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Abstract 

Background: Overweight, obesity, and metabolic syndrome are associated with adipose tissue dysfunction and altered 
adipokine secretion. The Modified Atkins Diet (MAD), a less restrictive ketogenic diet, may improve metabolic health 
and regulate adipokines, but evidence remains inconsistent. This study evaluated the effects of MAD on serum leptin, 
adiponectin, and ghrelin levels.  

Methods: A systematic review and meta-analysis was conducted according to PRISMA 2020. PubMed, Scopus, and Web 
of Science were searched in May 2026. Studies were selected using predefined PICO criteria. Risk of bias was assessed 
using RoB 2 and ROBINS-I. A random-effects model was used, and outcomes were expressed as mean differences (MDs) 
with 95% confidence intervals (95% CIs).  

Results: Six studies were included. MAD did not significantly affect serum leptin (MD = -2.68; 95% CI = -7.94 to 2.57), 
adiponectin (MD = -0.34; 95% CI = -0.83 to 0.15), or ghrelin (MD = -57.55; 95% CI = -115.24 to 0.14). Although leptin 
and ghrelin tended to decrease, adiponectin findings were inconsistent. High heterogeneity was observed across all 
outcomes.  

Conclusion: Current evidence does not demonstrate a statistically significant effect of MAD on serum leptin, 
adiponectin, or ghrelin levels in individuals with overweight, obesity, and metabolic syndrome. Larger, well-designed 
studies with more homogeneous populations, longer intervention durations, and standardized methodologies are 
needed to clarify these effects.  
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1. Introduction

Overweight, obesity, and metabolic syndrome are major public health challenges with increasing global prevalence and 
are recognized as important risk factors for numerous non-communicable diseases, including type 2 diabetes mellitus, 
cardiovascular disease, non-alcoholic fatty liver disease, and several types of cancer.1 According to the World Health 
Organization (WHO), approximately 2.5 billion adults were overweight in 2022, of whom nearly 890 million had obesity, 
representing more than a twofold increase since 1990. A similar upward trend has been reported in Indonesia.2 The 
2023 Indonesian Health Survey (Survei Kesehatan Indonesia, SKI) reported that the prevalence of obesity among adults 
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aged ≥18 years increased from 21.8% in 2018 to 23.4% in 2023. Beyond excessive fat accumulation, obesity is 
characterized by adipose tissue dysfunction, which contributes to metabolic disturbances through its role as an active 
endocrine organ.3 

Adipose tissue secretes a variety of bioactive mediators known as adipokines, including leptin, adiponectin, and ghrelin, 
which play essential roles in regulating energy homeostasis, insulin sensitivity, and metabolic function.4, 5 Obesity is 
associated with adipokine dysregulation, typically characterized by elevated leptin levels and reduced adiponectin and 
ghrelin levels, thereby promoting chronic low-grade inflammation and metabolic dysfunction.6, 7 Consequently, dietary 
interventions capable of restoring adipokine balance have attracted increasing interest as potential strategies for 
improving metabolic health.8 

The Modified Atkins Diet (MAD) is a less restrictive variant of the ketogenic diet characterized by high fat, moderate 
protein, and low carbohydrate intake to induce nutritional ketosis.9 Compared with the classical ketogenic diet, MAD is 
easier to implement and maintain over the long term because it does not require strict calorie restriction.9 Previous 
studies have demonstrated beneficial effects of MAD on body weight, lipid metabolism, and insulin sensitivity.10 In 
addition, several studies have suggested that MAD may modulate adipokine secretion by increasing adiponectin levels 
while reducing leptin, ghrelin, and inflammatory biomarkers.11, 12 

Despite growing interest in MAD, most available evidence has focused on ketogenic diets as a broad dietary category 
rather than on specific ketogenic dietary regimens.13 A recent systematic review and meta-analysis by Xiao et al. 
(2024)14 reported that ketogenic diets may improve metabolic outcomes; however, substantial heterogeneity was 
observed across the included randomized controlled trials. This heterogeneity was attributed to differences in 
ketogenic diet regimens, macronutrient composition, intervention duration, participant characteristics, and other 
methodological factors.14 

To address these limitations, a more focused systematic review and meta-analysis is needed. Therefore, the present 
study specifically evaluated the effects of the MAD using controlled trials with a clearly defined and consistent dietary 
intervention, particularly regarding macronutrient composition. In addition, the analysis was limited to participants 
with overweight, obesity, or metabolic syndrome to reduce clinical heterogeneity. By applying these more stringent 
eligibility criteria, this study aimed to provide a more accurate and consistent estimate of the effects of the MAD on 
serum adipokine levels.  

