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Background: Adequate intake of folic acid (FA) has been proven essential for metabolism, cellular homeostasis, and antioxidant
effects in diabetic patients. Our aim was to evaluate the association between serum folate levels and the risk of insulin resistance in
patients with type 2 diabetes mellitus (T2DM) and to provide new ideas and approaches for reducing the risk of T2DM.

Methods: This was a case—control study involving 412 participants (206 with T2DM). Anthropometric parameters, islet function,
biochemical parameters and body composition of T2DM group and control group were determined. Correlation analysis and logistic
regression were used to evaluate the risk factors associated with the onset of insulin resistance in T2DM.

Results: The folate levels in type 2 diabetic patients with insulin resistance were significantly lower than those in patients without
insulin resistance. Logistic regression showed that FA and high-density lipoprotein were independent influencing factors for insulin
resistance in diabetic patients (P < 0.05). After adjusting for confounding factors, the degree of insulin resistance in diabetic patients
was in a significant inverse relationship with folate levels (P< 0.05). We also found that below the serum FA threshold of 7.09 ng/mL
insulin resistance was significantly more elevated.

Conclusion: Our findings suggest that the risk of insulin resistance increases with the decrease in serum FA levels in T2DM patients.
Monitoring folate levels in these patients and FA supplementation are warranted preventive measures.
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Plain Language Summary

Folic acid, as an important nutrient, plays an important role in human health. This paper explains the mechanism and role of folic acid
in insulin resistance in type 2 diabetes, which is mainly caused by oxidative stress induced by high homocysteine induced by FA
deficiency. This paper highlights the correlation between serum folic acid levels and the risk of insulin resistance in Chinese type 2
diabetic patients and explores the factors influencing the development of insulin resistance. This study further describe the correlation
between folate levels and the tendency to develop insulin resistance in patients with T2DM, insulin resistance was significantly
elevated below the serum FA threshold of 7.09 ng/mL. Therefore, our results suggest that monitoring folate levels and supplementation
of FA in type 2 diabetic patients is warranted.

Introduction

A recent epidemiological study' shows that approximately 10% of the adults worldwide have diabetes, of whom 90%
have type 2 diabetes mellitus (T2DM), and Asia is an important locus of the so-called T2DM epidemic. Risk factors
driving the prevalence of T2DM mainly include obesity, smoking, sedentary lifestyle’ and unhealthy dietary patterns
such as long-term consumption of high-calorie foods.? Folic acid (FA), an essential nutrient, has been linked to the risk
of type 2 diabetes in several previous studies.” At present, the proven pathogenesis of T2DM mainly includes insulin
deficiency and insulin resistance caused by islet B-cell defects.” Insulin resistance, commonly defined as reduced

Diabetes, Metabolic Syndrome and Obesity 2023:16 1481-1491 1481
Received: 13 March 2023 © 2023 Yang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
s 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 2 May 2023
Published: 19 May 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-7228-2225
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Yang et al Dove

sensitivity and responsiveness of islet B-cell-mediated glucose metabolism, inhibits hepatic glucose conversion to
proglucagon and plays an important pathophysiological role in the pathogenesis of T2DM.® It is commonly associated
with visceral fat content, glucose intolerance, chronic blood pressure, dyslipidemia, endothelial dysfunction, and
certain inflammatory markers. Insulin resistance seriously affects the normal ability of the body to absorb and store
glucose and triglycerides, resulting in long-term high levels of glucose and triglycerides in the blood circulation,”®
which significantly increases the incidence of macrovascular and microvascular lesions in diabetic patients. In
addition, the loss of muscle strength caused by long-term insulin resistance is also an important factor in the physical
limitation and disability of diabetic patients.”'” A meta-analysis by Schellenberg'' suggested that management
strategies for T2DM, such as a healthy lifestyle and moderate folate supplementation, significantly reduced the
incidence of diabetes complications. Therefore, it is necessary to further explore the role of folate in the risk of
insulin resistance in T2DM.

Vitamin B9, also known as folic acid (FA), is widely found in green vegetables, beans, nuts and animal tissues, and its
deficiency has been linked to conditions such as megaloblastemia, neural tube defects, cardiovascular disease, cancer and
Alzheimer’s. The 2017 Food Fortification Initiative report lists 86 countries that mandate FA fortification.'” As
a coenzyme of the one-carbon unit transferase system in biochemical reactions in vivo, FA plays the role of one-
carbon unit transmitter, participates in amino acid metabolism, and is an important cofactor for the conversion of
homocysteine (Hcy) to methionine.'® Several previous studies have demonstrated that elevated levels of Hey also lead to
significantly increased risks of cardiovascular disease, nephropathy and retinopathy associated with diabetes mellitus,'*'>
which is mainly related to the adverse effects of Hcy on endothelial cells through oxidative stress-mediated inflammatory
mechanisms.'® Deficiency of folate levels in humans may therefore increase the risk of T2DM and its microvascular
complications. Omid and Lind meta-analyses”’]8 both showed that moderate FA supplementation improved glycemic
control and insulin resistance by reducing homocysteinemia in type 2 diabetic patients. In addition, an experimental
animal study showed that moderate FA supplementation improved insulin resistance in high-fat diet-fed mice by altering
the deoxyribonucleic acid (DNA) methylation profile.'” Therefore, FA supplementation may be a feasible and cost-
effective intervention for the prevention and treatment of diabetes. This study evaluated the association between serum
folate levels and the risk of insulin resistance in T2DM, and provided new ideas and approaches for reducing the risk of
T2DM.

