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Introduction

This study aimed to explore relationships between long-chain saturated fatty acids (LSFAs) and nonalcoholic fatty liver disease (NAFLD) in patients with type 2 diabetes (T2D); and whether insulin action had an interactive effect with LSFAs on NAFLD progression.



Methods

From April 2018 to April 2019, we extracted the electronic medical records of 481 patients with T2D who meet the inclusion and exclusion criteria from the Second Affiliated Hospital of Dalian Medical University. Ultrasound was used to estimate NAFLD at admission. Logistic regression analysis were used to estimate odds ratios (OR) and 95% confidence intervals (CI). The additive interaction was carried out to estimate interactions between LSFAs and insulin resistance (IR) in NAFLD patients with T2D.



Results

Myristic acid (14:0) and palmitic acid (16:0) were positively associated with the risk of NAFLD (OR for myristic acid (14:0): 7.516, 3.557-15.882 and OR for palmitic acid (16:0): 4.071, 1.987-8.343, respectively). After adjustment for traditional risk factors, these associations were slightly attenuated but still highly significant. Co-presence of myristic acid (14:0)>72.83 μmol/L and IR>4.89 greatly increased OR of NAFLD to 9.691 (4.113-22.833). Similarly, co-presence of palmitic acid (16:0)>3745.43μmol/L and IR>4.89 greatly increased OR of NAFLD to 6.518(2.860-14.854). However, stearic acid (18:0) and risk of NAFLD have no association. Moreover, there was no association between very-long-chain SFAs (VLSFAs) and risk of NAFLD.



Discussion

Myristic acid (14:0) and palmitic acid (16:0) were positively associated with the risk of NAFLD in T2D patients in China. High IR amplified the effect of high myristic acid (14:0) and high palmitic acid (16:0) on NAFLD.
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Introduction

NAFLD, a chronic liver disease, in recent years it has also been called Metabolic dysfunction-associated fatty liver disease (MAFLD). It is characterized by excess fat accumulation in the liver(more than 5%), unrelated to alcoholism (1), includes spectrum of liver diseases ranging from simple and benign steatosis to nonalcoholic steatohepatitis (NASH) (2, 3). NAFLD is becoming the commonest chronic liver disease (4, 5), 29.2% of the population is affected by NAFLD in china in 2019 (6). Not only in china, NAFLD is also a leading cause of liver disease globally (6, 7), in the U.S. alone, nearly 100 million people are affected by NAFLD (8), and this number is still growing, placing a heavy economic and public health burden on the economy and public health (4, 9). Up to one-third of patients with NAFLD are at risk of developing NASH (10), NASH has a high probability of progression to liver fibrosis and is a major risk factor for liver-related death (8).

Research has found that NAFLD was associated with the risk of type 2 diabetes (T2D) and its complications (11–13). South Korea conducted a five-year cohort study of non-obese, non-prediabetic male adults. Results showed that the NAFLD group had more subjects with impaired fasting glucose (IFG) and T2D than the non-NAFLD group (32.7% vs 17.6%; P < 0.05) (14). What’s more, a five-year cohort study in China confirmed that the adjusted RR (95%CI) for T2D was 4.462 (1.855-10.734, P < 0.001) in the NAFLD group compared with the non-NAFLD group, which means that NAFLD is T2D risk factors (15). NAFLD is better than BMI in forecasting the risk of T2D in Chinese subjects, and NAFLD may be an unrecognized risk factor in China’s recent increased incidence of T2D. The liver is an important organ for the metabolism of substances, energy and hormones, and can reduce or increase the blood sugar concentration together with muscle and adipose tissue (16). Although the liver has a huge compensatory ability, when liver steatosis leads to a certain degree of damage to liver cell function(such as NAFLD), the liver’s ability to regulate blood sugar will be reduced, and even insulin resistance and T2D will occur (17). NAFLD, or hepatic steatosis, is present in approximately 70% of T2D and almost all obese T2D (18–20), compared with obesity, the relationship of T2D as a risk factor for NAFLD is more direct and obvious (21). And even growing evidence suggested that there was a bidirectional association between NAFLD with T2D (22, 23). All of the evidence lending to “obesity, T2D and metabolic syndrome are consistently identified as the most important risk factors for NAFLD (6, 24)”. Therefore, the study of NAFLD in diabetic patients has potential biological and clinical significance.

