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Abstract
Background
Atherosclerosis is closely linked with glucose metabolism. We aimed to investigate the role of the atherogenic index of plasma (AIP) in the reversal of prediabetes to normal blood glucose levels or its progression to diabetes.

Methods
This multi-center retrospective cohort study included 15,421 prediabetic participants from 32 regions across 11 cities in China, under the aegis of the Rich Healthcare Group’s affiliated medical examination institutions. Throughout the follow-up period, we monitored changes in the glycemic status of these participants, including reversal to normal fasting glucose (NFG), persistence in the prediabetic state, or progression to diabetes. Segmented regression, stratified analysis, and restricted cubic spline (RCS) were performed based on the multivariable Cox regression model to evaluate the association between AIP and the reversal of prediabetes to NFG or progression to diabetes.

Results
During a median follow-up period of 2.9 years, we recorded 6,481 individuals (42.03%) reverting from prediabetes to NFG, and 2,424 individuals (15.72%) progressing to diabetes. After adjusting for confounders, AIP showed a positive correlation with the progression from prediabetes to diabetes [(Hazard ratio (HR) 1.42, 95% confidence interval (CI):1.24–1.64)] and a negative correlation with the reversion from prediabetes to NFG (HR 0.89, 95%CI:0.81–0.98); further RCS demonstrated a nonlinear relationship between AIP and the reversion from prediabetes to NFG/progression to diabetes, identifying a turning point of 0.04 for reversion to NFG and 0.17 for progression to diabetes. In addition, we observed significant differences in the association between AIP and reversion from prediabetes to NFG/progression to diabetes across age subgroups, specifically indicating that the risk associated with AIP for progression from prediabetes to diabetes was relatively higher in younger populations; likewise, a younger age within the adult group favored the reversion from prediabetes to NFG in relation to AIP.

Conclusion
Our study, for the first time, reveals a negative correlation between AIP and the reversion from prediabetes to normoglycemia and validates the crucial role of AIP in the risk assessment of prediabetes progression. Based on threshold analysis, therapeutically, keeping the AIP below 0.04 was of paramount importance for individuals with prediabetes aiming for reversion to NFG; preventatively, maintaining AIP below 0.17 was vital to reduce the risk of diabetes onset for those with prediabetes.
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Background
Prediabetes is a high-risk state for diabetes, as well as various vascular-related diseases and chronic conditions [1–4]. Extensive research in the past has assessed the progression of prediabetes, yielding significant findings that have greatly influenced diabetes prevention policies [5–7]. However, the regression of prediabetes has recently garnered attention, with completed randomized controlled trials of pharmacological or lifestyle interventions suggesting that reversing prediabetes can significantly protect patients from future diabetes and various chronic complications [8–19]. Given the current global pandemic of prediabetes, with prediabetic patients exceeding 400 million, and potential widespread complications [1–4, 20], it’s crucial to actively explore modifiable factors beneficial for the reversion or progression of prediabetes.
AIP is a simple parameter employed for assessing plasma atherosclerosis, first proposed by Professors Frohlich J and Dobiásová M in 2001 [21]. In their initial investigation, Professor Frohlich J and his team examined the relationship between AIP and the fractional esterification rate of high-density lipoprotein cholesterol, as well as lipoprotein particle size. They found that AIP values closely resembled the fractional esterification rate of high-density lipoprotein cholesterol and lipoprotein particle size, suggesting AIP as a potentially useful simple parameter representing atherosclerosis [21]. This proposition was further validated in subsequent clinical studies, with many researchers also identifying the significant value of AIP not only in evaluating atherosclerosis-related diseases and their adverse outcomes [22–28], but also in reflecting insulin resistance (IR), which is closely linked to glucose metabolic dysfunction [29, 30]. Recent observational studies have further corroborated the significant role of AIP in the onset of prediabetes and diabetes [31–33]. However, the impact of AIP on blood glucose reversal or progression in individuals with prediabetes remains unclear. Given the high prevalence of prediabetes and the severe physical damage caused by its widespread complications, determining the relationship between the modifiable factor, AIP, and glycemic status changes in prediabetic individuals may offer significant benefits in reversing this situation. Hence, in the present study, based on the multi-center medical examination data from China’s Rich Healthcare Group, we aimed to explore the role of AIP in the reversal of prediabetes to NFG or its progression to diabetes.

