
Zhang et al. BMC Medicine          (2025) 23:270  
https://doi.org/10.1186/s12916-025-04072-4

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

BMC Medicine

Effect of hypoglycemic agents with weight 
loss effect plus a high protein diet 
and moderate exercise on diabetes remission 
in adults with obesity and type 2 diabetes: 
a randomized controlled trial
Shi Zhang1†, Yi Wang1†, Xincheng Wang1, Mingxin Leng1, Renjiao Liu1, Zhouhuiling Li1, Jing Li1, Jixuan Xiao1, 
Dangmin Hou1, Xinying Gao1 and Chunjun Li1* 

Abstract 

Background  This study aimed to explore the effects of hypoglycemic agents with weight loss effect plus a high pro-
tein diet and moderate exercise on weight loss and diabetes remission in adults with obesity and newly diagnosed 
prediabetes/type 2 diabetes (T2D).

Methods  Participants with obesity and newly diagnosed prediabetes or T2D (n = 61) were randomly allocated 
to standard treatment group (conventional medication and lifestyle guidance for 12 months) and intensive treatment 
group (in addition to conventional medication, a high protein diet and moderate exercise were given for 12 months).

Results  By month 12, 60 (98.4%) participants completed the 12-month follow-up visit. In the intensive treatment 
group, 73.33% patients in the prediabetes subgroup returned to normoglycemia and the diabetes remission rate 
was 86.67% in the diabetes subgroup, which were much higher than the remission rate of prediabetes subgroup 
(7.69%) and diabetes subgroup (16.67%) in the standard treatment group (P < 0.001). The mean weight change 
was − 19.29 kg (95% CI, − 22.95 to − 15.63) in the intensive treatment group and − 1.52 kg (95% CI, − 5.12 to 2.07) 
in the standard treatment group from baseline after intervention. The weight change between the two groups 
was significantly different (net difference, − 17.77 kg; 95% CI, − 22.90 to − 12.64; P < 0.001). Percent of body fat, visceral 
fat area, and hepatic controlled attenuation parameter value reduced significantly in the intensive treatment group 
compared to the standard treatment group (P < 0.001).

Conclusions  Hypoglycemic agents with weight loss effect plus a high protein diet and moderate exercise could lead 
to a considerable proportion of patients with diabetes achieving diabetes remission.

Trial registration  chictr.org.cn ChiCTR2100044305.
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Background
The prevalence of obesity is increasing drastically in 
China in the past decades due to westernized dietary pat-
terns and lack of physical activity [1]. Obesity can cause 
insulin resistance (IR) and the development of type 2 
diabetes (T2D) through a variety of biological pathways. 
T2D and its related severe complications have become 
major public health issues both in China and abroad [2]. 
Effective lifestyle intervention in people with prediabetes 
can lead to a significantly reduced incidence of diabetes, 
which has been confirmed in the China Da Qing Diabe-
tes Prevention Study (CDQDPS) [3], Diabetes Prevention 
Program (DPP) in the USA [4], and Diabetes Prevention 
Study (DPS) in Finland [5]. Moreover, sustained diabetes 
remission had been achieved through effective weight 
management in the Diabetes Remission Clinical Trial 
(DiRECT) conducted in the UK [6], which has challenged 
the long-held view that diabetes is an unremittable con-
dition requiring permanent pharmacotherapy. Regard-
ing the approaches of lifestyle intervention in DiRECT 
and the subsequent Diabetes Intervention Accentuating 
Diet and Enhancing Metabolism (DIADEM-I) trial done 
in the Middle East and north Africa region [7], low-calo-
rie formula meal products were adopted to replace total 
diet in the early phase of dietary intervention followed by 
stepwise food reintroduction. In addition, the frequency, 
intensity of aerobic exercise and resistance exercise were 
less concerned in both the two studies. Although no seri-
ous adverse events leading to withdrawal were reported 
in DiRECT and DIADEM-I study [6, 7], the relatively 
high dropout rate suggested that this dietary pattern 
might be unacceptable to some people. The dropout rates 
in the DiRECT and DIADEM-I studies were 8% and 7%, 
respectively. Thus, improving the acceptability of life-
style intervention approaches might be of critical impor-
tance to raise the patients’ compliance, improve weight 
loss effect and even increase diabetes remission rate. 
Therefore, this study aimed to conduct a randomized 
controlled study in patients with obesity and newly diag-
nosed prediabetes or T2D to assess the effects of super-
vised weight management that involved a high protein 
diet and moderate exercise plus hypoglycemic agents 
with weight loss effect, on weight loss, body composition 
and diabetes remission, and further explore the potential 
pathophysiological mechanisms that might contribute to 
diabetes remission.

Methods
Study design and participants
This study was a randomized, controlled clinical trial 
conducted in people aged 18 to 60 years with obesity and 
new-onset of prediabetes or T2D (history of hypergly-
cemia less than 6  months) who came to our outpatient 

clinic from April 2022 to November 2022. Obesity was 
defined as body mass index (BMI) ≥ 28  kg/m2, accord-
ing to the diagnostic criterion for obesity in China. The 
diagnosis of prediabetes, including impaired fasting glu-
cose (IFG) and impaired glucose tolerance (IGT), and 
T2D was based on the Chinese Guidelines for the Pre-
vention and Treatment of T2D (2020 Edition) [8](same 
as the diagnostic criteria from WHO 1999 version and 
WHO 2011 supplement. Diabetes could be diagnosed 
if any of the following criteria are met: fasting plasma 
glucose (FPG), ≥ 7.0  mmol/L; 2-h plasma glucose dur-
ing oral glucose tolerance test (OGTT), ≥ 11.1  mmol/L; 
glycated hemoglobin (HbA1c), ≥ 6.5%; random plasma 
glucose, ≥ 11.1  mmol/L, accompanied by classic symp-
toms of diabetes, e.g., polyuria, polydipsia, and weight 
loss. If not having the classic symptoms, need to test 
again. Prediabetes could be diagnosed if any of the fol-
lowing criteria are met: fasting glucose levels between 6.1 
and 6.9  mmol/L and 2-h plasma glucose during OGTT 
between 7.8 and 11.0 mmol/L). Individuals were excluded 
if they (1) had severe cerebro-cardiovascular diseases; (2) 
were complicated with serious hepatic or renal insuf-
ficiency; (3) had uncontrolled psychological conditions; 
(4) were during pregnancy or lactation; and (5) were 
unwilling to sign the informed consent. After excluding 
patients with the above-mentioned conditions, a total of 
61 patients were recruited in this study. Only 1 patient in 
the intensive treatment group withdrew from the study 
for moving to another city after the study began and 60 
patients were included in the final statistical analysis. 
Assessments of height, weight, body composition, blood 
pressure, 12-lead electrocardiogram, biochemical tests, 
75-g oral glucose tolerance test (OGTT), and measure-
ments of cytokines related to obesity and diabetes includ-
ing adiponectin, myonectin, and pregnancy zone protein 
(PZP) were conducted at baseline. Then the participants 
were randomly allocated to either the standard treatment 
group or the intensive treatment group. The randomiza-
tion scheme was generated using the sample function in 
R software (version 4.3.2) and hidden until an eligible 
participant was ready to be enrolled. The flowchart of 
study design and participant enrollment can be found 
in Fig. 1. The study protocol was approved by the Ethics 
Committee of Tianjin Union Medical Center (approval 
number: 2021C06). All participants provided written 
informed consent. This study was not masked, but the 
research assistants and statistical analysts collected and 
analyzed the study data without knowing intervention 
group assignments.