In NAFLD, fatty acids accumulate in hepatocytes and reduce hepatic insulin sensitivity, thereby promoting hepatic gluconeogenesis, thereby increasing the risk of type 2 diabetes (T2D) or exacerbating disease pathology in diabetic patients (25, 26). There is growing evidence that links high in saturated fat with the increasing incidence of NAFLD (27). Saturated fatty acids (SFAs) are integrated biomarkers of diet and metabolism, and vary by SFAs chain length has unique metabolic and biological effects (28). Long-chain SFAs (LSFAs) are a unique group of SFAs with chain length ≥14, including myristic acid (14:0), palmitic acid (16:0) and stearic acid (18:0). Very-long-chain SFAs (VLSFAs) are a group of SFAs with chain length ≥20, including arachidic acid (20:0), behenic acid (22:0), and lignoceric acid (24:0). LSFAs and VLSFAs play vital roles in metabolic homeostasis. Research has shown that LSFAs and VLSFAs are associated with the risk of T2D (29–31). However, epidemiological studies of the association between LSFAs and VLSFAs and NAFLD were few. Fatty acid is associated with insulin action (32, 33) and those two have bidirectional impacts on prognosis (33). However, it is unclear whether the effects of fatty acids and insulin have an additive effect on the development of NAFLD under the context of T2D.

Therefore, using a cross-sectional study, we aimed to study 1) the associations between LSFAs and VLSFAs and the risk of NAFLD in T2D patients; 2) whether the effects of fatty acids and insulin have an additive effect on the development of NAFLD under the context of T2D.



Methods


Study population

A total of 1024 T2D patients were retrieved from April 2018 to April 2019, in the Second Affiliated Hospital of Dalian Medical University. Finally, according to the inclusion and exclusion criteria, 481 participants were included in the analysis and their electronic medical records were retrieved. The inclusion criteria included: 1) type 2 diabetes patients; 2) abdominal ultrasound scan; 3) plasma SFAs measurements. The exclusion criteria were: 1) below 18 years old; 2) secondary hepatic fat accumulation; 3) Alcoholic fatty liver disease(AFLD). T2D was diagnosed according to the 1999 World Health Organization’s criteria (34). This study was approved by the Clinical Research Ethics Committee of the First Affiliated Hospital of Jinzhou Medical University. Due to the retrospective nature of the study, informed consent was exempted, in line with the Declaration of Helsinki.



Data collection and definitions

NAFLD was defined adopting the guidelines provided by the Chinese Association for Study of Liver Diseases (35). Briefly, fatty infiltration of the liver was evaluated by ultrasound examination. Participants without any other cause of liver disease and significant hepatic steatosis on the ultrasound were classified as non-NAFLD group. Waist circumference (WC), height and body weight were measured by specially trained nursing personnel using standardized methods. Subjects remain standing position after a gentle expiration. A tape measure was placed around the bare midriff of each subject and the WC measured midway between the lower border of the rib cage and the superior border of the iliac crest (36). Subjects were required to wear light clothes when measuring body weight and height. Body mass index (BMI) was calculated by dividing weight in kilograms by squared height in meters. According to the criteria recommended by the Working Group on Obesity in China, BMI was divided into four categories: underweight (<18.5 kg/m2), normal weight (18.5-23.9 kg/m2), obesity (24-27.9 kg/m2) and overweight (≥28 kg/m2) (37).We also extracted some other necessary clinical information including age, sex, duration of diabetes (years), alcohol intake, fasting insulin and fasting blood glucose. Insulin resistance (IR) was calculated as (fasting insulin*fasting blood glucose)/22.5 (38).



Measurements of serum SFAs

Measurements of serum SFAs were conducted as described previously (39). Briefly, blood samples stored at -80°C were thawed at 4°C. Formic acid and ammonium acetate plus water or acetonitrile and isopropyl alcohol were used as mobile phase. C19:0 was used as internal standard. Eksigent LC100 and AB SCIEX Triple TOF 5600 (AB Sciex, Framingham, MA, USA) were used for LC-MS/MS analysis. Qualitative analysis was performed with PeakView1.2 (AB SCIEX). Quantitative analysis was performed with MultiQuant2.1(AB SCIEX).



Statistical analysis

Continuous variables are expressed as means (standard deviations) when normally distributed or medians (interquartile ranges) when skewed; Categorical variables are presented as frequencies (percentage). Student’s t‐test (or Mann–Whitney U‐test when skewed) was used to compare differences in for continuous variables. χ2-test (or Fisher’s exact test where appropriate) was used to compare differences in categorical variables between participants with NAFLD and without NAFLD.