Methods
Study design and data source
This study utilized the longitudinal follow-up data from the multi-center health examination cohort of Rich Healthcare Group. The establishment of this dataset was initially aimed at investigating the significant role of obesity in the onset of diabetes among the Chinese population. The detailed design has been previously described elsewhere by Professor Li Xiaoying and colleagues [34]. In brief, in the original design, Li et al. initially enrolled 685,277 adult participants who underwent health screenings at Rich Healthcare Group health examination centers across 32 districts in 11 cities in China between 2010 and 2016, and these participants had at least two or more health screenings during this period. In line with the initial research objectives, Li et al. excluded participants with missing baseline information [including sex, age, and fasting plasma glucose (FPG)] (n = 135,317), those with body mass index (BMI) values above 55 kg/m2 or below 15 kg/m2 (n = 152), those with a follow-up duration less than 2 years (n = 324,233), those diagnosed with diabetes at baseline (n = 7,112), and participants whose diabetes status could not be determined during follow-up (n = 6,630). Ultimately, they incorporated 211,833 participants into the study and completed the entire research. The corresponding dataset has been anonymized by Professor Li’s team and shared publicly on the DRYAD database [35]. In accordance with the terms of use of the DRYAD database and the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License (CC BY-NC-ND 4.0), researchers can utilize datasets from the DRYAD database for secondary creation and must acknowledge the data source [35].
According to our research design, we initially identified individuals with baseline prediabetes in the dataset provided by Li et al. as the study population and set the AIP as the independent variable. The dependent variables were defined as changes in glycemic status during the follow-up, which includes reversion to NFG and progression to diabetes from prediabetes. Based on our new research objectives, we further excluded participants with missing independent variable data and those missing FPG during the follow-up and who were unable to determine diabetes status. Ultimately, our study included 15,421 participants for the secondary analyses. Figure 1 summarizes the entire research workflow.
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Fig. 1Flow chart of study participants



Ethical approval
In accordance with local laws and regulations, the Institutional Ethics Committee of Jiangxi Provincial People’s Hospital, after reviewing the design of the current study and the anonymized research data set, authorized the implementation of the current study and exempted the subjects from signing informed consent forms. The current study was conducted in line with the Declaration of Helsinki and adhered to the STROBE reporting guidelines.

Baseline indicators measurement and assessment
As previously mentioned [34], participants at the health examination center were received by trained medical personnel who collected general demographic information (sex, age), lifestyle factors (smoking and drinking status), history of diabetes, and family history of diabetes. Simple physical parameters, such as height, weight, and blood pressure [systolic blood pressure (SBP) and diastolic blood pressure (DBP)], were also measured and recorded using a standardized questionnaire. For the measurement of height and weight, participants were asked to remove their shoes and wear only light clothing, with the results recorded to one decimal place. Blood pressure was measured using a mercury sphygmomanometer.
After fasting for at least 10 h, venous blood samples were obtained from the participants. In a standard laboratory setting, common biochemical indicators such as FPG, total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), creatinine (Cr), blood urea nitrogen (BUN), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were measured using an automated analyzer (Beckman 5800).

Calculation
BMI was calculated as Weight(kg)/Height(m)2;

                           AIP was calculated as log10 (TG/HDL-C) [21].

Definition of outcome
The outcome of interest in the present study was the change in glycemic status of participants with prediabetes during the follow-up period, including progression to diabetes, continued maintenance of a prediabetic state, or reversion to NFG. The study’s outcome definitions were based on the American Diabetes Association’s standards for prediabetes and diabetes using FPG [36]. Specifically, diabetes was defined as either a self-reported diagnosis of diabetes by another healthcare professional during follow-up or a measured FPG greater than 7.0 mmol/L. Prediabetes was defined as FPG levels greater than 5.6 mmol/L but less than 6.9 mmol/L. Reversion to NFG was defined as FPG levels below 5.6 mmol/L during follow-up.