Intervention programs
For standard treatment group, we gave the conventional 
medication same as intensive treatment group, and 
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lifestyle guidance (all participants were recommended to 
practice the following items: not drink sugar sweetened 
beverages, no food intake before 4 h of sleep, daily veg-
etable intake of at least 500  g, eating out no more than 
once per week, at least 30 min of physical exercises daily 
5 days per week) for 12 months. In addition to conven-
tional individual medication (major hypoglycemic agents 
included metformin, sodium-dependent glucose trans-
porters 2 inhibitors and glucagon-like peptide-1 receptor 
agonists), the intensive treatment group received super-
vised lifestyle therapy, including dietary and exercise 
intervention. For the dietary intervention, after excluding 
renal dysfunction, participants were prescribed a high-
protein diet consisting of 25% protein, 50% carbohydrate, 
and 25% fat [9], with around 500  kcal of calories sub-
tracted from their estimated total daily energy require-
ments. Total daily energy intake was adjusted periodically 
to achieve a weight loss of 0.5–1.0 kg per week. All par-
ticipants will be encouraged to weigh foods to ensure 
the accuracy of intake. During the 12-month weight loss 
phase, all participants will be asked to periodically record 
a 3-day diet questionnaire, recording food names, types, 
and weights. Dietitians will assess calorie intake based 
on each participant’s 3-day dietary questionnaire and 
the nutrient content listed in the Chinese food compo-
sition list. Participants will receive follow-up calls twice 

a week and meet individually with a dietitian every two 
weeks/a month to assess their adherence to the plan and 
provide recommendations for improvement and person-
alized energy target weight maintenance. Scientific and 
personalized exercise prescription, including aerobic and 
resistance exercises, was made according to the FITT-VP 
(Frequency, Intensity, Time, Type of exercise, Volume, 
Progression) principle recommended by the American 
College of Sports Medicine [10], combining with the 
participant’s exercise habit and physical condition. Aer-
obic exercise of moderate intensity was recommended, 
with a target heart rate monitored by an exercise brace-
let gradually increasing to 60% to 70% of the maximum 
heart rate, and 150–200 min per week was preferred. In 
the meanwhile, resistance exercise should be performed 
20 min each time and 2–3 times per week. Notably, doc-
tors, nurses, dietitians, and exercise therapists jointly led 
care in the intensive treatment group and biweekly indi-
vidual visit and counseling were required. Doctors would 
reduce hypoglycemic medications based on self-moni-
toring blood glucose of the patients to decrease the risk 
of hypoglycemia. When fasting blood glucose decreases 
to 7 mmol/L and postprandial blood glucose falls below 
11.1  mmol/L, the dosage of hypoglycemic medication 
may be appropriately reduced. In this study, with refer-
ence to the “Chinese Expert Consensus on Alleviating 

Fig. 1  Flowchart of study design and participants recruitment in this study
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Type 2 Diabetes,” the glycosylated hemoglobin within 
6.5% after 3  months of drug withdrawal can be defined 
as “remission.” Dietitians and exercise therapists adjusted 
the dietary and exercise prescriptions depending on the 
weight change of each subject. It was emphasized that 
trained nurses should give participants in this group 
one-to-one education on obesity, diabetes and diabetes 
remission. Patients in the standard treatment group were 
given medication and lifestyle guidance solely by doctors 
in accordance with the recommendations of the Chinese 
Guidelines for the Prevention and Treatment of T2D 
(2020 Edition) [8].

Sociodemographic and clinical information collection
At baseline, detailed information on age, gender, eth-
nicity, and past medical history including hypertension, 
hyperuricemia, dyslipidemia, and metabolic dysfunction-
associated steatotic liver disease were collected. Blood 
pressure was measured by an automatic electronic sphyg-
momanometer after a 10-min rest. A 12-lead electrocar-
diogram examination was undertaken to exclude heart 
diseases and ensure the safety of exercise training.

Study outcomes
The primary outcomes were the percentage of patients 
returning to normoglycemia in prediabetes subgroup 
(fasting plasma glucose (FPG) < 7.0  mmol/L) and diabe-
tes remission rate in diabetes subgroup after 12 months 
of intervention. T2D remission is defined as glycated 
hemoglobin (HbA1c) < 6.5% after discontinuation of 
hypoglycemic drugs for at least 3  months, and the fac-
tors that may affect HbA1c results are excluded, which 
is based on the expert consensus on diabetes remission 
by American Diabetes Association in 2021 [11]. The sec-
ondary outcomes included changes in weight, percent of 
body fat (PBF), visceral fat area (VFA), and hepatic con-
trolled attenuation parameter (CAP) value. HbA1c was 
assessed by high-performance chromatography. PBF and 
VFA were determined by the direct segmental multi-fre-
quency bioelectrical impedance analysis (BIA) (InBody 
770, Bio-space Inc., Korea). Skeletal muscle mass also 
used BIA to measure. Hepatic CAP value was obtained 
by transient elastography examination (FibroScan 502 
Touch, Echosens). HbA1c was detected at baseline and 
after intervention and discontinuation of hypoglycemic 
agents for at least 3  months, and the other study out-
comes were evaluated at baseline and 12-month visit.

Blood sample determinations
Blood samples were taken after an overnight fasting. Bio-
chemical tests including fasting plasma glucose (FPG), 
total cholesterol (TC), low density lipoprotein cholesterol 
(LDL-C), high density lipoprotein cholesterol (HDL-C), 

triglycerides (TG), uric acid (UA), alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), free 
fatty acid (FFA), and C reactive protein (CRP) levels were 
measured by an automatic biochemical analyzer (TBA-
120FR, Toshiba, Tokyo). Fasting insulin (FINS) was 
determined by chemiluminescent immunoassay. Serum 
concentrations of adiponectin, PZP and myonectin were 
detected using human enzyme-linked immunosorb-
ent assay (ELISA) kits (Catalog No. JL12255, JL30433, 
JL47317; JiangLai Bioscience, Shanghai, China). The 
detection ranges were 0.9375–30 μg/mL for adiponectin, 
0.25–8 μg/mL for PZP, and 2.5–80 ng/mL for myonectin, 
respectively. The intra-assay and inter-assay coefficients 
of variation of the ELISA kits were < 9% and < 12%.

Evaluations of IR
The homeostatic model assessment of insulin resist-
ance (HOMA-IR) was used to evaluate whole-body 
IR. The correction of HOMA-IR by adiponectin was 
indicated by the homeostasis model assessment-adi-
ponectin (HOMA-AD). Additionally, adipose tissue IR 
(Adipo-IR) was assessed. The calculation formulas for 
HOMA-IR, HOMA-AD and Adipo-IR were as follows: 
HOMA-IR = FPG (mmol/L) × FINS (IU/L) /22.5 [12], 
HOMA-AD = (FPG (mmol/L) × FINS (IU/L))/(22.5 × adi-
ponectin (μg/mL)) [13], Adipo-IR = FFA (mmol/L) × FINS 
(IU/L) [14].