2. Methods  

Systematic review and meta-analysis was conducted following the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) 2020 guidelines. The study was registered in the International Prospective Register of 
Systematic Reviews under registration number CRD420261404364 to ensure methodological transparency and 
prevent duplication of similar research. 

2.1. Eligibility Criteria 

Eligibility criteria were defined according to the Population, Intervention, Comparison, Outcome (PICO) framework. 
Eligible studies were controlled trials involving adults with overweight, obesity, or metabolic syndrome. The 
intervention consisted of MAD or a comparable low-carbohydrate diet containing approximately 60–70% fat, 25–30% 
protein, and 5–10% carbohydrate without restrictions on fluid or energy intake. Comparator groups included 
conventional diets, balanced diets, low-fat diets, or other dietary interventions.  

The primary outcomes were changes in serum adipokine levels, including leptin, adiponectin, and/or ghrelin. Only full-
text articles published in English or Indonesian were included. Animal and in vitro studies, review articles, systematic 
reviews, meta-analyses, editorials, case reports, conference abstracts, studies without a control group, duplicate 
publications, and studies with insufficient data for meta-analysis were excluded. 

2.2. Search Strategy 

A systematic literature search was conducted across three electronic databases: PubMed, Scopus, and Web of Science. 
The search strategy was developed based on the predefined PICO framework and employed a combination of Medical 
Subject Headings (MeSH) terms, free-text keywords, and Boolean operators to identify relevant studies. The search 
terms were combined using the Boolean operators "AND" and "OR" to comprehensively retrieve controlled studies 
investigating the effects of MAD on serum adipokine levels. 
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2.3. Study Selection  

All search results retrieved from the electronic databases were imported into Rayyan AI for study management and 
screening. Duplicate records were identified and removed during the initial deduplication process. Subsequently, titles 
and abstracts were screened for relevance to the research question. Articles deemed potentially eligible underwent full-
text assessment to confirm the availability of complete manuscripts. The full-text articles were then evaluated for 
eligibility based on the predefined PICO criteria and the study design specified in the inclusion and exclusion criteria. 
Studies that fulfilled all eligibility criteria were included in the final systematic review and meta-analysis. The study 
selection process was documented and presented using the PRISMA 2020 flow diagram. 

2.4. Data Extraction and Quality Assessment 

Data from the included studies were extracted and summarized in a standardized study characteristics table. The 
extracted information included the first author and year of publication, country, study design, participant 
characteristics, mean age, sex distribution, sample size, follow-up or intervention duration, details of the MAD and 
control dietary interventions, and the adipokine outcomes assessed, including leptin, adiponectin, and ghrelin as well 
as the corresponding mean differences (MD) and standard deviations (SD). 

The methodological quality and risk of bias of the included studies were indepen-dently assessed using the Cochrane 
Risk of Bias 2 (RoB 2) tool for randomized controlled trials (RCT) and the Risk of Bias in Non-randomized Studies of 
Interventions (ROBINS-I) tool for non-randomized stu-dies. Each study was evaluated across the domains specified by 
the respective assessment tool. Based on the domain-level assessments, an overall risk-of-bias judgment was assigned 
to each study in accordance with the recommended evaluation criteria. 

2.5. Data Synthesis and Statistical Analysis  

Statistical analyses were performed using Review Manager (RevMan) software. Effect estimates were reported as MD 
with corresponding 95% confidence intervals (95% CI). An effect was considered statistically significant when the 95% 
CI did not cross the null value (0), whereas a 95% CI crossing 0 indicated no statistically significant effect. Statistical 
heterogeneity among the included studies was assessed using the I² statistic and the Cochran's Q test (P-value). A 
random-effects model was applied when substantial heterogeneity was present (I² ≥ 50%), whereas a fixed-effect model 
was used when heterogeneity was low (I² < 50%). 

3. Result 

3.1. Study Selection and Quality Assessment 

The systematic literature search identified a total of 977 records, including 202 from PubMed, 754 from Scopus, and 21 
from Web of Science. After removing 53 duplicate records, 924 unique articles remained for title and abstract screening. 
During this stage, 871 articles were excluded because they did not meet the predefined inclusion and exclusion criteria. 
The remaining 53 articles were assessed for full-text retrieval; however, 24 full-text articles could not be obtained, 
leaving 29 studies for eligibility assessment. 