Methods

Selection and Recruitment of Participants

A total of 206 diabetic patients who were hospitalized in the Department of Endocrinology of Hebei Provincial People’s
Hospital from 2020 to 2022 were recruited as the T2DM group, and a total of 206 patients without T2DM who were
admitted to the Physical Examination Center of Hebei Provincial People’s Hospital during the same period were selected
as the control group. Ethical approval was obtained from the Ethics Committee of Hebei Provincial People’s Hospital and
all participants signed written informed consent (Ethics registration number: 2023020). Diabetic patients were eligible to
meet the the 1999 WHO diagnostic criteria®® for diabetes: Typical diabetes symptoms plus random blood glucose
>11.1mmol/L, or typical diabetes symptoms plus fasting blood glucose (FBG) >7.0mmol/L, or typical diabetes symptoms
plus oral glucose tolerance test (OGTT) 2-hour blood glucose > 11.1mmol/L, or classic glucuria symptoms plus
glycosylated hemoglobin (HbAlc) >6.5%. If there are no classic symptoms of diabetes, the above tests should be
repeated to confirm the diagnosis of diabetes. We used the previous medical records of the participants to eliminate
people who did not meet the criteria. Exclusion criteria were as follows: 1) Other types of diabetes excluding type 2
diabetes, such as type 1 diabetes, special type diabetes, gestational diabetes; 2) Patients with acute complications of
diabetes: such as diabetic ketoacidosis, hyperosmolar hyperglycemic coma or hypoglycemic coma; 3) Patients with
severe heart, liver and kidney function impairment; 4) Patients with malignant tumor diseases; 5) Patients with severe
neurological diseases or mental disorders; 6) Patients with folate, vitamin B and related vitamin B derivatives and

compound preparations.
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Data Collection

We used a questionnaire to ask patients about their basic information, including gender, age, duration of diabetes, past history,
smoking history, and alcohol consumption were asked at the time of presentation. Weight, height, abdominal circumference
(WCQ), systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured at the time of appointment and fasting.

Biochemical Analysis

All subjects included in this experiment were fasted for 812 hours, and venous blood was taken in the morning. Blood
samples were stored in refrigerated containers, centrifuged within 1 hour after collection, and determined by HitWChi 7600
automatic biochemical analyzer from Hitachi. The detection indicators include FBG, fasting insulin (FINS), HbAlc,
glualanine transaminase (ALT), glutenase transaminase (AST), total cholirubin (TBIL), direct bilirubin (DBIL), indirect
bilirubin (IBIL), glomerular filtration rate (GFR), serum creatinine (Scr), serum uric acid (SUA), blood urea nitrogen (BUN),
serum total protein (TP), serum albumin (ALB), hemoglobin (HB), total cholesterol (TC), triglyceride (TG), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), apolipoprotein B (ApoB), serum potassium
(K), serum sodium (Na), serum calcium (Ca). Human serum folate blood samples were collected and stored in a refrigerator at
—80°C until assay time, and were determined by liquid chromatography tandem mass spectrometry (LC-MS).

Define

We used the homeostasis Model Assessment of Insulin resistance (HOMA-IR index): HOMA-IR index = FBG xFINS/
22.5. The cut-off point of HOMA-IR value for defining insulin resistance was suggested to be 2.69, owing to a previous
large Chinese study showed that the cut-off point of HOMA-IR value was more consistent with the diagnostic criteria of
insulin resistance in Chinese patients with T2DM.?' Therefore, those with HOMA-IR score greater than 2.69 were
defined as IR group, and those with HOMA-IR value less than 2.69 were defined as Non-IR group.

Data Analysis

We used SPSS 26.0 software for data analysis. The measurement data with normal distribution and approximate normal
distribution were expressed as Mean+ standard deviation (Mean+SD), and two independent sample ¢-test was used for
comparison between the two groups. Skewed distribution data were represented by median and interquartile interval
Median (P25, P75). Paired sample #-test was used for differences consistent with normal distribution, and Wilcoxon
signed-rank sum test was used for inter-group analysis for differences not consistent with normal distribution.
Enumeration data were expressed as percentages and analyzed by chi-square test. To further understand the relationship
between serum folate and other indexes, Spearman correlation analysis was used to further evaluate the correlation
between serum folate and other indexes.

Multiple logistic regression models were used to estimate the odds ratio (OR) and 95% confidence intervals (95% CI)
of the relationship between insulin resistance and other indicators. Multiple logistic regression analysis was used to detect
the related influencing factors of insulin resistance. When P < 0.05, it indicated that this index was an independent
influencing factor of insulin resistance in type 2 diabetic patients. In addition, in order to better understand the risk of
insulin resistance in diabetic patients under different serum folate concentrations, we divided the subjects into four
groups according to the quartile of serum folate. The trend test was conducted with whether the diabetic patients had
insulin resistance as the dependent variable and serum folate concentration as the independent variable. To visualize the
relationship between serum folate concentration and glucose metabolism in diabetic patients. Using HOMA-IR, FBG and
FINS as dependent variables respectively and serum folate concentration as independent variables, we fitted restricted
cubic splines to test the nonlinear association between serum folate level and each index.