Statistical analysis
Regarding the sample size calculation, we calculated that 
28 participants per group would provide greater than 
80% statistical power to detect a significant difference of 
2.5  kg in body weight (± 3.3) between the standard and 
the intensive treatment group with α = 0.025. We planned 
to enroll 66 participants, assuming that 56 participant (28 
per group) would complete the trial with an anticipated 
dropout rate of 20%. The analysis was conducted based 
on the intention-to-treat principle. Continuous variables 
were presented as means (95% confidence interval (CI)). 
A two-sided P value of less than 0.05 was considered to be 
statistically significant. As for the analyses of differences 
in the trial outcomes between groups, the Wilcoxon 
signed-rank test for continuous data and the chi-square 
test for categorical data was used, respectively. A mixed-
effects model with an autoregressive correlation matrix 
was performed to correct for the correlations of repeated 
measurements to assess the effects of each treatment 
regimen on changes in the trial outcomes. In this model, 
participants were assumed to be random effects, and 
intervention group, time and their 2-factor interactions 
were assumed to be estimable fixed effects. The linear 
trend test was conducted by entering the median value 
of each category of weight loss as a continuous variable 
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in the models. Missing data were handled by multiple 
imputations using the Monte Carlo method. For compar-
ing the differences in values of patients in each group at 
baseline and after intervention, non-normally distributed 

data were analyzed by Wilcoxon signed-rank test. Cat-
egorical variables were tested by chi-squared test. All the 
analyses were conducted with the use of R software (ver-
sion 4.3.2).

Table 1  Characteristics of the participants at baseline

Abbreviations MASLD metabolic dysfunction-associated steatotic liver disease, BMI body mass index, PBF percent of body fat, VFA visceral fat area, SMM skeletal 
muscle mass, CAP controlled attenuation parameter, FPG fasting plasma glucose, 2hPG 2-h Postprandial Glucose, FINS fasting insulin, HbA1c hemoglobin A1c, TC 
total cholesterol, TG, triglyceride HDL-C high density lipoprotein cholesterol, LDL-C low density lipoprotein cholesterol, UA uric acid, ALT alanine aminotransferase, 
AST aspartate aminotransferase
a indicated that significant difference between patients with prediabetes and those with diabetes in the standard treatment group
b indicated that significant difference between patients with prediabetes in the standard treatment group and those in the intensive treatment group
c indicated that significant difference between patients with prediabetes (standard treatment) and patients with diabetes (intensive treatment)
d indicated that significant difference between patients with diabetes (standard treatment) and patients with prediabetes (intensive treatment) 
e indicated that significant difference between patients with diabetes in the standard treatment group and those in the intensive treatment group
f indicated that significant difference between patients with prediabetes and diabetes within the intensive treatment group

Characteristics Standard treatment group Intensive treatment group

Prediabetes (N = 13) Diabetes (N = 18) Prediabetes (N = 15) Diabetes (N = 15)

Female sex—no. (%) 7 (53.85) 9 (50.00) 6 (40.00) 10 (66.67)

Age—years 36.08 ± 9.16 39.28 ± 13.19 34.27 ± 11.40 38.73 ± 12.94

Han ethnicity—no. (%) 12 (92.31) 16 (88.89) 14 (93.33) 13 (86.67)

Time since glucose abnormal-
ity—months

3.42 ± 1.21 3.91 ± 1.62 3.78 ± 1.55 4.00 ± 1.24

History of other diseases—no. (%)

 Hypertension 8 (61.54) 9 (50.00) 10 (66.67) 7 (46.67)

 Dyslipidemia 4 (30.77) 9 (50.00) 7 (46.67) 11 (73.33)

 MASLD 8 (61.54) 16 (88.89) 9 (60.00) 11 (73.33)

 Hyperuricemia 8 (61.54) 4 (22.22)a 11 (73.33)d 4 (26.67)cf

Oral hypoglycemic agents—no. (%)

 Metformin 11 (84.61) 14 (77.78) 14 (93.33) 12 (80.00)

 TZD 2 (15.38) 0 (00.00) 1 (6.67) 2 (13.33)

 SGLT-2i 5 (38.46) 8 (44.44) 11 (73.33) 11 (73.33)

 GLP-1RA 4 (30.77) 8 (44.44) 10 (66.67) 8 (53.33)

 weight (kg) 100.43 ± 18.51 99.06 ± 16.49 112.11 ± 16.92 101.21 ± 19.05

 BMI (kg/m2) 35.21 ± 5.97 34.56 ± 5.53 38.87 ± 4.73 36.49 ± 5.78

 PBF (%) 41.42 ± 5.94 40.96 ± 7.83 43.70 ± 4.87 44.49 ± 6.72

 VFA (cm2) 194.73 ± 44.03 204.57 ± 34.09 221.13 ± 26.98 212.43 ± 50.63

 SMM (kg) 32.00 ± 5.58 32.41 ± 6.00 35.51 ± 6.65 31.07 ± 6.24

 CAP (dB/m) 332.77 ± 53.66 334.89 ± 38.81 319.27 ± 48.44 303.20 ± 68.69

 FPG (mmol/L) 5.34 ± 0.72 8.36 ± 2.45a 5.10 ± 0.65d 8.15 ± 3.19cf

 2hPG (mmol/L) 8.37 ± 0.89 15.89 ± 3.47a 9.02 ± 1.08d 15.56 ± 4.30cf

 FINS (μU/mL) 22.85 (17.59 to 29.10) 22.62 (17.39 to 32.90) 19.55 (14.42 to 29.51) 30.40 (17.09 to 60.49)

 HbA1c (%) 5.79 ± 0.34 7.77 ± 1.78a 5.77 ± 0.37d 7.53 ± 2.06cf

 TC (mmol/L) 4.74 ± 0.62 5.48 ± 1.27 5.29 ± 1.02 5.52 ± 1.15

 TG (mmol/L) 1.99 (1.72 to 3.28) 1.69 (1.26 to 2.77) 1.54 (1.05 to 2.77) 2.23 (1.81 to 3.17)

 HDL-C (mmol/L) 1.26 ± 0.33 1.26 ± 0.29 1.20 ± 0.30 1.25 ± 0.34

 LDL-C (mmol/L) 2.95 ± 0.48 3.50 ± 1.05 3.29 ± 0.86 3.41 ± 0.82

 Urea (mmol/L) 4.82 ± 0.82 4.60 ± 1.09 5.06 ± 1.13 4.90 ± 1.09

 Creatinine (μmol/L) 70.00 ± 22.89 57.70 ± 13.33a 64.33 ± 11.96 63.73 ± 13.58

 UA (μmol/L) 446.23 ± 122.49 364.28 ± 102.16a 453.93 ± 105.49d 366.33 ± 75.75cf

 ALT (IU/L) 37.60 (20.50 to 57.05) 59.75 (30.60 to 109.70) 28.00 (18.20 to 44.30) 45.40 (34.50 to 63.00)

 AST (IU/L) 27.80 (17.55 to 42.00) 41.45 (22.93 to 60.55) 21.40 (14.40 to 31.90) 28.40 (25.80 to 48.60)
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Results
After excluding patients who did not meet the inclu-
sion criteria and 1 patient who withdrew during the 
study period, a total of 60 patients completed the study, 
including 31 in the control group and 29 in the inter-
vention group. The baseline characteristics of the study 
participants are shown in Table 1. Both sexes were about 
equally represented in both the two groups. Other clini-
cal characteristics including age, ethnicity, duration of 
prediabetes or T2D and other comorbidities were similar 
between groups.

Primary outcomes
In the intensive treatment group, 78.57% patients in 
the prediabetes subgroup returned to normoglycemia 
and the diabetes remission rate was 75% in the diabetes 
subgroup at 12  months, which were much higher than 
the remission rates in the standard treatment group 
(P < 0.001) (Fig.  2A). In a secondary analysis, all par-
ticipants were divided into four groups according to the 
quartiles of weight loss and the remission rates in the 
four quartile groups were calculated. Results showed that 
with the increase of weight loss, the remission rates of 
prediabetes and diabetes significantly improved (Fig. 2B).