The 29 full-text articles were subsequently evaluated for eligibility based on the predefined PICO criteria and study 
design. Of these, 23 studies were excluded, including 17 that did not meet the PICO criteria and 6 that employed 
ineligible study designs. Consequently, six studies fulfilled all eligibility criteria and were included in the final systematic 
review and meta-analysis. The study selection process is summarized in the PRISMA 2020 flow diagram (Figure 1). 
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Figure 1 PRISMA flowchart 

The methodological quality and risk of bias of the six included studies were subsequently assessed. Four RCTs, namely 
those conducted by Ebbeling et al. (2012),15 Hu et al. (2022),16 Buscemi et al. (2009),17 and Varady et al. (2011),18 were 
evaluated using the RoB 2 tool. The results of the RoB 2 assessment are presented in Figure 2. The remaining two non-
randomized studies, conducted by Kong et al. (2020)19 and Hayes et al. (2007),20 were assessed using the ROBINS-I tool. 
The results of the ROBINS-I assessment are presented in Figure 3. 

 

Figure 2 Risk of Bias 2 (RoB 2) assessment traffic light plot 

3.2. Study Characteristics 

The characteristics of the included studies are summarized in Table 1 and Table 2. A total of six controlled trials 
involving participants with overweight, obesity, or metabolic syndrome were included in this systematic review and 
meta-analysis. The studies were published between 2007 and 2022 and were conducted in various countries. Four 
studies were RCTs, whereas two were non-randomized controlled studies. The intervention duration ranged from 
several weeks to months, and all studies compared the MAD with a control diet. The primary outcomes included changes 
in serum adipokine levels, namely leptin, adiponectin, and ghrelin, although not all studies reported all three 
biomarkers. In addition, several secondary outcomes related to metabolic health were reported, including changes in 
anthropometric measures, glycemic markers (blood glucose, insulin, etc.), lipid profile, blood pressure, and 
inflammatory markers (Table 2). Detailed information regarding study design, participant characteristics, dietary 
interventions, intervention duration, and main outcome (adipokines) measures is presented in Table 1. 
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Table 1 Study Characteristics and Primary Outcome 

Author, 
Year 

Countr
y 

Study 
Design 

Population Mea
n Age 

Sample Size 
per Group 

Follow-up of 
Interventio
n (Weeks) 

Macronutrient Distribution Main Outcome 
(Increase/Decrease in Serum 
Adipokine Levels After Diet) 

Contro
l 

MA
D 

Control Diet MAD Control Diet MAD 

Ebbeling
, 2012 

United 
States 

RCT 
(crossover 
trial) 

Overweight 
and obese 
young 
adults 

30.3 21 21 4 60% 
Carbohydrat
e  

20% Protein  

20% Fat 

10% 
Carbohydrat
e 

30% Protein 

60% Fat 

Leptin ↓ Leptin ↓ 

Kong, 
2020 

China Single-
group pre-
post 
interventio
n study 

Overweight
/ 

obese 
chinese 
young 
females 

21 23 20 4 Normal Diet ~10% 
Carbohydrat
e  

~25% 
Protein 

*~65% Fat 

Leptin ↓ Leptin ↓ 

Ghrelin ↓ Ghrelin ↓ 

Hayes, 
2007 

United 
States 

Single-
group pre-
post 
interventio
n study 

People with 
Metabolic 
Syndrome 

47.5 20 20 10 27% 
Carbohydrat
e 

30% Protein  

43% Fat 

10% 
Carbohydrat
e 

28% Protein 

62% Fat 

Leptin ↓ Leptin ↓ 

Ghrelin ↑ Ghrelin ↑ 

Hu, 2022 China RCT 
(parallel 
group) 

Overweight 
young 
women 

20.5 23 25 4 45% 
Carbohydrat
e  

15% Protein  

35% Fat 

2084 kcal 
Energy 

10% 
Carbohydrat
e 

25% Protein 

*65% Fat 

1726 kcal 
Energy 

Leptin ↓ Leptin ↓ 

Ghrelin ↓ Ghrelin ↓ 

Buscemi, 
2009 

Italy RCT 
(parallel 
group) 

Obese 
women 

38.5 10 10 8 55% 
Carbohydrat
e 

20% Protein 

5% 
Carbohydrat
e 

30% Protein 

Adiponecti
n 

↓ Adiponecti
n 

↓ 
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25% Fat 

(5% 
Saturated fat  

20% 
Unsaturated 
fat) 

250 mg 
Cholesterol 

30 g Fiber 

1672 kcal 
Energy 

65% Fat 

(16.25% 
Saturated fat, 

48.75% 
Unsaturated 
fat) 

450 mg 
Cholesterol 

20 g Fiber 

1742 kcal 
Energy 

Varady, 
2011 

United 
States 

RCT 
(parallel 
group) 

Obese adults 35.5 8 9 6 55% 
Carbohydrat
e 

20% Protein 

25% Fat 

(7% 
Saturated fat,  

18% 
Unsaturated 
fat) 