According to previous studies, folate levels in diabetic patients are influenced by a variety of factors. To investigate
the complex interaction between serum FA levels and the risk of insulin resistance in T2DM, we performed regression
analyses on three different models while adjusting for possible confounders to make the results more reliable. In the
original model, we only included indicators with P < 0.1 in the basic factors into the multiple logistic regression model.
In Model 1, age, gender, smoking history, drinking history and diabetes history were added on the basis of the original
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model to obtain further data results in the multiple logistic regression model. On the basis of Model 2, the effects of
confounding factors such as TC, ApoB, ALB, HB and GFR were further corrected in model 3, which made the results
more referable.

Results

A total of 412 patients were enrolled in this study, with an average age of 50.60+12.09. There were 202 females and 210
males, all of whom were Chinese. The results of data comparison between healthy control group and diabetic group
showed that serum folate level in diabetic group was significantly lower than that in normal control group (7.07 (5.20,
10.64) vs 10.10 (6.70, 14.26), P < 0.001), this can be seen in Table 1. The serum folate level of IR group was

Table | Comparison of Baseline Data Between T2DM Group and NC Group

Variables Total (n=412) T2DM (n=206) NC (n=206) P-value
General physical indicators Gender, male, n (%) 202 (49.02) 83 (40.29) 119 (57.77) <0.001
Age, years 50.60 (£12.10) 50.96 (+13.98) 50.24 (+9.84) 0.548
Height, cm 167.00 (161.00, 173.00) | 168.00 (161.00, 173.00) | 166.00 (161.00, 173.00) 0.355
Weight, kg 70.00 (62.00, 80.00) 74.60 (64.60, 84.00) 68.00 (59.00, 75.00) <0.001
BMI, kg/m? 25.71 (+4.10) 26.95 (+4.43) 24.45 (+£3.29) <0.001
WC, cm 89.00 (81.00, 97.00) 92.00 (85.00, 100.00) 85.00 (78.00, 91.00) <0.001
SBP, mmHg 127.00 (114.00, 140.00) | 131.00 (120.00, 145.00) | 121.00 (110.00, 137.00) | <0.00!
DBP, mmHg 82.12 (x11.98) 83.29 (x12.38) 80.94 (£11.45) 0.047
Diabetes duration, years 6.41 (£7.02) 6.41 (£7.02) - -
Smoking history, n (%) 83 (20.15) 45 (21.85) 38 (18.45) 0.390
Alcohol history, n (%) 116 (28.16) 38 (18.45) 78 (37.86) <0.001
Blood lipid indices TC, mmol/L 4.98 (4.28, 5.57) 4.89 (4.02, 5.69) 5.02 (4.46, 5.48) 0.305
TG, mmol/L 1.30 (0.93, 2.08) 1.65 (1.10, 2.63) 1.08 (0.86, 1.50) <0.001
HDL-C, mmol/L 1.23 (1.01, 1.49) 1.04 (0.91, 1.23) 1.42 (1.23, 1.65) <0.001
LDL-C, mmol/L 3.18 (2.66, 3.69) 3.19 (2,62, 3.81) 3.12 (2.70, 3.59) 0418
ApoB, g/L 0.90 (0.73, 1.06) 0.94 (0.77, 1.12) 0.86 (0.70, 1.02) <0.001
Hepatic function indices AST, U/L 20.10 (17.10, 24.60) 20.20 (16.50, 29.00) 19.90 (17.70, 23.10) 0.218
ALT, U/L 18.60 (14.00, 27.10) 21.40 (15.00, 32.20) 17.10 (12.90, 22.50) <0.001
GGT, U/L 22.10 (15.90, 34.20) 25.70 (18.60, 40.80) 19.00 (14.10, 28.80) <0.001
TBIL, pmol/L 14.10 (11.10, 17.80) 14.80 (11.40, 19.40) 13.30 (11.00, 16.20) <0.001
DBIL, pmol/L 2.20 (1.70, 2.90) 2.60 (1.90, 3.40) 2.10 (1.60, 2.50) <0.001
IBIL, pmol/L 11.60 (9.50, 14.90) 12.40 (9.50, 15.40) 11.10 (9.40, 13.90) 0.013
Renal function indices GFR, mL/min 104.45 (96.38, 112.99) 105.55 (96.51, 117.61) 103.54 (96.13, 109.22) 0.006
Scr, pmol/L 61.10 (54.10, 69.70) 60.70 (53.10, 67.00) 61.50 (54.80, 73.00) 0.038
SUA, umol/L 317.70 (263.60, 392.60) | 322.50 (271.30, 395.80) | 312.30 (258.50, 388.50) 0.176
BUN, g/L 4.90 (4.18, 5.87) 5.00 (4.20, 6.20) 4.70 (4.09, 5.59) 0.011
Biochemical indexes TP, g/L 71.90 (68.20, 74.70) 70.40 (65.50, 74.70) 72.30 (70.00, 74.60) <0.001
ALB, g/L 43.70 (41.80, 45.30) 43.10 (40.20, 44.90) 44.20 (43.00, 45.70) <0.001
HB, g/L 144.00 (133.00, 155.00) | 146.00 (134.00, 155.00) | 142.00 (132.00, 155.00) 0.196
Electrolyte K, mmol/L 4.00 (3.80, 4.30) 3.80 (3.60, 4.10) 4.10 (3.90, 4.40) <0.001
Na, mmol/L 140.00 (138.00, 141.00) | 139.00 (137.00, 140.00) | 140.00 (139.00, 141.00) | <0.00l
Ca, mmol/L 2.37 (2.30, 2.43) 2.33 (2.26, 2.41) 2.40 (2.34, 2.44) <0.001
FBG, mmom/L 5.52 (5.04, 6.06) 5.88 (5.01, 6.93) 5.37 (5.05, 5.64) <0.001
FA, ng/ml 8.46 (5.87, 12.83) 7.07 (5.20, 10.64) 10.10 (6.70, 14.26) <0.001