Changes in weight, body composition and metabolic 
indices
The mean weight change was − 19.29 kg (95% CI, − 22.95 
to − 15.63) in the intensive treatment group and − 1.52 kg 
(95% CI, − 5.12 to 2.07) in the standard treatment group 

from baseline after intervention. The weight change 
between the two groups was significantly different 
(net difference, − 17.77  kg; 95% CI, − 22.90 to − 12.64; 
P < 0.001) (Table  2). Body weight change was signifi-
cantly different in the intensive treatment group com-
pared to the standard treatment group during 12 months 
of follow-up (Fig. 3). Likewise, PBF, VFA, CAP and FINS 
reduced significantly in the intensive treatment group 
compared to the standard treatment group (P < 0.001). 
And there were obvious differences in the changes of TC 
and HDL-C between the two treatment groups (P < 0.05). 
Whereas, the skeletal muscle mass (SMM) change 
between the two groups was not significantly different 
(Table 2).

IR before and after intervention
In the intensive treatment group, HOMA-IR, Adipo-IR 
and HOMA-AD significantly decreased from baseline in 
both the prediabetes and diabetes subgroups (P < 0.001). 
However, HOMA-IR, Adipo-IR and HOMA-AD did not 
significantly change in the control group (Fig. 4).

CRP, adiponectin, myonectin, and PZP levels 
before and after intervention
Compared with baseline, the concentration of CRP 
decreased, while adiponectin, myonectin and PZP levels 
increased significantly after intervention in both the pre-
diabetes and diabetes subgroups of the intensive treat-
ment group (P < 0.001). However, the levels of these four 
indexes did not change significantly in subjects of the 

Fig. 2  Diabetes remission following 12 months of intensive and standard treatment. A Proportion of patients returning to normoglycemia 
in prediabetes subgroup and diabetes remission rate in diabetes subgroup of the standard and intensive treatment groups. B Remission rates 
of the four quartile groups based on weight loss. *P < .001 vs standard treatment group. Remission rates were compared by chi-squared test. Four 
quartiles of weight loss: Q1, < 5%; Q2, 5% ~ 10%; Q3, 10% ~ 15%; Q4, > 15%
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Table 2  Effects of treatment regimens on weight loss, body composition, and metabolic indicesa

Abbreviations CI confidence interval, BMI body mass index, PBF percent of body fat, VFA visceral fat area, SMM skeletal muscle mass, CAP controlled attenuation 
parameter, TC total cholesterol, TG triglyceride, HDL-C high density lipoprotein cholesterol, LDL-C low density lipoprotein cholesterol, FPG fasting plasma glucose, FINS 
fasting insulin, HbA1c hemoglobin A1c, UA uric acid, ALT alanine aminotransferase, AST aspartate aminotransferase
a Analyses were conducted with the use of a mixed-effects model, with randomized treatment as a factor and the use of a multiple imputation method for missing 
data. Bonferroni method was used for pairwise group comparisons
†  and‡ indicated significant difference in the changes of weight loss, body composition, and clinical indices between the two treatment groups
† P < 0.05
‡ P < 0.001

Variables Standard treatment group (N = 31) Intensive treatment group (N = 30) Difference between Groups (95% CI)

N Change from baseline (95% CI)

Weight (kg) 60  − 1.52 (− 6.43 to 3.38)  − 19.29 (− 24.30 to − 14.30)‡  − 17.77 (− 22.90 to − 12.64) ‡

BMI (kg/m2) 60  − 0.52 (− 2.30 to 1.27)  − 6.86 (− 8.68 to − 5.05)‡  − 6.35 (− 8.21 to − 4.48) ‡

PBF (%) 60  − 0.64 (− 3.55 to 2.28)  − 6.28 (− 9.24 to − 3.32)‡  − 5.64 (− 8.69 to − 2.60) ‡

VFA (cm2) 60  − 11.30 (− 33.66 to 11.00)  − 53.80 (− 76.51 to − 31.12)‡  − 42.49 (− 65.82 to − 19.15) ‡

SMM (kg) 60  − 0.07 (− 1.37 to 1.23)  − 0.48 (− 1.80 to 0.84)  − 0.41 (− 1.76 to 0.94)

CAP (dB/m) 60  − 10.60 (− 32.50 to 11.30)  − 59.10 (− 81.42 to − 31.80)‡  − 48.55 (− 71.46 to − 25.64) ‡

TC (mmol/L) 60  − 0.38 (− 1.00 to 0.25)  − 1.26 (− 1.90 to − 0.60)‡  − 0.89 (− 1.54 to − 0.24)†

TG (mmol/L) 60  − 0.37 (− 1.76 to 1.03)  − 1.08 (− 2.49 to 0.34)  − 0.71 (− 2.17 to 0.74)

HDL-C (mmol/L) 60  − 0.02 (− 0.14 to 0.10) 0.15 (0.03 to 0.27)† 0.17 (0.05 to 0.30)†

LDL-C (mmol/L) 60  − 0.07 (− 0.53 to 0.39)  − 0.44 (− 0.90 to 0.03)  − 0.36 (− 0.84 to 0.12)

FPG (mmol/L) 60  − 1.50 (− 2.72 to − 0.28)†  − 2.09 (− 3.33 to − 0.85)‡  − 0.59 (− 1.86 to 0.68)

2hPG (mmol/L) 53  − 4.41 (− 6.43 to − 2.93)‡  − 5.57 (− 7.62 to − 3.51)‡  − 1.16 (− 3.27 to 0.95)

FINS (μU/mL) 60  − 2.89 (− 10.96 to 5.18)  − 18.74 (− 26.94 to − 10.53)‡  − 15.85 (− 24.28 to − 7.41)‡

HbA1c (%) 60  − 0.71 (− 1.36 to − 0.06)†  − 1.40 (− 2.04 to − 0.76)‡  − 0.69 (− 1.36 to − 0.20)†

Urea (mmol/L) 56 0.64 (− 0.02 to 1.30) 0.58 (− 0.09 to 1.25) 0.07 (− 0.75 to 0.62)

Creatinine (μmol/L) 56  − 0.05 (− 4.17 to 4.08) 1.92 (− 2.27 to 6.12) 1.97 (− 2.34 to 6.28)

UA (μmol/L) 60  − 61.30 (− 106.50 to − 15.99)†  − 98.00 (− 144.00 to − 51.99)‡  − 36.74 (− 84.05 to 10.56)

ALT (IU/L) 60  − 9.33 (− 28.38 to 9.71)  − 21.46 (− 40.81 to − 2.10)†  − 12.12 (− 32.02 to 7.78)

AST (IU/L) 60  − 2.82 (− 13.79 to 8.16)  − 9.91 (− 21.07 to 1.24)  − 7.10 (− 18.57 to 4.37)

Fig. 3  Body weight change following 12 months of intensive and standard treatment. * P < 0.01 vs Standard treatment group. Data were included 
for 61 participants, means were evaluated using a mixed-effects model by an intention-to-treat analysis. Error bars represent 95% confidence 
interval for weight loss
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standard treatment group. The results are exhibited in 
Fig. 5.

Serious adverse events and program adherence
There were no serious adverse events reported in the 
intensive treatment group or the standard treatment 
group. Renal function, including serum creatinine and 
urea nitrogen, did not change significantly before and 
after the intervention in the intensive treatment group 
in which participants were given a high-protein diet. In 
the intensive treatment group, the average percentage of 
days that participants adhered to the dietary prescription 
during the 12-month intervention was 86.9 ± 5.4% (Sup-
plementary Table  1). The overall compliance rate with 
the exercise prescription in participants of the intensive 
treatment group was 83.8 ± 2.0% (Supplementary Fig. 1).