Statistical analysis
The baseline characteristics of the study population were summarized by quartiles of the independent variable and the outcomes. Categorical variables were reported as frequencies (%) and continuous variables as medians (interquartile range) or mean (standard deviation). Differences between groups were tested using one-way ANOVA (for continuous variables) and the chi-square test (for categorical variables).
Multivariable Cox regression models were used to determine the impact of AIP on glycemic state transitions among prediabetic participants. For multi-class outcomes, we split the data into binary datasets for each class using the one-versus-one method [37, 38]. Before modeling, we plotted Schoenfeld residuals over time to test the proportional hazards assumption [39] and calculated the variance inflation factor to check for potential multicollinearity [40]. Based on the STROBE statement [41], we applied four stepwise adjusted models to assess the associations between AIP (and its quartiles) and prediabetic glucose state transitions: an unadjusted reference model was first established, then Model I adjusted for sex and age; Model II further adjusted for SBP, LDL-C, ALT, BUN, and Cr; Model III built upon Model II and further adjusted for BMI, smoking status, drinking status, and family history of diabetes. Notably, in all models, we also tested for linear trends by modeling the median value of AIP quartiles as a continuous variable. Additionally, we explored the potential heterogeneity of the AIP association with prediabetic glucose state transitions in the most common phenotypes, including BMI, age, and sex; with BMI categorization based on the recommendations of the Working Group on Obesity in China [42], and age grouping referencing the World Health Organization (WHO) criteria [43]; likelihood ratio tests were used for comparing differences between groups.
Several sensitivity analyses were conducted to test the robustness of our findings: (1) Similar association analysis steps were performed based on WHO criteria for prediabetes/diabetes using FPG [44]. (2) Given potential competing risks among study outcomes, we further validated the association between AIP and reversion/progression of prediabetes in a competing risk model. (3) The same association analysis was conducted among those without a family history of diabetes. (4) We also computed the E-value to quantify the required strength of an unmeasured confounder [45].
Additionally, we employed 4-knot RCS in the Cox regression model to fit the dose-response relationship between AIP and prediabetes reversion/progression. When a non-linear association was detected, potential inflection points were identified using a recursive algorithm, and segmented Cox regression was used to evaluate HRs of glycemic state transitions before and after these points.
All tests considered a significance level set at P < 0.05. All analyses were performed using R language version 3.4.3 and Empower(R) version 2.0.


Results
Baseline characteristics summarized according to AIP quartiles
Among the 15,421 adult participants who met the inclusion criteria, 10,009 were males and 5,412 were females, with an average age of 51 years. The AIP displayed a normal distribution in this cohort (as shown in Supplementary Fig. 1). The baseline characteristics of the study population were presented according to the quartiles of AIP. As illustrated in Table 1, participants with a higher AIP were predominantly male, had a higher prevalence of smoking and drinking habits, and exhibited elevated values in age, height, weight, BMI, and levels of FPG, TC, TG, ALT, AST, and Cr.
Table 1Summary of baseline characteristics of the study population according to AIP quartile group


	 	AIP quartiles
	P-value

	Q1(-1.40,-0.16)
	Q2(-0.15,0.05)
	Q3(0.05–0.25)
	Q4(0.25–1.41)

	No. of subjects
	3855
	3852
	3858
	3856
	 
	Age, years
	48.00 (37.00–59.00)
	51.00 (39.00–61.00)
	52.00 (42.00–61.00)
	52.00 (42.00–61.00)
	< 0.001

	Sex
	 	 	 	 	< 0.001

	Male
	1835 (47.60%)
	2416 (62.72%)
	2743 (71.10%)
	3015 (78.19%)
	 