Abbreviations: T2DM, type 2 diabetes mellitus; NC, normal control groups; BMI, body mass index; WC, waist circumference; BP, systolic blood pressure; DBP, diastolic
blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein- cholesterol; LDL-C, low-density lipoprotein-cholesterol; ApoB, Apolipoprotein B;
AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, glutamyltransferase; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin; GFR, glomerular
filtration rate, Scr, serum creatinine; SUA, serum uric acid; TP, total albumin; ALB, serum albumin; HB, hemoglobin; FBG, fasting blood glucose; FINS, fasting serum insulin;
FA, folic acid.
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significantly lower than that of Non-IR group, (5.92, 4.09, 9.02) vs 8.16 (6.33, 13.76), P < 0.001) and HDL (0.97 (0.87,
1.17) vs 1.11 (0.98, 1.30), P< 0.001), HbAlc (9.20 (7.50, 10.90) vs 10.30 (8.40, 11.60), P= 0.005). Fasting blood glucose
in IR group was significantly higher than that in Non-IR group (6.47 (5.56, 7.66) vs 5.51 (4.74, 6.14), P<0.001) and FINS
(9.88 (7.84, 16.51) vs 3.84 (2.04, 5.18), P<0.001), BMI (27.55 (24.77, 30.08) vs 25.53 (23.26, 27.61), P<0.001), WC
(94.00 (86.80, 102.00) vs 91.00 (84.00, 99.00), P=0.034), TG (1.80 (1.21, 2.89) vs 1.47 (1.03, 2.39), P=0.011). (The
results are shown in Table 2).

Spearman correlation coefficient was used to study the correlation between serum FA levels and other indicators. The
results showed that serum folate was positively correlated with HDL-C, K and Ca (r = 0.176, 0.249, 0.171, respectively).

Table 2 Baseline Data of Patients with Type 2 Diabetes Mellitus in IR Group and Non-IR Group

