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Background: Growing evidence has demonstrated the important roles of gut microbiota and short chain fatty acids, especially
acetate, propionate and butyrate, in the development of obesity and metabolic diseases. To date, the effects of acetate, propionate and
butyrate on human adiposity and glucose metabolism remain controversial. This study aimed to explore the associations of
systemically acetate, propionate and butyrate with obesity and glucose homeostasis in patients with type 2 diabetes (T2D) and obesity.
Methods: A total of 12 patients with T2D and obesity and 8 age- and sex-matched healthy individuals with BMI <24 kg/m? were
enrolled in this study. Height, weight, body composition, blood pressure, biochemical indices, a 75-g oral glucose tolerance test, and
plasma acetate, propionate and butyrate were measured at baseline. Then, participants in T2D group were given a weight control
therapy, in addition to conventional medication, and all the measurements were repeated 12 months from baseline. The direct
segmental multi-frequency bioelectrical impedance analysis was used to assess body composition. Acetate, propionate and butyrate
levels were determined by liquid chromatography coupled to tandem mass spectrometry.

Results: Butyrate concentration significantly increased from baseline after obvious weight loss (P<0.05). Correlation analysis showed that
propionate was negatively correlated with percent of body fat (PBF) and 2-h plasma glucose (2-h PG) (P<0.05), and butyrate was negatively
associated with body mass index, visceral fat area, PBF and 2-h PG (P<0.05). No association was found between acetate and obesity.
Conclusion: Butyrate and propionate are negatively correlated with obesity and glucose levels in patients with T2D and obesity.
Keywords: obesity, type 2 diabetes, gut microbiota, short chain fatty acids

Introduction

The prevalence of obesity and its related metabolic disorders has been ascending dramatically in the past few decades
worldwide.! Obesity is the result of a long-term imbalance between energy intake and energy expenditure, characterized by
excessive deposition of adipose tissue leading to increased release of free fatty acids into the circulation, chronic low-grade
inflammation of the body and eventually the development of metabolic diseases such as type 2 diabetes (T2D).? Obesity and
T2D pandemic have become a major public health problem globally. The pathogenesis and treatment of obesity have been the
focus of researches in the past few years. Recently, the relationship between obesity and its related metabolic disturbances and
gut microbiota and short chain fatty acids (SCFAs) derived from the gut has been gradually recognized.**

SCFAs are the end products of intestinal microbial fermentation of undigested foods, and the distal ileum and
proximal colon are generally the major production sites of SCFAs. After formation in the gut, SCFAs are absorbed
through the colon and transferred into the systemic circulation. There are seven types of SCFAs in peripheral circulation,
among which acetate, propionate and butyrate account for the most majority.” Acetate, propionate and butyrate have been
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shown to play important roles in host energy metabolism and glucose homeostasis.® The results of a meta-analysis
suggested that acetate administration (apple cider vinegar consumption) had a favorable effect on glycemic parameters
and lipid profiles.” A study conducted by Yoshida et al showed that propionate might have the potential preventive and
therapeutic effects on diabetes by suppressing gluconeogenesis.® Wu et al found that the abundance of butyrate-
producing bacteria significantly decreased in patients with obesity and T2D, and this result was independent of
metformin treatment.”

Growing evidence has demonstrated that SCFAs exert the beneficial effects on appetite control, weight loss, insulin
resistance improvement and glucose homeostasis maintainment via increasing the secretion of gut hormones, particularly
glucagon-like peptide-1 (GLP-1) and peptide YY (PYY).'” Nevertheless, most of these data come from animal and
in vitro studies, and the effects of SCFAs on human adiposity and glucose metabolism remain controversial.'' Therefore,
this study aimed to explore the associations between systemically SCFAs, mainly acetate, propionate and butyrate, and
obesity and glucose homeostasis in patients with T2D and obesity.