299 mg 
Cholesterol 

30 g Fiber 

1967 kcal 
Energy 

5% 
Carbohydrat
e 

35% Protein 

60% Fat 

(26% 
Saturated fat,  

33% 
Unsaturated 
fat,  

1% Trans fat) 

448 mg 
Cholesterol 

11 g Fiber 

1868 kcal 
Energy 

Leptin ↓ Leptin ↓ 

Adiponecti
n 

↑ Adiponecti
n 

↓ 

* There are no restrictions on saturated and unsaturated fats, but participants are encouraged to consume 5 tablespoons of olive oil (unsaturated fat) daily. 
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Table 2 Secondary Outcome 

Author, 
Year 

Secondary Outcome (Increase/Decrease in Metabolic Profiles After Diet) 

Anthropometric 
Parameters 

Blood Pressure Inflammatory Parameters Glucose Homeostasis 
Parameters 

Lipid Profile 

Control 
Diet 

MAD Control 
Diet 

MAD Control Diet MAD Control Diet MAD Control Diet MAD 

Ebbeling
, 2012 

- - - - CRP ↓ CRP ↓ Periphera
l Insulin 
Sensitivit
y 

↑ Periphera
l Insulin 
Sensitivit
y 

↑ HDL ↓ HDL ↑ 

PAI-1 ↓ PAI-1 ↓ Hepatic 
Insulin 
Sensitivit
y 

↑ Hepatic 
Insulin 
Sensitivit
y 

↑ Non-HDL 
Cholestero
l 

↓ Non-HDL 
Cholestero
l 

↓ 

TG ↓ TG ↓ 

Kong, 
2020 

BMI ↓ BMI ↓ - - MCP-
1 

↓ MCP-
1 

↓ - - - - 

BW ↓ BW ↓ 

Bod
y Fat 
% 

↓ Bod
y Fat 
% 

↓ TNF-α ↓ TNF-α ↓ 

WC ↑ WC ↓ 

Hayes, 
2007 

BMI ↓ BMI ↓ Systole ↓ Systole ↓ - - Serum 
Insulin 

↓ Serum 
Insulin 

↓ HDL ↑ HDL ↑ 

BW ↓ BW ↓ LDL ↑ LDL ↓ 

Bod
y Fat 
% 

↓ Bod
y Fat 
% 

↓ Diastol
e 

↓ Diastol
e 

↓ BG ↑ BG ↓ TG ↑ TG ↓ 

WC ↓ WC ↓ Total 
Cholestero
l 

↑ Total 
Cholestero
l 

↓ 

Hu, 
2022 

BMI ↓ BMI ↓ Systole ↑ Systole ↓ - - Serum 
Insulin 

↑ Serum 
Insulin 

↓ HDL Stabl
e 

HDL ↑ 

BW ↓ BW ↓ FBG ↑ FBG ↑ LDL ↑ LDL ↑ 
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WC ↓ WC ↓ Diastol
e 

↓ Diastol
e 

↓ TG ↓ TG ↓ 

C-peptide ↑ C-peptide ↓ Total 
Cholestero
l 

↑ Total 
Cholestero
l 

↑ 

Buscemi
, 2009 

BW ↓ BW ↓ Systole ↓ Systole ↓ IL-6 ↓ IL-6 ↓ Fasting 
Serum 
Insulin 

↓ Fasting 
Serum 
Insulin 

↓ HDL ↓ HDL ↓ 

Bod
y Fat 
% 

↓ Bod
y Fat 
% 

↓ TNF-α ↑ TNF-α ↑ 2HPP 
Serum 
Insulin 

↓ 2HPP 
Serum 
Insulin 

↓ LDL ↓ LDL ↓ 

Diastol
e 

↓ Diastol
e 

↓ FBG ↓ FBG ↓ TG ↓ TG ↓ 

WC 

 

↓ WC 

 

↓ 8-iso-
PGF2
α 

↑ 8-iso-
PGF2
α 

↑ 2HPP BG ↓ 2HPP BG ↓ Total 
Cholestero
l 

↓ Total 
Cholestero
l 

↓ 

HOMA-IR ↓ HOMA-IR ↓ 

Varady, 
2011 

BMI ↓ BMI ↓ Systole ↓ Systole ↓ CRP Stabl
e 

CRP ↑ Serum 

Insulin 

↓ Serum 

Insulin 

↓ HDL ↓ HDL ↓ 

BW ↓ BW ↓ LDL ↓ LDL ↑ 

Fat 
Mas
s 

↓ Fat 
Mas
s 

↓ Diastol
e 

↓ Diastol
e 

↓ BG ↑ BG ↑ TG ↑ TG ↓ 

WC ↓ WC ↓ Total 
Cholestero
l 

↓ Total 
Cholestero
l 

↑ 

Abbreviations : 2HPP = 2-Hour Post-Prandial; 8-iso-PGF2α  = 8-Iso-Prostaglandin F2α; BG = Blood Glucose; BMI = Body Mass Index; BW =  Body Weight; CRP = C-reactive Protein; FBG = Fasting Blood 
Glucose; HDL = High-Density Lipoprotein; HOMA-IR = Homeostatic Model Assessment of Insulin Resistance; IL-6 = Interleukin-6; LDL = Low-Density Lipoprotein; MCP-1 = Monocyte Chemoattractant 