Variables Total (n=206) IR (n=99) Non-IR (n=107) P-value
General physical indicators Gender, male, n (%) 83 (40.29) 38 (38.38) 45 (42.06) 0.591
Age, year 50.96 (+13.98) 51.40 (£12.91) 50.49 (+15.05) 0.642
Height, cm 167.53 (+£8.08) 167.83 (£8.46) 167.25 (£7.71) 0.606
WC, cm 92.00 (85.00, 100.00) 94.00 (86.80, 102.00) 91.00 (84.00, 99.00) 0.034
BMI, Kg/m? 26.26 (23.84, 29.14) 27.55 (24.77, 30.08) 25.53 (23.26, 27.61) <0.001
SBP, mmHg 131.00 (120.00, 145.00) | 132.00 (121.00, 146.00) | 131.00 (116.00, 143.00) 0.313
DBP, mmHg 83.29 (+£12.38) 84.37 (£11.98) 82.29 (+12.67) 0.229
Alcohol history, n (%) 38 (18.45) 16 (16.16) 22 (20.56) 0416
Smoking history, n (%) 45 (21.85) 25 (25.25) 20 (18.69) 0.255
Diabetes duration years 4.00 (0.50, 10.00) 3.00 (0.30, 10.00) 4.00 (0.50, 11.00) 0.401
Blood lipid indices TC, mmol/L 4.89 (4.02, 5.69) 4.84 (4.04, 5.55) 4.99 (3.95, 6.08) 0.446
TG, mmol/L 1.65 (1.10, 2.63) 1.80 (1.21, 2.89) 1.47 (1.03, 2.39) 0.011
HDL-C, mmol/L 1.04 (0.91, 1.23) 0.97 (0.87, 1.17) 1.11 (0.98, 1.30) <0.001
LDL-C, mmol/L 3.19 (2.62, 3.81) 3.18 (2.55, 3.77) 3.20 (2.62, 4.07) 0.280
ApoB, g/L 0.93 (0.75, 1.12) 0.93 (0.73, 1.09) 0.95 (0.77, 1.13) 0.559
Hepatic function indices AST, U/L 20.20 (16.50, 29.00) 21.00 (17.20, 31.50) 19.60 (15.90, 26.40) 0.045
ALT, U/L 21.40 (15.00, 32.20) 22.90 (15.30, 38.20) 20.80 (14.40, 28.60) 0.094
GGT, U/L 25.70 (18.60, 40.80) 24.30 (17.70, 34.80) 31.50 (19.10, 46.80) 0.043
TBIL, umol/L 14.80 (11.40, 19.40) 14.70 (11.50, 19.60) 15.20 (11.20, 19.40) 0.775
DBIL, umol/L 2.60 (1.90, 3.40) 2.60 (1.90, 3.40) 2.60 (1.90, 3.40) 0.903
IBIL, umol/L 12.40 (9.50, 15.40) 12.00 (9.60, 15.40) 12.70 (9.30, 15.80) 0.706
Renal function indices GFR, mL/min 105.55 (96.51, 117.61) 105.37 (96.47, 118.01) 105.98 (98.00, 117.61) 0.978
Scr, umol/L 60.70 (53.10, 67.00) 61.60 (54.60, 68.30) 59.60 (49.40, 66.80) 0.260
SUA, umol/L 322.50 (271.30, 395.80) | 333.60 (275.50, 407.50) | 307.80 (257.80, 387.80) 0.079
BUN, g/L 5.00 (4.20, 6.20) 5.00 (4.40, 6.00) 5.000 (4.00, 6.30) 0914
Biochemical indexes TP, g/lL 70.40 (65.50, 74.70) 70.70 (65.70, 76.00) 70.10 (65.00, 74.50) 0.556
ALB, g/L 43.10 (40.20, 44.90) 43.30 (40.90, 45.10) 42.70 (39.60, 44.50) 0.241
HB, g/L 144.84 (£17.22) 144.59 (£16.82) 145.07 (£17.58) 0.843
Electrolyte K, mmol/L 3.80 (3.60, 4.10) 3.80 (3.60, 4.10) 3.90 (3.60, 4.20) 0.533
Na, mmol/L 139.00 (137.00, 140.00) | 139.00 (137.00, 140.00) | 139.00 (137.00, 140.00) 0.996
Ca, mmol/L 2.33 (2.26, 2.41) 2.34 (2.24, 2.410) 2.33 (2.28, 241) 0.718
Glucose metabolism indices HOMA-IR, 1.67 (0.97, 2.85) 291 (2.29, 442) 1.01 (0.48, 1.35) <0.001
FBG, mmom/L 5.88 (5.01, 6.93) 6.47 (5.56, 7.66) 5.51 (4.74, 6.14) <0.001
FINS, pmol/L 6.36 (3.79, 9.86) 9.88 (7.84, 16.51) 3.84 (2.04, 5.18) <0.001
HbAlc, n (%) 9.60 (8.09, 11.10) 9.20 (7.50, 10.90) 10.30 (8.40, 11.60) 0.005
FA, ngml 7.07 (5.20, 10.64) 5.92 (4.09, 9.02) 8.16 (6.33, 13.76) <0.001

Abbreviations: IR, insulin resistance; Non-IR, Non insulin resistance; BMI, body mass index; WC, waist circumference; BP, systolic blood pressure; DBP, diastolic blood
pressure; TC, total cholesterol; TG, triglyceride; HDL-C, High density lipoprotein- cholesterol; LDL-C, Low density lipoprotein-cholesterol; ApoB, Apolipoprotein B; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; GGT, glutamyltransferase; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin; GFRglomerular
filtration rate, Scr, serum creatinine; SUA, serum uric acid; TP, total albumin; ALB, serum albumin; HB, hemoglobin; HOMA-IR, homa insulin-resistance; FBG, fasting blood
glucose; FINS, fasting serum insulin; HbAlc, glycated hemoglobin; FA, folic acid.
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P values were 0.011, <0.001, 0.014); It was negatively correlated with WC, BMI, smoking history, drinking history, TG,
HB, Scr, SUA, FINS and HOMA-IR (= —0.143, —0.233, —0.168, —0.158, —0.139, —0.143, —0.189, —0.198, —0.253,
—0.249, respectively. P values were 0.040, < 0.001, 0.016, 0.023, 0.046, 0.041, 0.007, 0.004, < 0.001, < 0.001), and other
indicators had no significant correlation. (The results are shown in Table 3).

The results of multiple logistic regression showed that the original model took insulin resistance as the dependent
variable, and the index with P < 0.1 in the basic data was used as the independent variable in the regression analysis. The
results showed that serum FA levels were independent influencing factor of insulin resistance. Serum folate level was
negatively correlated with insulin resistance (OR: 0.86 (0.76, 0.97), P=0.017). Multiple logistic results of Model 1 are
shown that serum folate levels and HDL-C were independent influencing factors for insulin resistance. The levels of FA
and HDL-C were negatively correlated with insulin resistance (FA: OR: 0.82 (0.72, 0.94), P=0.005; HDL-C: 0.08 (0.01,
0.71), P=0.024). Multiple logistic results of Model 2 showed that FA and HDL-C were still independent influencing
factors of insulin resistance. FA and HDL-C were negatively correlated with insulin resistance (FA: OR: 0.81 (0.70,
0.93), P=0.003; HDL: OR: 0.02 (0.00, 0.39), P=0.010), the results were shown in Table 4.