Discussion
The findings in this study demonstrate that a high protein 
diet combined with moderate exercise plus hypoglycemic 
agents with weight loss effect could lead to significant 
weight loss in adults with obesity and new-onset of pre-
diabetes or T2D. We also find dramatic decrease in body 
fat mass; visceral and liver fat content; amelioration of 
cardiometabolic risk factors; beneficial changes in 
inflammation marker; adipocytokine, myokine, and 
hepatokine; and even a considerable proportion of diabe-
tes remission from the trial data. To our knowledge, this 
is the first study conducted in a Chinese population, 
mainly Han ethnicity, to show that calorie restricted diet 
and increased physical exercise, which are considered the 
first-line treatment for obesity and T2D [15], can induce 
diabetes remission in patients with obesity and T2D. Pre-
vious studies, including the DiRECT and DIADEM-I 
trial, had confirmed that intensive lifestyle intervention 
could cause significant weight loss and result in diabetes 
remission. In DiRECT and DIADEM-I study, sufficient 
weight loss and diabetes remission were achieved by use 
of a low-energy formula meal products replacing normal 
diet in the first 3–5  months [6, 7]. Low calorie diets 
(LCDs) and very low calorie diets (VLCDs) have been 
shown to be effective in weight management and glucose 
control by a plethora of studies [16, 17]. However, there 
exist some problems in this pattern of diet, which to 

some extent restricts energy intake too much, especially 
VLCDs, defined as less than 800  kcal energy intake per 
day [18]. Firstly, hunger caused by excessively low calorie 
intake may prevent patients from adhering to the inter-
vention regimen, or even cause patients to withdraw 
from the intervention. DiRECT reported that in the 
intervention group there were 4% of the participants 
never adhere to the intervention protocol and the with-
drawal rate was 17% during the first year of treatment, 
which mainly happened during the phase of total diet 
replacement. This study also investigated the specific rea-
sons for dropout from intervention, with social reasons, 
other and not known reasons accounting for the vast 
majority [6]. The acceptability of this low calorie meal 
replacement dietary intervention approach might be one 
of the reasons, although it was not stated in the study. In 
addition, too low energy intake may lead to some side 
effects, including constipation, dizziness, hair loss, men-
strual disorders, fatigue, depression or even exacerbation 
of gout, acute psychosis, cholelithia and fatal dysrhyth-
mias [19]. While only two severe adverse events were 
considered potentially correlated to the intervention in 
DiRECT and none was reported in DIADEM-I trial [6, 7], 
the potential harm of too low energy intake should be 
paid attention to. Excessive loss of lean body mass result-
ing from the very energy-restricted diet is also a matter of 
concern, although the difference of reduction in lean 
mass did not reach statistical significance between the 
intervention and control group in DIADEM-I trial [7]. 
Most importantly, weight regain and the consequent re-
elevation of blood glucose are worth of concern after 
VLCDs. Numerous studies have shown that weight loss is 
not sustainable at 1-year and 5-year follow-up after 
VLCDs treatment, and weight regain may be even higher 
than the initial lost weight [20, 21]. The 2-year follow-up 
of DiRECT revealed the durability of weight loss and dia-
betes remission, with 11% of intervention participants 
maintaining at least 15 kg weight loss and 36% remaining 
in remission at 24 months [22], compared with 24% and 
46% of the corresponding outcomes at 12  months [6]. 
These results suggested that weight regain and hypergly-
cemia without medications might occur in some partici-
pants as time went on. Previous researches demonstrated 
high-protein diet was significantly effective in reducing 

Fig. 4  Changes of HOMA-IR, Adipo-IR, and HOMA-AD of the prediabetes and diabetes subgroups in the standard and intensive treatment 
groups from baseline after intervention. HOMA-IR, homeostatic model assessment of insulin resistance; Adipo-IR, adipose tissue insulin resistance; 
HOMA-AD, homeostasis model assessment-adiponectin. A Changes of HOMA-IR in the standard treatment group from baseline after intervention. 
B Changes of HOMA-IR in the intensive treatment group from baseline after intervention. C Changes of Adipo-IR in the standard treatment group 
from baseline after intervention. D Changes of Adipo-IR in the intensive treatment group from baseline after intervention. E Changes of HOMA-AD 
in the standard treatment group from baseline after intervention. F Changes of HOMA-AD in the intensive treatment group from baseline 
after intervention. P values were assessed by comparing the values before and after intervention using Wilcoxon signed-rank test

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Fig. 5  Changes of cytokines of the prediabetes and diabetes subgroups in the standard and intensive treatment groups from baseline 
after intervention. CRP, C reactive protein; ADPN, adiponectin; Myo, myonectin; PZP, pregnancy zone protein. A Changes of CRP of the prediabetes 
and diabetes subgroups in the standard treatment group from baseline after intervention. B Changes of CRP of the prediabetes and diabetes 
subgroups in the intensive treatment group from baseline after intervention. C Changes of ADPN of the prediabetes and diabetes subgroups 
in the standard treatment group from baseline after intervention. D Changes of ADPN of the prediabetes and diabetes subgroups in the intensive 
treatment group from baseline after intervention. E Changes of Myo of the prediabetes and diabetes subgroups in the standard treatment group 
from baseline after intervention. F Changes of Myo of the prediabetes and diabetes subgroups in the intensive treatment group from baseline 
after intervention. G Changes of PZP of the prediabetes and diabetes subgroups in the standard treatment group from baseline after intervention. F 
Changes of PZP of the prediabetes and diabetes subgroups in the intensive treatment group from baseline after intervention
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fasting glucose[23]. HPDs were an effective alternative to 
reduce hyperglycemia in patients with T2DM[24], in 
addition, it could downregulate total insulin AUC[25] 
and HOMA-IR levels in T2DM patients[26]. Different 
from the approaches of lifestyle intervention in the 
DiRECT and DIADEM-I study, lifestyle treatments 
including a high-protein diet and moderate exercise 
training were implemented in this study. The diet proto-
col makes an energy deficit of about 500  kcal per day, 
which is more than 1200  kcal in most cases and higher 
than that of LCDs and VLCDs. Exercise following the 
FITT-VP principle not only helps increase energy 
expenditure, but also benefits cardiorespiratory endur-
ance, although cardiorespiratory function was not 
assessed in this study. Moreover, the adequate protein 
intake and resistance exercise make no obvious reduction 
of muscle mass in the case of significant decrease of 
weight and body fat mass. The percentage of carbohy-
drate was around 50% in the diet regimen undertaken in 
this study, for low carbohydrate diets may have some 
harmful effects on human body and long-term restriction 
of carbohydrate (< 40%) is even related to increased mor-
tality [27]. Under this approach of lifestyle intervention, 
most participants in this study had no feelings of obvious 
hunger, the adherence was excellent, and no one with-
drew from the study because of the adaption issue related 
to the intervention approach. What is more, the partici-
pants’ weight and body fat mass decreased significantly 
while their muscle mass remained unchanged. Notably, 
the diabetes remission rate of the intensive treatment 
group was relatively high in this study, which was attrib-
uted to their significant weight and fat loss and good 
adherence. We are also continuing to focus on the sus-
tainability of weight loss and diabetes remission under 
this lifestyle intervention method. IR plays a crucial role 
in the pathogenesis of T2D and other cardiometabolic 
diseases [28]. Systemic IR, attributed to excessive accu-
mulation of adipose tissue in liver and skeletal muscle, 
causes a variety of cardiometabolic diseases and is gener-
ally assessed by HOMA-IR in clinical practice [29]. 
Whereas, HOMA-IR, based on FPG and FINS levels, 
does not distinguish well between hepatic and peripheral 
IR [30]. Adiponectin, an adipocytokine that can enhance 
insulin sensitivity, has been shown to decrease in individ-
uals with obesity and T2D and increase after weight loss 
[31]. Thus HOMA-AD, incorporating circulating adi-
ponectin level in the calculation formula of HOMA-IR, 
may be more indicative of adiposity and IR in individuals 
[32]. Increased insulin sensitivity in the liver and adipose 
tissue contribute to reduction of hepatic glucose output, 
enhancement of the antilipolytic effect of insulin and 
decrease of ectopic fat deposition, which will lead to 
improvement in glycemic control [33]. Therefore, 