Materials and Methods

Study Subjects
Patients aged 18 to 60 years with obesity and T2D who visited our outpatient clinic from January 2022 to May 2022 were selected
as the study subjects. Obesity was defined as body mass index (BMI) >28 kg/m? based on the Asia-Pacific diagnostic criteria for
obesity.'? The diagnosis of T2D was made according to the Chinese Guidelines for the Prevention and Treatment of T2D (2020
Edition)."* After excluding patients suffering from severe cerebro-cardiovascular diseases or uncontrolled mental disorders,
complicated with severe liver or kidney dysfunction, being pregnant or lactating, or unwilling to provide written informed
consent, a total of 12 patients were enrolled in this study. Meanwhile, 8 age- and sex-matched healthy individuals with BMI
<24 kg/m? (the threshold for overweight diagnosis in the Asia-Pacific region) were selected as the controls. Height, weight, body
composition, blood pressure, biochemical indices, a 75-g oral glucose tolerance test (OGTT), and plasma SCFAs, including
acetate, propionate, butyrate, isobutyrate, valerate, isovalerate, and caproate, were measured at baseline. Then, participants in
T2D group were given a weight management regimen including a high-protein diet and moderate exercise training, in addition to
conventional medication. All the measurements were repeated in patients of T2D group 12 months from baseline.

The study was approved by the Ethics Committee of Tianjin Union Medical Center (approval number: 2021C06) and
registered at www.chictr.org.cn (registration number: ChiCTR2100044305). All the participants provided written informed
consent.

Demographic Data and Clinical Information Collection

Information on gender, age, ethnicity and previous medical history including hyperglycemia, nonalcoholic fatty liver disease
(NAFLD), hypertension, hyperlipidemia and hyperuricemia were recorded in detail. After a 10-minute rest, blood pressure
was measured three times with an automatic electronic sphygmomanometer, and the average value was taken.

Anthropometry and Body Composition Evaluation

All participants were asked to come to our clinic in a fasting state for height, weight and body composition assessments. BMI was
determined via the value of height and weight. The direct segmental multi-frequency bioelectrical impedance analysis (BIA)
(InBody 770, Bio-space Inc., Korea) was used to measure body composition, including visceral fat area (VFA) and percent of
body fat (PBF). The detailed procedure for measurement of body composition had been described in our previous study.'*

Biochemical Indices Determinations and Homeostatic Model Assessment of Insulin
Resistance (HOMA-IR) Calculation

After an overnight fast, blood samples were collected. Biochemical indices including fasting plasma glucose (FPG), uric acid
(UA), alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglycerides (TG), high-density
lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were detected by an automatic biochemical
analyzer (TBA-120FR, Toshiba, Tokyo). Fasting insulin (FINS) was determined by chemiluminescent immunoassay. HOMA-IR
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was calculated as FPG (mmol/L) x FINS (IU/L)/22.5."> Hemoglobin A, (HbA,)) was measured by high-performance
chromatography. After completing fasting blood sample collection, all participants received a 75-g OGTT and 2-h plasma
glucose (2-h PG) and 2-h insulin (2-h INS) were determined.

SCFAs Measurements

Plasma concentrations of SCFAs, including acetate, propionate, butyrate, isobutyrate, valerate, isovalerate and caproate,
were detected using fasting serum samples by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)
(Waters ACQUITY UPLC I-Class, SCIEX QTRAP 6500).

Statistical Analysis

SPSS statistical software (version 27.0) was used for statistical analyses. Normally distributed continuous data were
expressed as mean * standard deviation, and non-normally distributed continuous data were presented as median
(interquartile range). Categorical variables were indicated as numbers (percentages). For comparing the differences of
baseline indices between the control and T2D group, independent sample z—test was performed to analyze the normally
distributed data, and Mann—Whitney U-test was used for non-normally distributed data analysis. Unpaired z—test and
Wilcoxon test were adopted to analyze the normally and non-normally distributed data of the T2D group before and after
intervention. Categorical variables were compared using chi-squared test. Pearson correlation analysis was used to
explore the association between SCFAs and obesity and some biochemical indices. P value <0.05 was considered to be

statistically significant.

Results

Baseline Characteristics of the Control and T2D Group

A cohort of 12 patients who met the inclusion criteria were recruited as the T2D group, and 8 healthy individuals without
overweight or obesity were included as the control group. There was no significant difference in the proportion of male
and female subjects between the two groups. Other baseline characteristics, including age and ethnicity, were similar
between groups. However, the incidence of cardiometabolic diseases, such as NAFLD, hypertension, hyperlipidemia and
hyperuricemia, was significantly higher in the T2D group, while none of these diseases, including hyperglycemia, was
present in subjects of the control group. The baseline characteristics of the two groups are demonstrated in Table 1.