	Female
	2020 (52.40%)
	1436 (37.28%)
	1115 (28.90%)
	841 (21.81%)
	 
	Height, cm
	164.65 (8.22)
	166.26 (8.44)
	167.29 (8.33)
	168.45 (8.03)
	< 0.001

	Weight, kg
	62.50 (10.64)
	68.29 (11.16)
	71.63 (11.59)
	74.67 (11.80)
	< 0.001

	BMI, kg/m2
	22.98 (3.04)
	24.63 (3.14)
	25.51 (3.11)
	26.22 (3.06)
	< 0.001

	SBP, mmHg
	123.21 (17.63)
	127.44 (17.57)
	129.08 (17.46)
	130.27 (17.33)
	< 0.001

	DBP, mmHg
	75.30 (10.81)
	77.96 (11.10)
	79.72 (11.09)
	81.05 (10.94)
	< 0.001

	FPG, mmol/L
	5.90 (0.29)
	5.93 (0.30)
	5.98 (0.33)
	6.01 (0.34)
	< 0.001

	TC, mmol/L
	4.79 (0.89)
	4.99 (0.91)
	5.11 (0.93)
	5.28 (0.98)
	< 0.001

	TG, mmol/L
	0.75 (0.60–0.90)
	1.21 (1.06–1.40)
	1.72 (1.51-2.00)
	2.90 (2.35–3.81)
	< 0.001

	HDL-C, mmol/L
	1.53 (1.36–1.71)
	1.38 (1.23–1.54)
	1.26 (1.11–1.42)
	1.08 (0.95–1.27)
	< 0.001

	LDL-C, mmol/L
	2.72 (2.31–3.17)
	2.91 (2.48–3.37)
	2.99 (2.54–3.46)
	2.88 (2.43–3.42)
	< 0.001

	ALT, U/L
	16.30 (12.30–23.00)
	21.00 (15.00-29.50)
	24.00 (17.40–35.10)
	29.00 (20.50–42.60)
	< 0.001

	AST, U/L
	21.90 (18.00–26.00)
	23.45 (19.72–28.28)
	24.00 (20.60-29.17)
	26.40 (21.90–32.10)
	< 0.001

	BUN, mmol/L
	4.87 (4.10–5.72)
	4.90 (4.12–5.80)
	4.89 (4.12–5.74)
	4.86 (4.10–5.70)
	0.174

	Cr, umol/L
	67.00 (57.00-79.50)
	72.80 (61.00–83.00)
	75.00 (63.80–85.00)
	75.50 (65.20–85.00)
	< 0.001

	Family history of diabetes
	94 (2.44%)
	102 (2.65%)
	89 (2.31%)
	99 (2.57%)
	0.785

	Smoking status
	 	 	 	 	0.252

	Current
	320 (8.30%)
	308 (8.00%)
	324 (8.40%)
	358 (9.28%)
	 
	Past
	65 (1.69%)
	63 (1.64%)
	63 (1.63%)
	68 (1.76%)
	 
	Never
	908 (23.55%)
	869 (22.56%)
	877 (22.73%)
	940 (24.38%)
	 
	Not recorded
	2562 (66.46%)
	2612 (67.81%)
	2594 (67.24%)
	2490 (64.57%)
	 
	Drinking status
	 	 	 	 	0.095

	Current
	51 (1.32%)
	47 (1.22%)
	56 (1.45%)
	61 (1.58%)
	 
	Past
	243 (6.30%)
	199 (5.17%)
	224 (5.81%)
	241 (6.25%)
	 
	Never
	999 (25.91%)
	994 (25.80%)
	984 (25.51%)
	1064 (27.59%)
	 
	Not recorded
	2562 (66.46%)
	2612 (67.81%)
	2594 (67.24%)
	2490 (64.57%)
	 

Values were expressed as mean (standard deviation) or median (interquartile range) or n (%)
Abbreviations: AIP: atherogenic index of plasma; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; FPG: fasting plasma glucose; TG: triglyceride; TC: total cholesterol; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; ALT: alanine aminotransferase; AST: aspartate aminotransferase; BUN: blood urea nitrogen; Cr: creatinine