Protein-1; PAI-1 = Plasminogen Activator Inhibitor-1; TG = Triglyceride; TNF-α = Tumor Necrosis Factor Alpha; WC = Waist Circumference. 
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Figure 3 Risk of Bias in Non-randomized Studies of Interventions (ROBINS-I) assessment traffic light plot 

3.3. Meta-analysis Result of Leptin Levels 

As shown in Figure 4, a meta-analysis of five studies involving 190 participants demonstrated that the MAD did not 
significantly affect serum leptin levels compared with the control diet (MD = −2.68 ng/mL, 95% CI = −7.94 to 2.57). 
Although a trend toward lower serum leptin levels was observed in the MAD group, the effect was not statistically 
significant because the 95% confidence interval crossed the null value. High heterogeneity was observed among the 
included studies (I² = 99%), indicating substantial variability in effect estimates across studies. Therefore, a random-
effects model was applied to account for between-study heterogeneity and to provide a more conservative pooled effect 
estimate. 

3.4. Meta-analysis Result of Adiponectin Levels 

As shown in Figure 5, a meta-analysis of two studies involving 37 participants showed that the MAD tended to reduce 
serum adiponectin levels compared with the control diet (MD = −0.34 μg/mL, 95% CI = −0.83 to 0.15). However, this 
difference was not statistically significant because the 95% confidence interval crossed the null value. High 
heterogeneity was observed between the included studies (I² = 98%), indicating substantial variability in effect 
estimates. Consequently, the pooled analysis was conducted using a random-effects model. 

 

Figure 4 Forest plot of leptin levels 

 

 

Figure 5 Forest plot of adiponectin levels 
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3.5. Meta-analysis Result of Ghrelin Levels 

As shown in Figure 6, a meta-analysis of three studies involving 133 participants showed that the MAD tended to reduce 
serum ghrelin levels compared with the control diet (MD = −57.55 pg/mL, 95% CI = −115.24 to 0.14). However, this 
difference was not statistically significant because the 95% confidence interval crossed the null value. High 
heterogeneity was observed among the included studies (I² = 81%), indicating substantial variability in effect estimates 
across studies. Consequently, the pooled analysis was conducted using a random-effects model. 

 

Figure 6 Forest plot of ghrelin levels 

4. Discussion 

4.1. Effect of MAD on Serum Leptin Levels in Individuals with Overweight, Obesity, and Metabolic Syndrome 

Leptin is an adipokine predominantly secreted by white adipose tissue and plays a central role in energy homeostasis 
by regulating appetite and energy expenditure.21, 22 In individuals with overweight, obesity, and metabolic syndrome, 
circulating leptin concentrations generally increase in proportion to adipose tissue mass. However, this elevation is 
frequently accompanied by leptin resistance, a condition characterized by reduced responsiveness to leptin signaling, 
resulting in impaired regulation of energy balance. 21, 22 Consequently, interventions that reduce adiposity are expected 
to decrease circulating leptin concentrations. Because leptin is primarily secreted by adipose tissue, physiological 
changes in serum leptin levels are thought to be more closely associated with changes in adiposity than with changes in 
overall body weight.21 In this context, carbohydrate restriction induced by MAD is expected to promote metabolic 
adaptations that reduce adiposity and consequently lower serum leptin levels. 23 

The present meta-analysis demonstrated a tendency for MAD to reduce serum leptin levels compared with the control 
diet (MD = −2.68 ng/mL). However, this effect did not reach statistical significance (95% CI = −7.94 to 2.57), indicating 
that the current evidence is insufficient to conclude that MAD consistently reduces serum leptin concentrations in 
individuals with overweight, obesity, and metabolic syndrome. Furthermore, the extremely high heterogeneity 
observed among the included studies (I² = 99%) suggests that the variation in study findings cannot be explained solely 
by random error but is also likely attributable to differences in participant characteristics, dietary interventions, and 
study methodologies.24 

Closer examination of the individual studies revealed that four of the five included studies (Ebbeling et al., 2012; Kong 
et al., 2020; Hayes et al., 2007; and Hu et al., 2022)15, 16, 19, 20 reported a greater reduction in serum leptin levels following 
MAD than after the control diet, although leptin concentrations also declined in the control groups. In contrast, Varady 
et al. (2011)18 reported the opposite finding, with the control group exhibiting a greater reduction in serum leptin levels 
than the MAD group. 