significant improvements of HOMA-IR, HOMA-AD and 
Adipo-IR after weight loss might be the potential patho-
physiological mechanisms of diabetes remission. Inflam-
matory cytokines such as tumor necrosis factor-α and 
interleukin-6 secreted from increased adipose tissue will 
cause low-grade inflammation in the body, and it is one 
of the major mechanisms by which obesity leading to IR 
and metabolic diseases [34]. On the contrary, myokines 
such as myonectin may be protective cytokines in IR and 
metabolic diseases, for their roles in increasing FFA oxi-
dation, browning of white adipose tissue and promotion 
of thermogenesis [35]. Although the aforementioned 
inflammatory cytokines were not detected in this study, 
we evaluated the concentrations of CRP, which is also an 
indicator reflecting the inflammatory status of the body 
[36], before and after intervention. The significant 
decrease of CRP and increase of myonectin suggested 
that the alleviation of chronic inflammation and enhance-
ment of myokines’ impacts might be vital pathophysio-
logical changes involved in weight loss and diabetes 
remission. Adiponectin is an adipocytokine secreted 
mainly by adipocytes and many studies have confirmed 
that hypoadiponectinemia plays a central role in obesity 
and cardiometabolic disorders [37]. The results in this 
study suggested that adiponectin levels increased signifi-
cantly with the obvious loss of weight and remission of 
diabetes, which proved the beneficial effect of adiponec-
tin on obesity and metabolic diseases from another 
aspect. A study conducted by Lin et al. found that PZP, a 
novel identified hepatokine, might have some potential 
therapeutic roles in obesity and its related metabolic dis-
eases by promoting brown adipose tissue thermogenesis 
[38]. In this study, the significant increase of circulating 
PZP after weight loss in the intensive treatment group 
also suggested that PZP was negatively correlated to obe-
sity and diabetes and it might become a protective effect 
marker on obesity and diabetes. It is worth noting that 
the marked effect of this lifestyle therapy on weight loss 
and diabetes remission was mainly due to the fact that 
the treatment and care in the intensive treatment group 
were led by a team, including doctors, nurses, dietitians 
and exercise therapists, rather than just doctors. Previous 
studies have documented the efficacy and importance of 
nurse-led or pharmacist-delivered education and patient 
involvement in chronic disease management, such as 
gout, coronary heart disease, asthma and chronic 
obstructive pulmonary disease [39–41], which is particu-
larly central to weight and diabetes management. Much 
time should be spent in explaining the disease and mak-
ing the explanations easy to understand in order to help 
patients in decision making, however, this is usually sub-
optimum in clinical practice, for time limitation on com-
munication between doctors and patients [42]. Especially 
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in China, with a large population and limited medical 
resources in big cities, there is usually little time for doc-
tor-patient communication. In this study, for the success-
ful implementation of the diet and exercise therapy, in 
addition to the treatment strategy prescribed by physi-
cians, dietitians and exercise therapists, education on 
diabetes, especially that weight loss can induce diabetes 
remission was delivered by professionally trained nurses. 
The patients enrolled in this study were relatively young 
and almost were prediabetes or short clinical course of 
diabetes, so their motivations to lose weight were very 
strong and the adherence was extremely excellent after 
they knew the significance of losing weight, which 
ensured the remarkable weight loss and diabetes remis-
sion. Diabetes Remission remains controversial. Remis-
sion as a primary objective of therapy in non-obese 
patients is “sidelined” in the current American/European 
guidelines[43, 44]. The findings of the present study com-
pliment and are reinforced by remission in obesity 
patients with T2D following bariatric surgery[45]. This is 
the first study to demonstrate the effect of a high-protein 
diet and moderate exercise plus hypoglycemic agents 
with weight loss effect on diabetes remission in Chinese 
adults with obesity and newly diagnosed T2D or predia-
betes. Moreover, we explored the changes of systemic IR, 
HOMA-AD and Adipo-IR, and several potential cellular 
factors (inflammation marker, adipocytokine, myokine 
and hepatokine), which might be involved in the patho-
genesis of obesity and diabetes. However, this study has 
several limitations. Firstly, the follow-up of this study is 
relatively short and the sustainability of this lifestyle 
intervention therapy for weight loss and diabetes remis-
sion is unknown yet. And we will continue to focus on 
the durability of weight loss and diabetes remission with 
longer follow-up. Secondly, the number of participants in 
this study is relatively small, and we will still recruit more 
participants in the future to expand the sample size and 
confirm the results obtained in this study. Finally, this 
study cannot tell the causal relationship between the 
improvements of cellular factors and weight loss and dia-
betes remission, and animal studies are needed to further 
confirm the causality between them.

Conclusions
In conclusion, this study indicates that a high-protein 
diet and moderate exercise plus hypoglycemic agents 
with weight loss effect could lead to diabetes remission 
in people with obesity and new-onset T2D, and this 
intervention regimen has demonstrated extremely good 
safety and adherence. The beneficial improvements in 
IR, inflammation marker, adipocytokine, myokine and 
hepatokine, might be crucial pathophysiological changes 
involved in weight loss and diabetes remission.

Abbreviations
IR	� Insulin resistance
T2D	� Type 2 diabetes
CDQDPS	� China Da Qing Diabetes Prevention Study
DPP	� Diabetes Prevention Program
DPS	� Diabetes Prevention Study
DiRECT	� Diabetes Remission Clinical Trial
DIADEM-I	� Diabetes Intervention Accentuating Diet and Enhancing 

Metabolism
BMI	� Body mass index
IFG	� Impaired fasting glucose
IGT	� Impaired glucose tolerance
OGTT​	� Oral glucose tolerance test
PZP	� Pregnancy zone protein
HbA1c	� Glycated hemoglobin
PBF	� Percent of body fat
VFA	� Visceral fat area
CAP	� Hepatic controlled attenuation parameter
BIA	� Bioelectrical impedance analysis
FPG	� Fasting plasma glucose
TC	� Total cholesterol
LDL-C	� Low density lipoprotein cholesterol
HDL-C	� High density lipoprotein cholesterol
TG	� Triglycerides
UA	� Uric acid
ALT	� Alanine aminotransferase
AST	� Aspartate aminotransferase
FFA	� Free fatty acid
CRP	� C reactive protein
FINS	� Fasting insulin
ELISA	� Enzyme-linked immunosorbent assay
HOMA-IR	� Homeostatic model assessment of insulin resistance
HOMA-AD	� Homeostasis model assessment-adiponectin
Adipo-IR	� Adipose tissue insulin resistance
CI	� Confidence interval
SMM	� Skeletal muscle mass
LCDs	� Low calorie diets
VLCDs	� Very low calorie diets

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12916-​025-​04072-4.