Baseline characteristics summarized according to follow-up outcomes
During the median follow-up of 2.9 years, of the 15,421 participants, 2,424 (15.72%) developed new-onset diabetes, 6,516 (42.25%) remained in the prediabetic state, and 6,481 (42.03%) reverted to NFG. The incidence of prediabetes progressing to diabetes was 53 per 1,000 person-years (the incidence rates corresponding to AIP quartiles were 35 per 1000 person-years, 49 per 1000 person-years, 60 per 1000 person-years, and 68 per 1000 person-years, respectively), and reversing to NFG was 142 per 1,000 person-years (the incidence rates corresponding to AIP quartiles were 172 per 1000 person-years, 150 per 1000 person-years, 124 per 1000 person-years, and 121 per 1000 person-years, respectively). Figure 2 displays the cumulative incidence curves for the progression from prediabetes to diabetes and reversion to NFG, highlighting the significant potential for reversion from prediabetes to NFG.
[image: ]
Fig. 2Cumulative incidence curve of reversal of prediabetes to NFG or progressing to diabetes. NFG: normal fasting glucose


Pursuant to the follow-up outcomes, we further summarized the baseline characteristics of the participants. As indicated in Table 2, participants who eventually reverted to NFG typically had lower baseline measurements of age, weight, BMI, SBP, DBP, FPG, TC, TG, LDL-C, AIP, ALT, AST, BUN, and Cr, particularly age and AIP (see Fig. 3). Additionally, a greater proportion of this subgroup reported having quit smoking and had a lower prevalence of a family history of diabetes.
Table 2Baseline characteristics summarized according to subjects’ glycemic status during follow-up


	 	Glucose status during follow-up
	P-value

	Prediabetes
	NFG
	Diabetes

	No. of subjects
	6516
	6481
	2424
	 
	Sex
	 	 	 	< 0.001

	Male
	4358 (66.88%)
	3949 (60.93%)
	1702 (70.21%)
	 
	Female
	2158 (33.12%)
	2532 (39.07%)
	722 (29.79%)
	 
	Age, years
	53.00 (43.00–62.00)
	46.00 (36.00–58.00)
	55.00 (46.00–63.00)
	< 0.001

	Height, cm
	166.59 (8.37)
	166.71 (8.40)
	166.74 (8.31)
	0.625

	Weight, kg
	69.80 (11.81)
	67.64 (12.12)
	72.22 (12.60)
	< 0.001

	BMI, kg/m2
	25.06 (3.19)
	24.23 (3.28)
	25.87 (3.41)
	< 0.001

	SBP, mmHg
	129.35 (17.76)
	124.16 (16.93)
	131.46 (17.99)
	< 0.001

	DBP, mmHg
	79.53 (11.24)
	76.73 (10.84)
	80.49 (11.31)
	< 0.001

	FPG, mmol/L
	6.00 (0.32)
	5.84 (0.24)
	6.15 (0.38)
	< 0.001

	TC, mmol/L
	5.08 (0.94)
	4.99 (0.94)
	5.10 (0.97)
	< 0.001

	TG, mmol/L
	1.50 (1.04–2.20)
	1.31 (0.90–1.97)
	1.67 (1.14–2.45)
	< 0.001

	HDL-C, mmol/L
	1.31 (1.13–1.51)
	1.34 (1.15–1.54)
	1.29 (1.09–1.50)
	< 0.001

	LDL-C, mmol/L
	2.90 (2.46–3.36)
	2.84 (2.41–3.33)
	2.88 (2.43–3.40)
	< 0.001

	AIP
	0.07 (0.30)
	0.01 (0.31)
	0.12 (0.30)
	< 0.001

	ALT, U/L
	22.50 (16.00–33.00)
	20.40 (14.50–31.00)
	24.90 (17.80–37.00)
	< 0.001

	AST, U/L
	24.00 (20.00-28.80)
	23.50 (19.40–28.80)
	25.00 (20.70–31.00)
	< 0.001

	BUN, mmol/L
	4.91 (4.19–5.78)
	4.80 (4.05–5.68)
	4.93 (4.13–5.80)
	< 0.001

	Cr, umol/L
	73.50 (62.10–84.00)
	72.00 (59.80–82.90)
	73.30 (62.00–83.00)
	< 0.001