Table | Baseline Characteristics of the Control and T2D

Group
Variables Control Group | T2D Group
Total, n (%) 8 (40.0) 12 (60.0)
Gender
Male, n (%) 4 (50.0) 5(41.7)
Female, n (%) 4 (50.0) 7 (583)
Age, years 33.00 * 6.02 36.25 +9.29
Han ethnicity, n (%) 7 (87.5) I (91.7)
Hyperglycemia, n (%) | 0 (0.0) 12 (100.0)
NAFLD, n (%) 0 (0.0 I (91.7)
Hypertension, n (%) 0 (0.0 7 (58.3)
Hyperlipidemia, n (%) | 0 (0.0) 8 (66.7)
Hyperuricemia, n (%) 0 (0.0 4 (33.3)

Abbreviations: T2D, type 2 diabetes; NAFLD, nonalcoholic fatty liver

disease.
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Clinical Features and SCFAs Levels of the Control and T2D Group Before and After

Intervention

As for comparison between the control group and the T2D group before intervention, BMI, PBF and VFA were significantly
higher in the T2D group than in the control group (P<0.05). Patients in the T2D group had obviously higher systolic blood
pressure (SBP), diastolic blood pressure (DBP), FPG, 2-h PG, FINS, 2-h INS, HOMA-IR, HbA ., UA, ALT, AST, TC, TG and
LDL-C than subjects in the control group, except for HDL-C, which has cardiovascular protective effects (P<0.05). There
were no significant differences of SCFAs levels between the two groups. Compared with before intervention, BMI, PBF, VFA,
DBP, FPG, 2-h PG, FINS, 2-h INS, HOMA-IR, HbA ., UA, ALT, AST, TC, TG and LDL-C significantly decreased, while
HDL-C significantly increased, after intervention in the T2D group (P<0.05). Regarding the changes of SCFAs concentrations

after significant weight loss, no obvious changes were observed except for an increase in butyrate and isobutyrate levels

(P<0.05). The detailed results are shown in Table 2 and Figure 1.

Table 2 Clinical Features and SCFAs Levels of the Control and T2D Group Before

and After Intervention

Characteristics

Control Group

T2D Group (n=12)

(n=8)
Before After

BMI, kg/m? 20.89 + 1.50 36.67 + 5.94° 29.58 + 4.45°
VFA, cm? 64.39 £ 17.64 202.05 + 45.52° 139.87 + 45.84°
PBF, % 2440 + 6.78 42.20 + 8.29* 35.25 + 7.65°
SBP, mmHg 107.88 + 12.86 142.75 + 20.48* 131.42 £ 13.72
DBP, mmHg 64.00 + 7.87 89.92 + 14.58% 80.33 + 12.99°
FPG, mmol/L 4.54 + 0.54 8.89 + 3.15% 470 + 0.82°
2-h PG, mmol/L 6.22 (5.03, 6.33) 16.85 (12.08, 20.96)* 6.21 (5.05, 6.95)°
FINS, pU/mL 10.23 (8.56, 12.60) 25.98 (15.73, 45.38)* 14.68 (10.34, 16.90)°
2-h INS, pU/mL 15.85 + 4.47 95.73 + 49.52° 83.23 + 41.05
HOMA-IR 2.26 (1.67, 2.41) 9.30 (4.95, 22.82)* 3.27 (2.03, 3.90)°
HbA ¢, % 5.28 £ 0.21 7.82 +222° 5.60 £ 0.51°
UA, umol/L 271.25 + 42.60 403.92 + 139.39* 308.17 + 64.95°
ALT, IU/L 12.13 £3.27 59.91 + 39.62° 23.68 + 17.44°
AST, IU/L 17.25 £ 2.43 40.85 + 23.81° 21.16 + 11.74°
TC, mmol/L 4.66 + 0.78 5.67 + 0.80° 450 + 1.16°
TG, mmol/L 0.88 (0.69, 1.13) 2.73 (2.00, 3.94)* 1.31 (0.98, 1.70)®
HDL-C, mmol/L 1.68 + 0.42 I.11 £ 034 .16 £ 0.13
LDL-C, mmol/L 2.72 £ 0.56 3.80 + 1.24° 2.95 + 0.80°
Acetate, ng/mL 3577.50 + 1135.83 6105.20 + 4091.87 4306.56 + 1426.88
Propionate, ng/mL 411.33 £ 35.00 405.77 £ 57.78 42821 £ 53.21
Butyrate, ng/mL 507.80 + 75.09 499.63 £ 40.06 553.22 + 82.38°
Isobutyrate, ng/mL 203.15 + 24.26 201.99 + 16.72 21821 * 32.06°
Valerate, ng/mL 47.14 + 21.56 60.55 + 20.19 62.18 + 23.73
Isovalerate, ng/mL 466.20 + 212.87 505.80 + 130.61 521.74 + 186.48
Caproate, ng/mL 728.04 + 58.83 766.35 + 53.19 71128 £ 101.82

Notes: °P < 0.05, the comparison of values between the control group and the T2D group at baseline, °P < 0.05, the

comparison of values of the T2D group before and after intervention.