A trend test was performed to measure the risk of insulin resistance in T2DM at different serum folate concentra-
tions by grouping the quartiles of serum folate levels. The results showed that compared with group Q1, the OR values
of Q2, Q3 and Q4 were 2.43, 2.31 and 6.17, respectively. The results showed that there was no statistical difference in
this trend. After adjusting for confounding factors such as age, sex, smoking history, drinking history and duration of
diabetes in Model 1, the results showed that compared with group Q1, the OR values of Q2, Q3 and Q4 were 2.73,
3.62 and 8.93, respectively, and this trend was not statistically different. In Model 2, after correcting for confounding
factors such as TC, ApoB, ALB, HB and GFR, the results showed that compared with group Q1, the OR values of Q2,
Q3 and Q4 were: 3.08, 3.56, 11.88, this trend was statistically different (P trend=0.041), these results are visible in
Table 5, so we believe that with the decrease in folate level, the risk of insulin resistance in T2DM may gradually
increase.

In order to reflect the causal association between HOMA-IR value and serum folate more visually, the results
of restricted cubic spline curve between serum folate level and HOMA-IR index showed that HOMA-IR index had
a nonlinear relationship with serum folate concentration (P-Nonlinear =0.003). When HR/OR=1, The serum folate
concentration was 7.09ng/mL (Figure 1). In addition, restricted cubic splines showed that fasting glucose and
fasting insulin levels were gradually increased in type 2 diabetes patients as serum folic acid levels decreased.

Table 3 Correlation Analysis Between Folic Acid and
Other Indexes

Variables r P

wcC —0.143 0.040
BMI —0.233 <0.001
Smoking history —0.168 0.016
Alcohol history —0.158 0.023
TG —-0.139 0.046
HDL-C 0.176 0.011
HB —0.143 0.041
K 0.249 <0.001
Ca 0.171 0.014
Scr —0.189 0.007
SUA —0.198 0.004
FINS —0.253 <0.001
HOMA-IR —0.249 <0.001

Abbreviations: WC, waist circumference; BMI, body mass index; TG,
triglyceride; HDL-C, high-density lipoprotein cholesterol; Scr, serum crea-
tinine; SUA, serum uric acid; FINS, fasting serum insulin; HOMA-IR, homa
insulin-resistance.

1486 "= Diabetes, Metabolic Syndrome and Obesity 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yang et al

Table 4 Multivariate Logistic Regression Analysis of Insulin Resistance in Type 2 Diabetic Patients

Prameters Crude Model Model | Model 2

P OR (95% CI) P OR (95% CI) P OR (95% CI)
WC, cm 0.993 1.00 (0.94, 1.07) 0.825 1.01 (0.94, 1.08) 0.878 1.01 (0.94, 1.08)
BMI, kg/m? 0.764 0.97 (0.80, 1.18) 0.437 0.93 (0.76, 1.13) 0.503 0.93 (0.76, 1.15)
FBG, mmom/L <0.001 2.36 (1.60, 3.49) <0.001 2.54 (1.64, 3.93) <0.001 2.79 (1.76, 4.42)
FINS, pmol/L <0.001 1.58 (1.34, 1.86) <0.001 1.55 (1.32, 1.82) <0.001 1.51 (1.29, 1.78)
HbAIlc, % 0.101 0.85 (0.71, 1.03) 0.052 0.81 (0.65, 1.00) 0.126 0.84 (0.66, 1.05)
FA, ng/imL 0.017 0.86 (0.76, 0.97) 0.005 0.82 (0.72, 0.94) 0.003 0.81 (0.70, 0.93)
HDL-C, mmol/L 0.051 0.13 (0.02, 1.01) 0.024 0.08 (0.01, 0.71) 0.010 0.02 (0.00, 0.39)
TG, mmol/L 0.108 1.25 (0.95, 1.63) 0.118 1.24 (0.95, 1.62) 0.340 1.16 (0.86, 1.56)
AST, U/L 0.749 1.01 (0.96, 1.05) 0.841 1.0l (0.96, 1.05) 0.945 1.00 (0.95, 1.05)
ALT, U/L 0.676 1.02 (0.95, 1.09) 0.565 1.02 (0.95, 1.10) 0.488 1.03 (0.95, I.11)
GGT, U/L 0.850 1.00 (0.99, 1.01) 0.726 1.00 (0.99, 1.02) 0618 1.01 (0.99, 1.02)
BUN, g/L 0.270 1.00 (0.99, 1.00) 0.520 1.00 (0.99, 1.00) 0.380 1.00 (0.99, 1.00)

Notes: Crude Model: unadjusted; Model I: adjusted for age, gender, duration diabetes, alcohol history, smoking history; Model 2: adjusted for
Model 2 and total cholesterol, apolipoprotein B, albumin, hemoglobin, glomerular filtration rate.