Additional file 1: Table S1, Fig S1. Table S1-Diet adherence and nutrient 
distribution during intervention. Fig S1-Compliance rate with the exercise 
prescription during intervention 

Additional file 2: Table S2-S5. Table S2-Details of weight, fasting blood glu-
cose and treatment plans for Pre-diabetes patients in Intensive treatment 
group. Table S3-Details of weight, fasting blood glucose and treatment 
plans for Diabetes patients in Intensive treatment group. Table S4-Details 
of weight, fasting blood glucose and treatment plans for Pre-diabetes 
patients in Standard treatment group. Table S5-Details of weight, fasting 
blood glucose and treatment plans for Diabetes patients in Standard 
treatment group.

Additional file 3: Table S6. Table S6-Effects of Treatment Regimens on 
Cytokines and indicators of Insulin Resistance.

Acknowledgements
The authors would like to acknowledge gratefully all the participants in this 
study and the contribution of Ying Chen, Xiaochen Yan and Lili Li in Health 
Management Center of Tianjin Union Medical Center.

Authors’ contributions
SZ designed the research and wrote the manuscript. YW conducted the 
clinical trial and wrote the manuscript. XCW performed the statistical analysis. 
MXL, RJL, ZHL, JL, JXX, DMH, LBL and XYG assisted with the recruitment and 
conduction of the clinical trial. CJL designed and supervised the research. 

https://doi.org/10.1186/s12916-025-04072-4
https://doi.org/10.1186/s12916-025-04072-4


Page 13 of 14Zhang et al. BMC Medicine          (2025) 23:270 	

All authors helped interpret the data and approved the final version of the 
manuscript.

Funding
This study was supported by the Tianjin Science and Technology Commit-
tee (C.J.L, Grant Number 23 JCZDJC01040) and the Science and Technology 
Project of the Tianjin Municipal Health Commission (S.Z, Grant Number 
TJWJ2022MS019).
Tianjin Union Medical Center,2021YJ002,Tianjin Health Research 
Project,TJWJ2022MS019

Data availability
Data is provided within the manuscript or supplementary information files

Declarations

Ethics approval and consent to participate
This study was conducted in accordance with the principles of the Helsinki 
declaration. All participants provided the written informed consent and the 
study protocol was approved by the Medical Ethics Committee of Tianjin 
Union Medical Center (No. 2021C06).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Health Management Center, Endocrinology, Tianjin Union 
Medical Center, The First Affiliated Hospital of Nankai University, Tianjin, China. 

Received: 24 June 2024   Accepted: 10 April 2025

References
	1.	 Pan X-F, Wang L, Pan An. Epidemiology and determinants of obesity in 

China. Lancet Diabetes Endocrinol. 2021;9(6):373–92.
	2.	 Zeng Q, Li N, Pan X-F, Chen L, Pan An. Clinical management and treat-

ment of obesity in China. Lancet Diabetes Endocrinol. 2021;9(6):393–405.
	3.	 Pan XR, Li GW, Hu YH, Wang JX, Yang WY, An ZX, et al. Effects of diet and 

exercise in preventing NIDDM in people with impaired glucose tolerance. 
The Da Qing IGT and Diabetes Study. Diabetes Care. 1997;20(4):537–44.

	4.	 Diabetes Prevention Program (DPP) Research Group. The Diabetes 
Prevention Program (DPP): description of lifestyle intervention. Diabetes 
Care. 2002;25(12): 2165–71.

	5.	 Lindström J, Louheranta A, Mannelin M, Rastas M, Salminen V, Eriksson 
J, et al. The Finnish Diabetes Prevention Study (DPS): Lifestyle interven-
tion and 3-year results on diet and physical activity. Diabetes Care. 
2003;26(12):3230–6.

	6.	 Lean MEJ, Leslie WS, Barnes AC, Brosnahan N, Thom G, McCombie L, 
et al. Primary care-led weight management for remission of type 2 
diabetes (DiRECT): an open-label, cluster-randomised trial. Lancet. 
2018;391(10120):541–51.

	7.	 Taheri S, Zaghloul H, Chagoury O, Elhadad S, Ahmed SH, El Khatib N, et al. 
Effect of intensive lifestyle intervention on bodyweight and glycaemia 
in early type 2 diabetes (DIADEM-I): an open-label, parallel-group, ran-
domised controlled trial. Lancet Diabetes Endocrinol. 2020;8(6):477–89.

	8.	 Chinese Diabetes Society. Guideline for the prevention and treatment of 
type 2 diabetes mellitus in China (2020 edition). Chin J Diabetes Mellitus. 
2021; 13 (4): 315–409.

	9.	 Ko GJ, Rhee CM, Kalantar-Zadeh K, Joshi S. The Effects of High-
Protein Diets on Kidney Health and Longevity. J Am Soc Nephrol. 
2020;31(8):1667–79.

	10.	 Carol Ewing Garber, Bryan Blissmer, Michael R Deschenes, Barry A 
Franklin, Michael J Lamonte, I-Min Lee, et al. American College of Sports 
Medicine position stand. Quantity and quality of exercise for developing 
and maintaining cardiorespiratory, musculoskeletal, and neuromotor 

fitness in apparently healthy adults: guidance for prescribing exercise. 
Med Sci Sports Exerc. 2011; 43 (7): 1334–59.

	11.	 Riddle MC, Cefalu WT, Evans PH, Gerstein HC, Nauck MA, Oh WK, et al. 
Consensus report: definition and interpretation of remission in type 2 
diabetes. Diabetologia. 2021;64(11):2359–66.

	12.	 Mojiminiyi OA, Abdella NA. Effect of homeostasis model assessment 
computational method on the definition and associations of insulin 
resistance. Clin Chem Lab Med. 2010;48(11):1629–34.

	13.	 Makni E, Moalla W, Lac G, Aouichaoui C, Cannon D, Elloumi M, et al. The 
Homeostasis Model Assessment-adiponectin (HOMA-AD) is the most 
sensitive predictor of insulin resistance in obese children. Ann Endocrinol 
(Paris). 2012;73(1):26–33.

	14.	 Gastaldelli A, Gaggini M, DeFronzo RA. Role of Adipose Tissue Insulin 
Resistance in the Natural History of Type 2 Diabetes: Results From the San 
Antonio Metabolism Study. Diabetes. 2017;66(4):815–22.

	15.	 Lingvay I, Sumithran P, Cohen RV, le Roux CW. Obesity management as a 
primary treatment goal for type 2 diabetes: time to reframe the conversa-
tion. Lancet. 2022;399(10322):394–405.

	16.	 Ghanemi A, Yoshioka M, St-Amand J. Diet Impact on Obesity beyond 
Calories and Trefoil Factor Family 2 (TFF2) as an Illustration: Metabolic 
Implications and Potential Applications. Biomolecules. 2021;11(12):1830.

	17.	 Kashyap A, Mackay A, Carter B, Fyfe CL, Johnstone AM, Myint PK. Inves-
tigating the Effectiveness of Very Low-Calorie Diets and Low-Fat Vegan 
Diets on Weight and Glycemic Markers in Type 2 Diabetes Mellitus: A 
Systematic Review and Meta-Analysis. Nutrients. 2022;14(22):4870.

	18.	 Anderson JW, Hamilton CC, Brinkman-Kaplan V. Benefits and risks of an 
intensive very-low-calorie diet program for severe obesity. Am J Gastro-
enterol. 1992;87(1):6–15.