	Family history of diabetes
	151 (2.32%)
	148 (2.28%)
	85 (3.51%)
	0.002

	Smoking status
	 	 	 	< 0.001

	Current
	577 (8.86%)
	491 (7.58%)
	242 (9.98%)
	 
	Past
	94 (1.44%)
	121 (1.87%)
	44 (1.82%)
	 
	Never
	1471 (22.58%)
	1642 (25.34%)
	481 (19.84%)
	 
	Not recorded
	4374 (67.13%)
	4227 (65.22%)
	1657 (68.36%)
	 
	Drinking status
	 	 	 	0.005

	Current
	100 (1.53%)
	86 (1.33%)
	29 (1.20%)
	 
	Past
	342 (5.25%)
	429 (6.62%)
	136 (5.61%)
	 
	Never
	1700 (26.09%)
	1739 (26.83%)
	602 (24.83%)
	 
	Not recorded
	4374 (67.13%)
	4227 (65.22%)
	1657 (68.36%)
	 

Values were expressed as mean (standard deviation) or median (interquartile range) or n (%)
Abbreviations: NFG: normal fasting glucose; other abbreviations as in Table 1
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Fig. 3Violin chart showing baseline characteristics of AIP and age according to glucose status during follow-up. AIP: atherogenic index of plasma; NFG: normal fasting glucose



Association of AIP with glycemic state transition during the follow-up among prediabetic participants
Using reversion to NFG and progression to diabetes during the follow-up as dependent variables, we plotted the Schoenfeld residual plots for the AIP over time (as shown in Supplementary Figs. 2 and 3) and tested for collinearity between AIP and other covariates. The results indicated that the current study’s employment of the Cox model as the primary analytical method adheres to the proportional hazards assumption. Moreover, weight, TC, and TG, due to their variance inflation factor exceeding 5, were excluded from subsequent multivariable models (Supplementary Table 1).
Four Cox regression models were employed to assess the association between AIP and either reversion or progression of prediabetes (as summarized in Table 3). In the unadjusted model, we initially observed a negative association between AIP and reversion from prediabetes to NFG (HR 0.65, 95% CI:0.59–0.70) and a positive association between AIP and progression from prediabetes to diabetes (HR 2.07, 95%CI:1.83–2.35). Subsequently, in the sequentially adjusted multivariable Cox regression models (Models I-III), we noticed a partial attenuation in the strength of association between AIP and either reversion to NFG or progression to diabetes. However, the overall directional consistency of the association was retained from the initial model. Furthermore, we assessed the relationship between AIP quartiles and either reversion to NFG or progression to diabetes in all models. The results indicated that as quartiles of AIP increased, the negative/positive association with reversion to NFG/progression to diabetes progressively strengthened (P-trend < 0.05).
Table 3Multivariate Cox regression analysis of the role of AIP in assessing changes in glycemic status in patients with prediabetes


	 	Per 1000
person-years
	HR (95%CI)

	Non-adjusted Model
	Model I
	Model II
	Model III

	Prediabetes to NFG
	 	 	 	 
	AIP
	142
	0.65 (0.59, 0.70)
	0.75 (0.69, 0.82)
	0.82 (0.75, 0.89)
	0.89 (0.81, 0.98)

	AIP (quartile)
	 	 	 	 	 
	Q1
	172
	Ref
	Ref
	Ref
	Ref

	Q2
	150
	0.88 (0.82, 0.94)
	0.94 (0.88, 1.01)
	0.98 (0.91, 1.04)
	1.01 (0.95, 1.08)