The findings of these four studies are consistent with the biological hypothesis underlying the present review, namely 
that MAD may reduce circulating leptin concentrations. Carbohydrate restriction forces the body to shift from glucose 
utilization toward fatty acid oxidation as the primary energy source, resulting in a metabolic state known as nutritional 
ketosis.25 Sustained reliance on fat oxidation gradually reduces body fat stores (Kong et al., 2020; Paspala et al., 2012).19, 

26 Because leptin is synthesized and secreted proportionally to adipose tissue mass, reductions in total body fat directly 
lead to lower circulating leptin concentrations.27 Moreover, previous studies have suggested that low-carbohydrate 
dietary interventions, including MAD, may improve leptin sensitivity.15 

In contrast, the study by Varady et al. (2011)18 was the only study included in this meta-analysis that demonstrated a 
different pattern of results. Although serum leptin concentrations also decreased following MAD, the magnitude of 
reduction was smaller than that observed in participants receiving the low-fat diet. Therefore, while the study still 
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supports the notion that MAD may reduce serum leptin concentrations, its findings differ from those of the other 
included studies, which consistently reported a greater leptin reduction in the MAD group than in the control group. 

Varady et al. (2011)18 proposed that this discrepancy was primarily attributable to the greater reduction in body fat 
achieved by the low-fat diet, as reflected by larger decreases in waist circumference and fat mass compared with the 
MAD group. This explanation is biologically plausible because circulating leptin concentrations are positively correlated 
with adipose tissue mass; therefore, greater reductions in waist circumference and body fat are expected to produce 
larger decreases in serum leptin levels.28 

Furthermore, Varady et al. (2011)18 suggested that the greater reduction in waist circumference and body fat observed 
in the low-fat diet group may be explained by its lower saturated fat content and higher dietary fiber intake compared 
with MAD, rendering the low-fat diet more effective in reducing adiposity. 

High dietary fiber intake and reduced saturated fat consumption influence body fat accumulation through overlapping 
metabolic and hormonal pathways that regulate energy balance and nutrient utilization.29 Increased dietary fiber intake 
has been shown to reduce adipose tissue accumulation by delaying gastric emptying and forming a viscous gel matrix 
within the intestine, thereby slowing carbohydrate absorption and attenuating postprandial insulin responses.30 This 
blunted glycemic response limits insulin-mediated triglyceride storage within adipocytes.31 In addition, fermentation 
of dietary fiber by the gut microbiota produces short-chain fatty acids, which stimulate the secretion of appetite-
regulating hormones such as glucagon-like peptide-1 (GLP-1) and peptide YY (PYY), thereby enhancing satiety and 
reducing overall energy intake.32 

Conversely, excessive saturated fat intake promotes lipid storage because saturated fatty acids are oxidized less 
efficiently by mitochondria than unsaturated fatty acids, resulting in lower whole-body fat oxidation.33 High saturated 
fat consumption also promotes the accumulation of lipotoxic intermediates, including diacylglycerol (DAG) and 
ceramides.34 These lipid metabolites impair insulin signaling in hepatic and skeletal muscle tissues by disrupting 
intracellular insulin signaling pathways and inhibiting activation of the anabolic kinase Akt/protein kinase B 
(Akt/PKB).35 Consequently, reducing saturated fat intake may preserve insulin sensitivity and limit the formation of 
these lipotoxic intermediates (Elkanawati et al., 2024).36 Collectively, these metabolic improvements may contribute to 
reduced systemic fat accumulation.37 

Nevertheless, detailed information regarding dietary fiber and saturated fat intake was unavailable in most of the 
included studies, precluding a more comprehensive comparison of their potential contributions to the observed 
differences in leptin responses. Future studies should therefore provide more detailed nutritional composition data, 
particularly regarding dietary fiber and saturated fat intake. Moreover, randomized controlled trials evaluating MAD 
formulations with higher fiber content and lower saturated fat content are warranted to clarify the roles of these dietary 
components in modulating body adiposity and serum leptin concentrations. 

Overall, the findings of this meta-analysis suggest that MAD tends to reduce serum leptin levels. However, because the 
pooled effect did not reach statistical significance, the effect of MAD on serum leptin concentrations cannot yet be 
considered conclusive. Therefore, additional high-quality studies are required to confirm these findings and provide 
more definitive evidence regarding the effects of MAD on serum leptin levels. 

