to result in more than −2.5 kg of weight loss after 4 weeks 
of intervention20,21 and −5.27 kg of weight loss after 12 weeks of intervention,22 while an 8-week very low carbohydrate 
diet with energy restricted to less than 800 kcal/day and carbohydrate intake less than 20 g/day has been reported to cause 
a weight loss of −8.7 kg.23 Thus, a very low carbohydrate intake combined with very low calorie intake contributes to 
optimal weight loss. However, this ketogenic regimen requires strict medical supervision and is not suitable for 
promotion in public practice. The modified KD in the present study limited energy intake to less than 1500 kcal/day 
and digestible carbohydrate intake to less than 50 g/day by ingesting whole grain products and vegetables, which is 
a more practical diet.

Significant reductions of WC, fat mass, BFP and VFA were additional important advantages of the MMKD. 
Moreover, only an average of 0.6 kg of SMM was lost, which agreed with previous studies,24–26 showing that a very- 
low-calorie KD combined with exercise causes a profound reduction in fat mass with preservation of muscle mass. The 
restriction of carbohydrates promotes the body to burn fats rather than carbohydrates to provide energy.27 Thus, current 
evidence suggests that 8–12 weeks of KD combined with resistance training favors fat mass reduction in healthy and 
trained individuals. Nonetheless, a KD might impair muscle mass accretion induced by resistance training.28 Of note, 
reintroducing carbohydrates and higher- protein diets (>25% of energy from protein) can help preserve muscle mass.29,30 

Fortunately, these factors were taken into account in the design and implementation of the MMKD.
The MMKD improved blood pressure and HOMA-IR index, which was in line with previous studies.7,31 The 

improvement in blood pressure and insulin resistance through the diet was largely mediated by the reduction in body 
weight, WC, and fat mass. Although the differences were not significant in the present study, TG, FBG and HBA1c had 
a decreasing tendency, and HDL-C had an increasing tendency, which agreed with numerous studies.32 In addition, there 
was no change in TC or LDL-C with the MMKD. However, more detailed lipid subfraction tests are required to 
determine the cardiovascular benefits of the MMKD.

No clinical side effects were observed in subjects in the MMKD group, except for two cases of mild dizziness. After MMKD 
treatment, the liver parameters tended to improve, and the renal parameters and uric acid remained unchanged (Table S4). These 
results indicated a good safety profile of the diet strategy, and it was superior to the reported safety characteristics of the very low- 
calorie KD. The safety profile of beinaglutide was consistent with previous reports of GLP-1 RAs,33 nausea was common but 
mostly transient, and it did not affect the compliance of the participants. Unexpectedly, the reported adverse events were more in 
the LM group than those in the MMKD group. Upper respiratory tract infection and joint injury were the major reported adverse 
events in the LM group, which may be related to over-implementation.

Lifestyle intervention and pharmacotherapy represent the most effective noninvasive weight loss approaches for the 
majority of obese patients.34,35 Our data showed all three interventions effectively decreased body weight and were 
accompanied by improvements in metabolic variables. However, there were differences in the efficacy of weight loss 
with the MMKD being the most efficacious followed by beinaglutide and LM. Because patients were more likely to 
select a LM from our data, it is a challenge to select an appropriate method for obese patients to maximize benefits 
without risk. Based on considerations of efficacy, adverse effects, contraindications and cost for different weight loss 
interventions, the MMKD may the most suitable approach. For patients who have difficulty in controlling food cravings 
or lack of satiety, beinaglutide may be helpful in following a diet plan.

The major strength of the present study was the development of a novel modified KD, which is a more relaxed diet 
plan based on the dietary pattern of a particular ethnic group. The present study demonstrated that this diet results in 
effective weight loss with low risks and ease of participation as outpatients. Furthermore, the extent of weight loss with 
this diet was determined by a head-to-head comparison with beinaglutide and LM. Another relevant strength of this study 
was the tight control of adherence by a multidisciplinary method and monitoring urinary ketones.
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Several limitations existed in this study. First, a single-center source of patients and non-randomized design may have 
introduced some selection bias and baseline difference. Second, the small sample size and the short follow-up prevented 
the detection of a significant difference in some variables, particularly the secondary endpoints. Third, free selection of 
treatment options reflected a difference in patient preference and motivation, which influenced the study results. 
However, the present study indirectly provided real-world evidence. Finally, we should warrant caution when general-
izing our results to other populations such as non-Asian individuals, older individuals (>60 years of age), and individuals 
limited in exercise. Considering all of these limitations, a high quality randomized controlled study with larger cohorts 
should be performed to validate the present results at short and long terms.

Conclusion
Under the same aerobic and resistance exercise program, patients consuming a MMKD achieved superior weight loss 
with significant improvements in body composition parameters and fewer side effects compared to beinaglutide and LM. 
These results indicated that the MMKD is an effective and safe tool suitable for Chinese obese patients to lose weight.

Abbreviations
KD, ketogenic diet; MMKD, multiphase modified ketogenic diet; GLP-1 RAs, glucagon-like peptide 1 receptor agonists; 
LM, lifestyle modification; T2DM, type 2 diabetes mellitus; HBA1c, glycated hemoglobin 1c; HOMA-IR, homoeostatic 
model assessment of insulin resistance; BMI, body mass index; HBD, hypocaloric balanced diet; WC, waist circumference; 
HC, hip circumference; WHR, waist-to-hip ratio; SMM, skeletal muscle mass; BFP, body fat percentage; VFA, visceral fat 
area; TC, total cholesterol; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol; TG, 
triacylglycerol; FBG, fasting blood glucose; FINS, fasting plasma insulin; P2hBG, 2h postprandial glucose; P2hINS, 2h 
postprandial insulin; ITT, intention to treat analysis; PP, per-protocol analysis; CI, confidence interval.
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