Binary logistic regressions were used to obtain odds ratios (OR) and 95% confidence intervals (CI) of SFAs for NAFLD in patients with T2D. Adjusting Models (multivariate model) were implemented to adjust for potential confounding factors for NAFLD. Confounding factors included age, gender, duration of diabetes, alcohol intake, BMI and WC. Sort the concentration of SFAs from smallest to largest and divide them into 5 parts with 20%, 40%, 60%, and 80% nodes. SFAs were analyzed as a five-categorical variable in three models, and p for trend was calculated to determine whether the OR value showed a corresponding linear trend with the change of SFAs concentration.

Additive interaction was used to estimate interactions between LSFAs and IR (40). Three measures including relative excess risk due to interaction (RERI), attributable proportion due to interaction (AP) and synergy index (S) were implemented to estimate additive interactions. A significant RERI>0, AP>0 or S>1 suggested a synergistic effect or additive interaction between LSFAs and IR for NAFLD.

Sensitivity analysis was conducted to check the consistency of the results after exclusion of subjected with a history of alcohol use. The SAS (9.4) was used to carry out the data (SAS Institute Inc., Cary, North Carolina, USA) unless otherwise specified. It is statistically significant that a two-tailed p value <0.05.




Results


Characteristics of the study participants

In the cross-sectional study, we collected 418 confirmed participants of T2D with or without NAFLD (280 cases with NAFLD and 138 cases without NAFLD). Baseline characteristics of NAFLD and non-NAFLD subjects are shown in Table 1. The 418 subjects had a mean age of 58.6 (SD:13.0) years, mean BMI of 26.7 (SD: 3.8) kg/m² and mean WC of 93.4 (SD: 9.4) cm. The participants with NAFLD had a younger age, larger WC and heavier weight and longer duration of diabetes by comparing with their counterparts non-NAFLD. In addition, alcohol intake was significantly different between NAFLD groups and non-NAFLD groups, however the p-value of the statistic is close to 0.05 and needs careful consideration. LSFAs including myristic acid (14:0), palmitic acid (16:0) were also significantly different between the NAFLD group and the non-NAFLD group. The p-value of stearic acid (18:0) is close to 0.05 and needs careful consideration.


Table 1 | Baseline characteristics of participants with or without nonalcoholic fatty liver disease.



Overall, the concentrations of LSFAs in the NAFLD group were higher than their counterparts in the non-NAFLD group. However, there was no significant difference between the NAFLD group and the non-NAFLD group for VLSFAs (arachidic acid (20:0), behenic acid (22:0), lignoceric acid (24:0)).



Associations of SFAs with NAFLD

The ORs for NAFLD by quintile of plasma SFAs relative to the lowest quintile are shown in Table 2. Myristic acid (14:0) and palmitic acid (16:0) were positively associated with the risk of NAFLD in univariate analyses. After adjustment for age, gender, duration of diabetes, alcohol intake, the positive associations were still significant. After further adjustment for BMI, WC, the effect sizes of myristic acid (14:0) and palmitic acid (16:0) remained (OR for myristic acid (14:0): 7.072, 3.191-15.673 and OR for palmitic acid (16:0): 3.889, 1.783-8.481, respectively). However, stearic acid (18:0) and risk of NAFLD have no association. Interestingly, there was no association between VLSFAs and risk of NAFLD.


Table 2 | Odds ratios (and 95% CIs) for nonalcoholic fatty liver disease by quintile of saturated fatty acids.





Additive interactions between LSFAs and IR for NAFLD

Additive interaction was further tested between myristic acid (14:0)>72.83 μmol/L and IR>4.89 for NAFLD risk. We found that co-presence of both myristic acid (14:0)>72.83 μmol/L and IR>4.89 greatly increased the risk when myristic acid (14:0)>72.83μmol/L alone (2.915, 1.493-5.691) or IR>4.89 alone (1.480, 0.848-2.582) for NAFLD to 9.691 (4.113-22.833). The additive interaction measures were significantly different (RERI: 6.296, -1.571-14.164); AP: 0.650, 0.329-0.971); S: 3.629, 1.166-11.298)).

In addition, co-presence of both palmitic acid (16:0)>3745.43μmol/L and IR>4.89 greatly increased risk when palmitic acid (16:0)>3745.43μmol/L alone (1.883, 0.991-3.576) or IR>4.89 alone (1.467, 0.840,2.561) for NAFLD to 6.518(2.860-14.854). The additive interaction measures were significantly different (RERI: 4.169, -0.835,9.174; AP: 0.640, 0.324,0.956); S: 4.090, 1.133,14.764) (Table 3).