Abbreviations: WC, waist circumference; BMI, body mass index; FBG, fasting blood glucose; FINS, fasting serum insulin; HbAlc, glycated
hemoglobin; FA, folic acid; HDL-C, high-density lipoprotein cholesterol; TG, triglyceride; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; GGT, glutamyltransferase.

Table 5 Trend Test of Serum Folate Level for Risk of Insulin Resistance in Patients with Type 2 Diabetes Mellitus

Variables Case | Control Crude Model Model | Model 2

OR (95% CI) P OR (95% CI) P OR (95% CI) P
QIl: 10.7125-54.37 ng/mL 12 39 I (Ref) I (Ref) I (Ref)
Q2: 7.0900-10.7125 ng/mL 25 27 2.43 (0.64, 9.21) 0.192 | 2.73 (0.70, 10.62) | 0.146 3.08 (0.72, 13.11) 0.129
Q3: 5.2000-7.0900 ng/mL 24 27 2.31 (0.58, 9.22) 0.236 | 3.62 (0.83, 15.86) | 0.088 3.56 (0.73, 17.36) 0.116
Q4: 1.56-5.2000 ng/mL 38 14 6.17 (1.43,26.73) | 0.015 | 8.93 (1.81,44.21) | 0.007 | 11.88 (2.19, 64.46) | 0.004
P for trend P=0.114 P=0.064 P=0.041

Notes: Ref: reference; Crude Model: unadjusted; Model I: adjusted for age, gender, duration diabetes, alcohol history, smoking history; Model 2: adjusted for Model | and
total cholesterol, apolipoprotein B, albumin, hemoglobin, glomerular filtration rate.

Discussion

T2DM is a chronic metabolic disease characterized by absolute lack of insulin secretion due to islet B-cell dysfunction or
relative lack of insulin caused by insulin resistance,” so it is extremely important to explore the risk factors associated
with insulin resistance. IR usually occurs by the following mechanisms: 1) Insulin gene mutations cause structural
abnormalities of insulin secreted by islet B-cells, resulting in decreased bioactivity*’; 2) The formation of insulin
antibodies leads to the inability of insulin to effectively bind to its receptor; 3) Abnormal structure and function of
insulin receptor; 4) Abnormal signal transduction pathway of insulin and receptor binding; 5) Endothelial dysfunction
caused by inflammatory factors and oxidative stress interferes with insulin signal transduction®*; 6) Other factors: leptin
resistance, nutrient deficiency, smoking, etc.?” Previous studies have shown that reasonable dietary structure, appropriate
vitamin complex supplementation, and healthy exercise patterns can effectively improve insulin resistance in type 2
diabetic patients.?*

FA as a common nutrient and an indispensable element in dietary structure has been a research hotspot. Current
mechanistic studies of serum folate levels and insulin resistance have shown that folate plays a role in the development of
insulin resistance mainly by reducing serum Hcy levels and acts as an antioxidant vitamin that reduces oxidative stress
and systemic inflammation.?® Increased homocysteine and impaired endothelial dysfunction have been shown to reduce

insulin delivery to peripheral tissues,” thereby impairs glucose uptake and plays an important role in lipid metabolism
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Figure | (A-C) Cubic spline regression analysis of the relationship of serum folate levels and HOMA-IR, FBG, FINS in T2DM. The relationship between folate and (A)
HOMA-IR, (B) FBG and (C) FINS using the cubic spline regression analyses. The regression curve is shown in red line and the shaded area represents the 95% confidence
band. Age, sex, smoking history, drinking history and diabetes history were adjusted.

Abbreviations: HOMA-IR, insulin resistance was detected by the homeostasis model assessment method; FBG, fasting blood glucose; FINS, fasting insulin; T2DM, type 2
diabetes mellitus.

and DNA methylation. A study by Lazalde-Ramos showed that the use of antioxidants such as FA in the treatment of
T2DM delayed complications of oxidative stress and DNA damage caused by T2DM.® Although the mechanism of FA
reduction in diabetic patients is not fully understood, a large meta-analysis by Lind,'® involving 22,250 participants,
suggested that FA supplementation could significantly reduce fasting blood glucose and HOMA-IR values in type 2
diabetic patients and thus improve insulin resistance in diabetic patients. Therefore, its mechanism deserves further study.