Abbreviations: SCFAs, short chain fatty acids; BMI, body mass index; VFA, visceral fat area; PBF, percent of
body fat; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; 2-h PG,
2-h plasma glucose; FINS, fasting insulin; 2-h INS, 2-h insulin; HbA, ., hemoglobin A,; UA, uric acid; ALT, alanine
transaminase; AST, aspartate transaminase; TC, total cholesterol; TG, triglycerides; HDL-C, high-density

lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
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Figure | Different SCFAs levels of the control and T2D group before and after intervention. (a) Acetate, (b) propionate, (c) butyrate, (d) isobutyrate, (e) valerate, (f)
isovalerate, (g) caproate. SCFAs, short chain fatty acids. P<0.05 represents the difference between two groups.
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Table 3 Correlations Between SCFAs and Obesity
and Biochemical Indices

Variables | Acetate | Propionate | Butyrate
Obesity
BMI —0.048 —0.266 —0.433*
VFA —0.041 —0.405 —0.588*
PBF —0.253 —0.645* —0.770%*
OGTT
FPG 0.264 —0.001 —0.288
2-h PG 0.150 —0.455* -0.53*
FINS 0.03 —0.097 —0.22
2-h INS 0.022 —0.302 —0.156
HAb, ¢ 0.339 —0.251 —0.360
HOMA-IR 0.099 —0.127 —0.276

Note: * P<0.05.

Abbreviations: SCFAs, short chain fatty acids; BMI, body mass
index; VFA, visceral fat area; PBF, percent of body fat; OGTT, oral
glucose tolerance test; FPG, fasting plasma glucose; 2-h PG,
2-h plasma glucose; FINS, fasting insulin; 2-h INS, 2-h insulin;
HbA,., hemoglobin A,; HOMA-IR, homeostasis model assess-
ment of insulin resistance.

Correlations Between SCFAs and Obesity and Biochemical Indices

The associations of SCFAs and obesity, glucose and insulin secretion were analyzed when all the subjects were
considered as a single cohort. Results showed that propionate was negatively correlated with PBF and 2-h PG
(P<0.05), and butyrate was negatively associated with BMI, VFA, PBF and 2-h PG (P<0.05). No significant difference
was found in other correlations. The results are exhibited in Table 3 and Figure 2.

Discussion

In this study, we explored the associations between systemically SCFAs, mainly acetate, propionate and butyrate, and obesity,
glucose and insulin secretion in patients with T2D and obesity. The results showed that butyrate significantly increased after
dramatic weight loss, and butyrate and propionate were inversely correlated to obesity and glucose metabolism.

There is accumulating evidence indicating that SCFAs have anti-obesity and metabolic health protective effects. In studies on
high-fat diet (HFD)-fed mice, Den et al found that adding oral sodium acetate for 12 weeks reduced weight gain by about 30%
compared to mice fed HFD alone.'® Moreover, weight gain of HFD-fed mice was suppressed to a greater extent (around 72%) by
prolonging the duration of sodium acetate supplementation.'” Another study conducted by Yamashita et al explored the effects of
oral acetate administration on obesity and glucose metabolism in obesity-related type 2 diabetic rats, and the results showed that
acetate treatment markedly reduced lipid and fat accumulation in adipose tissue and liver, significantly suppressed weight gain,
and obviously ameliorated hyperglycemia.'® The underlying mechanisms by which SCFAs beneficially affect weight control and
metabolic diseases may be primarily due to their ability to regulate appetite and satiety via the central hypothalamic and gut-
derived hormone pathways. SCFAs are produced in the intestine, the most abundant of which are acetate, propionate and
butyrate, and then transported into the systemic circulation. Acetate had been shown to be able to cross the blood—brain barrier,
accumulate in the hypothalamus and act on the satiety center of the central nervous system in HFD-fed mice.'® Researches have
demonstrated that the suppressive role of acetate on appetite in the central nervous system was mainly through the glutamate—
glutamine circuitry, which led to increased production of gamma aminobutyric acid and neuropeptides with appetite inhibiting
role.® Additionally, in peripheral tissues, SCFAs can bind to the G-protein coupled receptors (GPR) 41 and GPR43, broadly
expressed in the ileum and insulin sensitive tissues, including liver, adipose tissue, skeletal muscle and islet B cells, activate
downstream signaling pathways and increase the secretion of gut-derived satiety hormones such as GLP-1 and PYY.?' Besides,
arodent study has found that acetate and propionate can promote the transcription of leptin gene and increase leptin release from
the adipose tissue.”” Soliman et al found that acetate, butyrate and propionate enhanced the expression of leptin mRNA in in vitro
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Figure 2 Scatter plots show the relationship between acetate, propionate, butyrate and measures of obesity. (a) Acetate, (b) propionate, (c) butyrate. BMI, body mass
index; PBF, percent of body fat; VFA: visceral fat area. *This set of data refer to the right Y-axis.