Table 3 | Odds ratio of saturated fatty acids and additive interaction with insulin resistance for nonalcoholic fatty liver disease.





Sensitivity analysis

After exclusion of participants with a history of alcohol use (n=45), the effect sizes of myristic acid (14:0) and palmitic acid (16:0), and their ratios for NAFLD remained stable and significant in univariable and multivariable analyses (Table 4).


Table 4 | Odds ratios (and 95% CIs) for nonalcoholic fatty liver disease by quintile of saturated fatty acids after exclusion of patients with a history of alcohol use.






Discussion

A study has shown that the median age of NAFLD patients in China is younger than it in other countries, which means the prevalence of advanced liver disease in China is not too high now, however, with the progress of aging, a foreseeable trend is that the associated burden of disease will increase dramatically. In addition, obesity is an independent risk factor for the onset of diabetes, and a fact can’t be ignored is that the obesity rate in China is still increasing. Against the above background, the prevalence of diabetes in China will undoubtedly increase in the future. It is imperative to conduct research on the above-mentioned issues (41).

In our cross-sectional study, we found myristic acid (14:0) and palmitic acid (16:0) were associated with the risk of NAFLD in Chinese patients with T2D. In addition, there was a significant additive interaction between (high myristic acid (14:0) or palmitic acid (16:0)) and high IR. High IR amplifies the degree of effect of myristic acid (14:0) and palmitic acid (16:0) on NAFLD. A cross-sectional study of 320 participants including 240 NAFLD and 80 healthy individuals showed that myristic acid (14:0) was positively associated with NAFLD (42); A small study in 59 participants reported that myristic acid (14:0) and palmitic acid (16:0) powerfully raise serum total cholesterol and low-density lipoprotein cholesterol (LDL-C) levels in a human trial involving dietary SFAs (43). Martínez showed that the consumption of diets enriched in both myristic acid (14:0) and palmitic acid (16:0) could cause NASH related to lipodystrophy (44). Consistent with these findings, we found that both myristic acid (14:0) and palmitic acid (16:0) were associated with the risk of NAFLD in Chinese T2D patients. Myristic acid (14:0), a not lipotoxic SFA, is highly abundant in copra and palmist oils. Palmitic acid (16:0), a lipotoxic SFA, targets different organelles (including ER and mitochondria) and mediates hepatocyte apoptosis (45, 46). Palmitic acid (16:0) and myristic acid (14:0) can stimulate ceramide synthesis (44, 47). Research shows that that ceramide is one of the most active lipid second messengers that inhibit the insulin signaling pathway (48, 49). Ceramides can promote liver IR and inhibit Akt signaling pathway, and IR increases lipolysis and promotes the delivery of free fatty acids to the liver (50),which is an example of a vicious circle.

The present study has potential clinical and mechanistic implications. There are many people with T2D in China who are at higher risk for NAFLD (51). A growing number of people are expected to have NAFLD in the future. So, it is extremely important to accurately diagnose and treat cases at individual levels. Our study generates new ideas for the diagnosis of NAFLD in T2D patients. Moreover, our findings provide some new hypotheses for scientists to explore the molecular mechanism of liver fat accumulation in diabetes. The study suggests that myristic acid (14:0) and palmitic acid (16:0), especially combined with high IR, might have a profound impact on the diagnosis and treatment of NAFLD with T2D in Chinese individuals if these findings can be replicated in cohort studies, especially, in China.

The present study also had several limitations. First, the main limitation of the study is the cross-sectional design, no definite causal association between LSFAs and NAFLD can be derived. Therefore, the present study shows an urgent need to validate these findings in other cohort studies. Second, our participants were in-patients with T2D and they may have more severe T2D and are at greater risk of NAFLD than those non-hospitalized patients with T2D. Although we made the careful adjustment for disease severity, we still need further studies to validate these findings in carefully designed cohorts. Third, physical activity and diet in participants with NAFLD might be different from subjects without NAFLD. We did not collect these data in this survey. Nevertheless, there were associations between physical activity and diet and BMI,WC and even the content of the fatty acids studied. Therefore, careful adjustment for WC and BMI may have partially eliminated the confounding effects of diet and physical activity. Fourth, the study population was collected from the Dalian of China alongside a small sample size. Therefore, our conclusions might lack generality to the whole population. A large sample of longitudinal studies is necessary to validate our conclusions. Thus, the reported effect sizes of the OR and the additive interaction between high myristic acid (14:0) and palmitic acid (16:0) and high IR might underestimate their true effect sizes. Finally, genetic factors are one of the factors that contribute to the development of diabetes, which can also lead to differences in metabolic levels between different patients. However, we have not been able to go down to the genetic level to do stratification studies is also one of the limitations.