The statistical results showed that the WC, BMI and TG of the IR group were higher than those of the Non-IR group,
and the differences were statistically significant (P < 0.05). In addition, it was concluded in Model 1 and Model 2 that
high-density lipoprotein was still an independent risk factor for HOMA-IR, so lipid metabolism may play an important
role in the pathogenesis of insulin resistance. Consistent with previous studies, insulin resistance was significantly
correlated with obesity®' and lipid profile. The TG and glucose index (TyG index) is a good predictor of the insulin
resistance® and triglycerides can interfere with islet beta cells and insulin-producing islet cells in the normal signal
transmission, so as to form in human insulin resistance.>> HDL-C plays an important role in cholesterol homeostasis in
the blood circulation by inhibiting the ability of inducible fatty acid synthase and nitric oxide synthase to reduce fat
accumulation in the body and thereby increase islet sensitivity.** The role of LDL-C and TC in the mechanism of insulin
resistance remains unclear, but it has been suggested that they can affect the function of islet B-cells and affect the normal
secretion of insulin.*

This study was involving 412 participants (206 with T2DM). To further investigate the correlation between serum
folate level and insulin resistance mechanism in T2DM patients, we divided T2DM patients into IR group and Non-IR
group. The results showed that the level of folate in IR group was significantly lower than that in Non-IR group. Logistic
regression showed that serum folate was an independent risk factor for insulin resistance. According to the serum folate
level, the subjects were divided into Q1, Q2, Q3 and Q4 groups from high to low. Trends in serum folate levels and risk
of insulin resistance were examined in diabetic patients. We found no statistically significant difference in the trend test
between the original Model and Model 1 as folate level decreased, but in Model 2, we found a statistically significant
difference in the risk of insulin resistance in T2DM as folate level decreased (Ptrend=0.041). Compared with group Q1,
the risk of Q2 was 3.08 times higher, the risk of Q3 was 3.56 times higher, and the risk of Q4 was 11.88 times higher.
Previous studies have shown that age, sex, blood lipids, kidney function, smoking, alcohol consumption, and diabetes
history all indicate a causal relationship between insulin resistance in type 2 diabetes.>*>” Therefore, we corrected for
these confounding factors in Model 2. We found that the risk of insulin resistance gradually increased with the decrease
in serum FA level and this trend test was statistically significant, so we believe that this trend test is warranted. However,

the number of studies included was limited and further confirmation is needed in the future.
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An experiment by Rudy®® showed that plasma Hcy levels were significantly elevated and folate deficiency was
prevalent in diabetic patients compared with healthy patients. Numerous previous studies have shown that FA supplemen-
tation improves fasting blood glucose levels and insulin sensitivity in diabetic patients. FA effect on another important
mechanism of insulin resistance may be done by reduce the Hey levels in the blood circulation, is common among patients
with FA deficiency high homocysteine levels, homocysteine levels increase through the effect on the activity of protein
tyrosine phosphatase that inhibits insulin beta receptor phosphorylation, play a role of negative regulation in the insulin
signaling pathway. This results in reduced glucose uptake by hepatocytes and insulin resistance.?” The active form of Hey,
homocysteine thiolide, also inhibits tyrosine phosphorylation of the B-subunit of the insulin receptor and may reduce
phosphatidylinositol 3-kinase (PI3-K) activity,*” leading to a significantly increased risk of insulin resistance.

In Figure 1A—C, the non-linear association between serum folic acid and HOMA-IR index indicates that in our
included population, when serum folic acid concentration was below 7.09 ng/mL, patients with type 2 diabetes had
a significantly increased risk of insulin resistance, and fasting glucose and fasting insulin levels were also significantly
reduced. These results suggest that folic acid plays an important role in the mechanism of glucose metabolism in
T2DM.*" A study*® showed that patients with type 2 diabetes are thought to have higher or equivalent levels of
inflammatory biomarkers, and folic acid supplementation may benefit blood glucose control by reducing levels of
inflammatory cytokines in the body through a variety of mechanisms. As a result, monitoring serum folate levels and
appropriate folate intake are essential for glycemic control in type 2 diabetic patients.

Conclusion
In conclusion, low serum folate is associated with the risk of higher insulin resistance in diabetic patients. With the
decrease in serum folate levels, the risk of insulin resistance increasesin diabetic patients.

Study Limitations

There are still some limitations in this study. Insulin clamp technique is considered as a classical method to measure
insulin resistance, but the complicated measurement procedure and high economic cost are not applicable in epidemio-
logical surveys. Therefore, HOMA-IR value was used in this study. However, HOMA-IR value is causally associated
with gender, age, lifestyle and other factors,*’ insulin resistance confirmed based on HOMA-IR was defined differently in
different studies. HOMA-IR cut-off points were previously used based on the 50th percentile, 75th percentile and 90th
percentile, etc. In this study, IR was defined as (HOMA-IR cut-off point >2.69). Although the cut-off point of definition
is arbitrary, this value is more consistent with the determination of insulin resistance in the Chinese population. In 2018,
the Expert Guidance on the Assessment method and Application of insulin Resistance by the Insulin Resistance Group of
the Diabetes Society of Chinese Medical Association suggested that the cut-off point of HOMA-IR value for defining
insulin resistance was 2.69, because the previous 75th HOMA-IR value of 10,147 Chinese non-diabetic patients aged 25—
74 years was 2.69.2' In addition, this study is a cross-sectional controlled study, and the results may be biased. Future
prospective studies with large samples are needed to confirm this conclusion.

In conclusion, serum folate is associated with the risk of insulin resistance in diabetic patients. With the decrease in
serum folate level, the risk of insulin resistance in diabetic patients gradually increases. Monitoring folate levels in type 2
diabetic patients and supplementing FA in type 2 diabetic patients are necessary. However, the mechanism of FA and
insulin resistance is still unclear, and future prospective studies are needed to further prove it.
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