4.2. Effect of MAD on Serum Adiponectin Levels in Individuals with Overweight, Obesity, and Metabolic 
Syndrome 

Adiponectin is an adipokine predominantly secreted by adipose tissue and plays a pivotal role in maintaining metabolic 
homeostasis through its anti-inflammatory properties and its ability to enhance insulin sensitivity.38 Unlike leptin, 
circulating adiponectin concentrations are generally reduced in individuals with overweight, obesity, and metabolic 
syndrome. Consequently, low adiponectin levels have been closely associated with the metabolic disturbances that 
characterize these conditions.38 Therefore, interventions that improve adipose tissue function and reduce adiposity are 
expected to increase circulating adiponectin concentrations. In this context, carbohydrate restriction induced by the 
Modified Atkins Diet (MAD) has been hypothesized to improve adipose tissue function and thereby increase serum 
adiponectin levels.38 

Contrary to the proposed physiological mechanism suggesting that reduced adiposity should be accompanied by 
increased adiponectin concentrations, the present meta-analysis of the two available studies (Buscemi et al., 2009; 
Varady et al., 2011)17, 18 demonstrated a tendency toward lower serum adiponectin levels in the MAD group compared 
with the control group (MD = −0.34 μg/mL). However, this difference did not reach statistical significance (95% CI = 
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−0.83 to 0.15). Given the limited number of available studies (n = 2) and the substantial between-study heterogeneity 
(I² = 98%), the current evidence remains insufficient to draw definitive conclusions regarding the effect of MAD on 
serum adiponectin concentrations. Accordingly, additional studies with larger sample sizes are needed to confirm these 
findings. 

Despite the absence of a statistically significant pooled effect, the potential sources of inconsistency warrant further 
examination at the individual study level. Buscemi et al. (2009)17 reported that neither MAD nor the control diet 
produced a significant effect on serum adiponectin concentrations during the two-month intervention period. Although 
adiponectin levels in the MAD group appeared to decrease slightly, from 6.2 ± 0.95 μg/mL at baseline to 5.7 ± 0.95 
μg/mL after two months, statistical analysis indicated that this change was attributable to the passage of time rather 
than to the dietary intervention itself. Interestingly, despite the minimal change in adiponectin concentrations, MAD 
exerted significant—and potentially unfavorable—effects on inflammatory markers, including interleukin-6 (IL-6), as 
well as on vascular function.17 

Furthermore, the increase in 8-iso-prostaglandin F2α observed in the study by Buscemi et al. (2009),17 a well-
established biomarker of oxidative stress, suggests the presence of oxidative damage that may interfere with 
adiponectin folding and oligomerization within the endoplasmic reticulum (ER).42 Nevertheless, the included study did 
not assess specific biomarkers of ER stress, such as Endoplasmic Reticulum Protein 44 (ERp44), Endoplasmic Reticulum 
Oxidoreductin-1-like Protein Alpha (Ero1-Lα), or C/EBP Homologous Protein (CHOP).43, 44 Therefore, the proposed 
association between oxidative stress and impaired ER chaperone function involved in adiponectin maturation remains 
hypothetical and requires confirmation through future molecular studies. 

In contrast, Varady et al. (2011)18 reported that the low-fat diet was more effective than MAD in reducing body fat mass. 
This greater reduction in adiposity was accompanied by an increase in serum adiponectin concentrations in the low-fat 
diet group, whereas adiponectin levels decreased in participants receiving MAD. These findings are consistent with the 
well-established inverse relationship between adiponectin concentrations and body fat mass.45 

As discussed in the leptin section, Varady et al. (2011)18 proposed that the greater reduction in body fat achieved with 
the low-fat diet may be attributable to its higher dietary fiber content and lower saturated fat content compared with 
MAD. These dietary characteristics may have enhanced the effectiveness of the low-fat diet in reducing adiposity, 
thereby contributing to the observed increase in serum adiponectin concentrations. 

Although both included studies demonstrated a tendency toward reduced adiponectin concentrations following MAD, 
the pooled effect estimate did not reach statistical significance. Therefore, the current evidence does not support a 
definitive conclusion that MAD decreases serum adiponectin levels. Future studies should investigate the underlying 
biological mechanisms by incorporating biomarkers related to endoplasmic reticulum stress, while also evaluating the 
effects of MAD formulations containing higher dietary fiber and lower saturated fat. In addition, well-designed studies 
with larger sample sizes and improved methodological quality are needed to strengthen the current body of evidence. 