Conclusion

In conclusion, our findings showed that myristic acid (14:0) and palmitic acid (16:0) were positively associated with the risk of NAFLD in Chinese T2D patients. High IR amplified the effect of high myristic acid (14:0) and high palmitic acid (16:0) on NAFLD. As our findings came from a cross-sectional study, further cohort studies are warranted to confirm our findings in Chinese T2D patients and other populations.
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p for trend

0.000
0.000
0.000

0.000
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0.492
0423

0.572
0.762
0.495
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3762 (2.112,6.701)
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OR, odds ratio; CI, confidence interval;14:0, myristic acid; 16:0, Palmitic acid; IR, insulin resistance; Ref, reference.

“Not adjusted for any other variables.

Unadjusted *
OR (95%CI)

Ref
1.467 (0.887,2.426)
2680 (1.439,4.989)
10.136 (4.560,22.528)
6.989 (-0.772,14.751)
0.690 (0.418,0.961)
4256 (1.414,12.810)

Ref
1.386 (0.836,2.298)
1.776 (0.982,3.211)
7.706 (3.578,16.598)
5.544 (-0.068,11.156)
0.719 (0.482,0.957)
5.771 (1.592,20.926)

p-value

0.136
0.002
0.000

0.205
0.058
0.000

" Adjusted for age, gender, duration of diabetes, alcohol intake, body mass index, waist circumference.
Significant elative excess risk due to interaction (RERI) >0, attributable proportion due to interaction (AP) >0 or synergy index (S) >1 indicates a significant additive interaction.

Adjusted **
OR (95%CI)

Ref
1.480 (0.848,2.582)
2915 (1.493,5.691)
9.691 (4.113,22.833)
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p-value
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Age (years)

Male

WC (cm)
Weight (kg)
Height (cm)
BMI (kg/m?)
BMI<18.5
BMI>18.5 and <24
BMI>24 and <28
BMI>28

Duration of diabetes
(years)

Alcohol intake
Ex-drinker

Current drinker
Non-drinker

IR

LSFAS  (umol/L)
14:0 (myristic acid)
16:0 (palmitic acid)
18:0 (stearic acid)
VLSFAS (umol/L)
20:0 (arachidic acid)
22:0 (behenic acid)
24:0 (lignoceric acid)

Non-NAFLD (138)

60.66+12.57

76 (55.07)

90.12+9.29
69.00 (60.00,77.00)

165.00 (160.00,173.00)
24.79 (22.58,26.87)
1(0.72)

49 (35.51)

62 (44.93)

26 (18.84)

7.50 (2.00,15.00)

9 (6.52)
12 (8.70)
117 (84.78)
3.93 (2.10,6.93)

44.01 (25.31,63.55)
3038.06 (2601.15,3719.74)
941.78 (812.76,1206.18)

5.65 (3.72,8.30)
1.47 (0.80,2.71)
1.51 (0.99,2.58)

NAFLD (280)

57.53+13.13

122 (43.57)

95.03+9.05
74.00 (66.00,85.00)

165.00 (160.00,173.00)
26.94 (24.67,29.74)
0 (0.00)

52 (18.57)

112 (40.00)

116 (41.43)
11.00 (5.00,18.00)

6(2.14)
18 (6.43)
256 (91.43)
542 (3.51,9.24)

73.10 (44.10,118.97)
3680.69 (2941.36,4730.22)
1027.83 (838.43,1263.82)

5.90 (4.02,7.96)
1.56 (0.91,2.85)
1.42 (0.98,2.47)

P-value

0.021
0.027
0.000
0.000
0.976
0.000

0.001

0.048

0.000

0.000
0.000
0.047

0418
0.322
0.988

Data are mean (standard deviation), median (interquartile range) or n (%). WC ,Waist circumference; BMI, body mass index; IR, insulin resistance; LSFAs, long-chain saturated fatty acids;

VLSFAs, Very-long-chain saturated fatty acids; NAFLD, nonalcoholic fatty liver disease.