	19.	 Very low-calorie diets. National Task Force on the Prevention and Treat-
ment of Obesity. National Institutes of Health JAMA. 1993;270(8):967–74.

	20.	 Lean M, Hankey C. Keeping it off: the challenge of weight-loss mainte-
nance. Lancet Diabetes Endocrinol. 2018;6(9):681–3.

	21.	 Dombrowski SU, Knittle K, Avenell A, Araújo-Soares V, Sniehotta FF. 
Long term maintenance of weight loss with non-surgical interventions 
in obese adults: systematic review and meta-analyses of randomised 
controlled trials. BMJ. 2014;348: g2646.

	22.	 Lean MEJ, Leslie WS, Barnes AC, Brosnahan N, Thom G, McCombie L, et al. 
Durability of a primary care-led weight-management intervention for 
remission of type 2 diabetes: 2-year results of the DiRECT open-label, 
cluster-randomised trial. Lancet Diabetes Endocrinol. 2019;7(5):344–55.

	23.	 Jing T. Effect of Dietary Approaches on Glycemic Control in Patients with 
Type 2 Diabetes: A Systematic Review with Network Meta-Analysis of 
Randomized Trials. Nutrients. 2023 15;15(14):3156.

	24.	 Flores-Hernández MN. Efficacy of a High-Protein Diet to Lower Glycemic 
Levels in Type 2 Diabetes Mellitus: A Systematic Review. Int J Mol Sci. 
2024 11;25(20):10959.

	25.	 Thomsen MN, et al. Dietary carbohydrate restriction augments weight 
loss-induced improvements in glycaemic control and liver fat in individu-
als with type 2 diabetes: A randomised controlled trial. Diabetologia. 
2022;65:506–17.

	26.	 Yu Z, et al. Effects of high-protein diet on glycemic control, insu-
lin resistance and blood pressure in type 2 diabetes: A systematic 
review and meta-analysis of randomized controlled trials. Clin Nutr. 
2020;39(6):1724–34.

	27.	 Seidelmann SB, Claggett B, Cheng S, Henglin M, Shah A, Steffen LM, et al. 
Dietary carbohydrate intake and mortality: a prospective cohort study 
and meta-analysis. Lancet Public Health. 2018;3(9):e419–28.

	28.	 Hill MA, Yang Y, Zhang L, Sun Z, Jia G, Parrish AR, et al. Insulin resist-
ance, cardiovascular stiffening and cardiovascular disease. Metabolism. 
2021;119: 154766.

	29.	 Bonora E, Targher G, Alberiche M, Bonadonna RC, Saggiani F, Zenere MB, 
et al. Homeostasis model assessment closely mirrors the glucose clamp 
technique in the assessment of insulin sensitivity: studies in subjects with 
various degrees of glucose tolerance and insulin sensitivity. Diabetes 
Care. 2000;23(1):57–63.

	30.	 Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. 
Homeostasis model assessment: insulin resistance and beta-cell function 
from fasting plasma glucose and insulin concentrations in man. Diabeto-
logia. 1985;28(7):412–9.

	31.	 Achari AE, Jain SK. Adiponectin, a Therapeutic Target for Obesity, Diabe-
tes, and Endothelial Dysfunction. Int J Mol Sci. 2017;18(6):1321.



Page 14 of 14Zhang et al. BMC Medicine          (2025) 23:270 

	32.	 Vilela BS, Vasques ACJ, Cassani RSL, Forti AC, Pareja JC , Tambascia MA, 
et al. The HOMA-Adiponectin (HOMA-AD) Closely Mirrors the HOMA-IR 
Index in the Screening of Insulin Resistance in the Brazilian Metabolic 
Syndrome Study (BRAMS). PLoS One. 2016; 11 (8): e0158751.

	33.	 Petersen MC, Shulman GI. Mechanisms of Insulin Action and Insulin 
Resistance. Physiol Rev. 2018;98(4):2133–223.

	34.	 Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and 
metabolic disease. J Clin Invest. 2017;127(1):1–4.

	35.	 Kim H-K, Kim C-H. Quality Matters as Much as Quantity of Skeletal Muscle: 
Clinical Implications of Myosteatosis in Cardiometabolic Health. Endo-
crinol Metab (Seoul). 2021;36(6):1161–74.

	36.	 Kotemori A, Sawada N, Iwasak M, Yamaji T, Shivappa N, Hebert JR, et al. 
Validating the dietary inflammatory index using inflammatory biomarkers 
in a Japanese population: A cross-sectional study of the JPHC-FFQ valida-
tion study. Nutrition. 2020;69.

	37.	 Achari AE, Jain SK. Adiponectin, a Therapeutic Target for Obesity, Diabe-
tes, and Endothelial Dysfunction. Int J Mol Sci. 2017;18(6):1321.

	38.	 Lin J, Jiang X, Dong M, Liu X, Shen Q, Huang Y, et al. Hepatokine Preg-
nancy Zone Protein Governs the Diet-Induced Thermogenesis Through 
Activating Brown Adipose Tissue. Adv Sci (Weinh). 2021;8(21): e2101991.

	39.	 Doherty M, Jenkins W, Richardson H, Sarmanova A, Abhishek A, Ashton 
D, et al. Efficacy and cost-effectiveness of nurse-led care involving educa-
tion and engagement of patients and a treat-to-target urate-lowering 
strategy versus usual care for gout: a randomised controlled trial. Lancet. 
2018;392(10156):1403–12.

	40.	 Campbell NC, Thain J, Deans HG, Ritchie LD, Rawles JM. Secondary pre-
vention in coronary heart disease: baseline survey of provision in general 
practice. BMJ. 1998;316(7142):1430–4.

	41.	 Janjua S, Pike KC, Carr R, Coles A, Fortescue R, Batavia M. Interventions to 
improve adherence to pharmacological therapy for chronic obstructive 
pulmonary disease (COPD). Cochrane Database Syst Rev. 2021; 9 (9): 
CD013381.

	42.	 Doherty M, Jansen TL, Nuki G, Pascual E, Perez-Ruiz F, Punzi L, et al. 
Gout: why is this curable disease so seldom cured? Ann Rheum Dis. 
2012;71(11):1765–70.

	43.	 ElSayed NA, et al. Pharmacologic Approaches to Glycemic Treatment: 
Standards of Care in Diabetes-2024. Diabetes Care. 2024;47(1):S158–78.

	44.	 Riddle MC, et al. Consensus report: definition and interpretation of remis-
sion in type 2 diabetes. Diabetologia. 2021;64(11):2359–66.

	45.	 Mingrone et al. Metabolic surgery versus conventional medical therapy in 
patients with type 2 diabetes: 10-year follow-up of an open-label, single-
centre, randomised controlled trial. Lancet. 2021;397(10271):293–304)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Effect of hypoglycemic agents with weight loss effect plus a high protein diet and moderate exercise on diabetes remission in adults with obesity and type 2 diabetes: a randomized controlled trial
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 
	Trial registration 

	Background
	Methods
	Study design and participants
	Intervention programs
	Sociodemographic and clinical information collection
	Study outcomes
	Blood sample determinations
	Evaluations of IR
	Statistical analysis

	Results
	Primary outcomes
	Changes in weight, body composition and metabolic indices
	IR before and after intervention
	CRP, adiponectin, myonectin, and PZP levels before and after intervention
	Serious adverse events and program adherence

	Discussion
	Conclusions
	Acknowledgements
	References