4.3. Effect of MAD on Serum Ghrelin Levels in Individuals with Overweight, Obesity, and Metabolic Syndrome 

Ghrelin is an orexigenic hormone that plays a critical role in the regulation of energy homeostasis. Although it is 
primarily secreted by enteroendocrine cells in the stomach rather than adipose tissue, ghrelin is commonly included 
among metabolic hormones involved in appetite regulation because of its close interaction with adipokine signaling 
pathways.39 Under conditions of energy restriction and weight loss, circulating ghrelin concentrations typically increase 
as a compensatory physiological response to restore energy balance by stimulating appetite and food intake.39 However, 
during carbohydrate-restricted dietary interventions such as MAD, nutritional ketosis has been proposed to attenuate 
this compensatory increase through elevated β-hydroxybutyrate concentrations and their interactions with 
gastrointestinal hormones involved in appetite regulation.12, 40 Therefore, MAD may theoretically suppress the increase 
in ghrelin that normally accompanies weight loss. Based on this proposed mechanism, the present study evaluated 
whether this physiological effect could be demonstrated through a synthesis of evidence from the available controlled 
trials. 

The present meta-analysis demonstrated a tendency toward lower serum ghrelin concentrations in participants 
receiving MAD compared with those receiving the control diet (MD = −57.55 pg/mL). Although the direction of effect 
was consistent with the proposed physiological mechanism of nutritional ketosis, the pooled estimate did not reach 
statistical significance (95% CI = −115.24 to 0.14). Therefore, the current evidence remains insufficient to conclude that 
MAD consistently reduces serum ghrelin concentrations in individuals with overweight, obesity, and metabolic 
syndrome.24 In addition, substantial between-study heterogeneity (I² = 81%) suggests that differences in participant 
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characteristics, dietary interventions, and study methodologies may have contributed to the observed variation across 
studies.24 

Although the pooled effect was not statistically significant, the direction of change was generally consistent with the 
expected physiological response to nutritional ketosis. Both Hu et al. (2022)16 and Kong et al. (2020) reported 
reductions in serum ghrelin concentrations following the MAD intervention. Similarly, Hayes et al. (2007)20 observed 
that circulating ghrelin concentrations remained relatively stable despite substantial weight loss during the 
intervention. This finding differs markedly from the physiological response typically observed during conventional 
calorie-restricted, carbohydrate-based diets, in which weight loss is generally accompanied by a compensatory increase 
in circulating ghrelin concentrations that stimulates hunger and promotes energy intake.20, 46 

The suppression of ghrelin observed during ketogenic dietary interventions appears to be closely associated with 
nutritional ketosis. Elevated circulating ketone bodies, particularly β-hydroxybutyrate, have been suggested to act on 
the central nervous system to suppress ghrelin secretion and reduce subjective feelings of hunger.40 By attenuating the 
compensatory rise in ghrelin, ketogenic diets may facilitate long-term appetite control and improve adherence to 
dietary interventions.47 This mechanism may partly explain the relatively high compliance frequently reported among 
individuals following ketogenic dietary regimens.41 

Nevertheless, the current evidence remains limited because of the small number of available studies and the 
considerable heterogeneity among them. Consequently, additional well-designed studies are needed to clarify the effect 
of MAD on serum ghrelin concentrations. Future research should incorporate larger sample sizes, more homogeneous 
study populations, and improved methodological quality to provide more robust evidence regarding the influence of 
MAD on ghrelin regulation. 

Limitations 

This study has several limitations that should be acknowledged. First, the number of eligible studies included for each 
adipokine outcome was limited, thereby reducing the overall strength and certainty of the available evidence. 

Second, substantial heterogeneity was observed across several outcomes. This heterogeneity may be attributable to 
differences in participant characteristics, intervention duration, and study designs among the included studies. 
Consequently, the pooled effect estimates should be interpreted with caution. 

5. Conclusion 

This systematic review and meta-analysis evaluated the effects of MAD on serum adipokine concentrations in 
individuals with overweight, obesity, and metabolic syndrome by synthesizing evidence from six controlled studies. 
Overall, the findings suggest that MAD tended to reduce serum leptin, adiponectin, and ghrelin levels compared with 
the control interventions. However, none of these pooled effects reached statistical significance. Furthermore, the 
limited number of available studies and the substantial heterogeneity observed across the included studies reduce the 
certainty of the current evidence. Therefore, although MAD demonstrated a consistent tendency to lower circulating 
adipokine concentrations, its effects on serum leptin, adiponectin, and ghrelin levels remain inconclusive. Additional 
high-quality controlled studies are required to establish more definitive evidence regarding the effects of MAD on 
adipokine regulation in individuals with overweight, obesity, and metabolic syndrome. 
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