cultured bovine adipocytes.” Furthermore, a few studies have suggested that acetate may confer the bodyweight control effect
via reducing lipid level, increasing fasting fat oxidation and energy expenditure in humans.**

The beneficial roles of SCFAs in obesity and metabolic diseases and the putative mechanisms have been clearly confirmed and
elucidated in animal and in vitro cell studies. However, data on the roles of SCFAs in human obesity and metabolic diseases are
scare, and the results of the existing human researches have demonstrated some discrepancies. A study conducted by Layden et al
assessed the association of serum SCFAs with obesity and insulin secretion in women with obesity and polycystic ovary syndrome
and found that serum acetate was inversely correlated with visceral adipose tissue mass and insulin levels in this population,
suggesting that acetate might have anti-obesity and insulin resistance roles.> The results of our current study were similar to those
of Layden et al, which also found that SCFAs, in particular butyrate, were negatively associated with obesity, abdominal obesity
and glucose metabolism. What’s more, butyrate levels significantly increased after dramatic weight loss, which further suggested
that butyrate might have a protective effect against obesity. In this study, we also found the negative correlation between
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propionate and body fat mass and plasma glucose, while no correlation between propionate and BMI. The possible reasons might
be that BMI does not reflect body fat and muscle mass, and so it is not an accurate indicator for assessing obesity, and the increase
in body fat mass is the major cause of the development of metabolic diseases.”® On the contrary, another study conducted by
Martina et al showed inconsistent findings with those of Layden et al and our study. They found a positive association of plasma
acetate, propionate, and butyrate with the degree of obesity, total body fat, visceral fat and hepatic de novo lipogenesis in children
and adolescents. Moreover, plasma concentrations of acetate, propionate, and butyrate were positively related with changes in
adiposity over a mean follow-up time of 2.2 + 1.7 years. The authors also analyzed the possible reason for this positive association
between SCFAs and obesity, which might be due to the energy-harvesting role of SCFAs.?” Previous studies have suggested that
SCFAs provide an additional energy source, which ultimately results in extra deposition of adipose tissue and abnormal lipid
metabolism and glucose homeostasis. It has been estimated that the extra energy generated from SCFAs is equivalent to around
10% of the total daily energy supply.?®

To our knowledge, this is the first study demonstrating the negative associations between butyrate and propionate and
obesity and glucose metabolism and showing the increase of butyrate concentrations after significant weight loss in patients
with diabetes and obesity. Nevertheless, this study has some limitations. Firstly, some factors, which may influence SCFAs
levels such as alcohol intake, were not collected. Secondly, we do not measure fecal SCFAs levels, which may be more closely
related to gut microbiota. Another limitation is that the results do not explain the casual relationship between SCFAs and
obesity. Future studies, including animal experiments, are needed to verify the causality between SCFAs and obesity. Finally,
the sample size of this study is relatively small, and the major study cohort is diabetes cohort.

In conclusion, this study revealed that butyrate was negatively associated with obesity, abdominal obesity and glucose
metabolism, and butyrate levels increased after significant weight loss. Meanwhile, it showed the negative correlation
between propionate and body fat mass and plasma glucose. Further researches with larger sample size, more diverse
disease cohorts are required to elucidate the role of SCFAs in obesity and metabolic diseases and clarify the casual
relationship between SCFAs and obesity.
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