	Q3
	124
	0.75 (0.70, 0.80)
	0.83 (0.77, 0.89)
	0.87 (0.81, 0.94)
	0.92 (0.85, 0.99)

	Q4
	121
	0.71 (0.67, 0.76)
	0.80 (0.74, 0.86)
	0.85 (0.79, 0.96)
	0.91 (0.84, 0.98)

	P-trend
	 	< 0.0001
	< 0.0001
	< 0.0001
	0.0034

	Prediabetes to Diabetes
	 	 	 	 
	AIP
	53
	2.07 (1.83, 2.35)
	1.88 (1.65, 2.14)
	1.67 (1.46, 1.91)
	1.42 (1.24, 1.64)

	AIP (quartile)
	 	 	 	 
	Q1
	35
	Ref
	Ref
	Ref
	Ref

	Q2
	49
	1.42 (1.25, 1.61)
	1.32 (1.16, 1.51)
	1.28 (1.12, 1.46)
	1.19 (1.04, 1.36)

	Q3
	60
	1.80 (1.59, 2.04)
	1.64 (1.45, 1.86)
	1.55 (1.36, 1.76)
	1.40 (1.23, 1.60)

	Q4
	68
	1.96 (1.74, 2.21)
	1.78 (1.58, 2.01)
	1.63 (1.43, 1.85)
	1.42 (1.24, 1.61)

	P-trend
	 	< 0.0001
	< 0.0001
	< 0.0001
	< 0.0001


Abbreviations: HR: hazard ratios; CI: confidence interval; other abbreviations as in Table 1
Model I adjusted for age, sex
Model II adjusted for age, sex, SBP, LDL-C, ALT, BUN and Cr
Model III adjusted for age, sex, SBP, DBP, LDL-C, ALT, BUN, Cr, BMI, family history of diabetes, smoking status, drinking status




Sensitivity analysis
To validate the stability of the association between AIP and either reversion or progression of prediabetes, we conducted association analyses under the WHO criteria, in the competing risk model, and among individuals without a family history of diabetes (Supplementary Table 2). The outcomes aligned with the primary analysis, indicating a negative association between AIP and reversion from prediabetes to NFG, and a positive association between AIP and progression from prediabetes to diabetes. In addition, based on the results from Model III, we computed the E-value to quantify the required magnitude of association between an unmeasured confounder and outcomes. The results showed that, in the negative correlation between AIP and the reversal of prediabetes, the point estimate of the E-value was 1.50. Comparing this with previously published results on factors reversing prediabetes [46–48], it seems unlikely that any unmeasured confounding factors would significantly affect the stability of our results. Moreover, in the positive correlation between AIP and the progression of prediabetes, the point estimate of the E-value was 2.19. This suggests that it is improbable for an unmeasured confounding factor to affect the result’s stability, given that 2.19 represents a relatively high degree of association.

Visualization of the association between AIP and the reversion/progression of prediabetes
Having established the association between AIP and the reversion/progression of prediabetes, we utilized RCS to further model and visualize the dose-response relationship between AIP and the aforementioned outcomes. After adjustments based on Model III, we observed that the relationships between AIP and either reversion or progression of prediabetes were not linear, with distinct inflection points evident (as depicted in Figs. 4 and 5). Using a recursive algorithm, we further identified an inflection point in the association of AIP with reversion to NFG at 0.04. Before this point, the curve indicating the association between AIP and reversion to NFG tended to be flat (HR 0.95, 95%CI:0.80–1.13); beyond this point, the negative association rapidly intensified (HR 0.84, 95%CI:0.72–0.99). Additionally, the inflection point for the association of AIP with progression from prediabetes to diabetes was calculated as 0.17. Prior to this point, the diabetes risk associated with AIP gradually escalated (HR 1.86, 95%CI:1.42–2.43); after which, the risk curve became relatively stable (HR 1.08, 95%CI:0.82–1.43) (as summarized in Table 4).
[image: ]
Fig. 4Apply the 4-knots RCS model to fit the dose-response curve of AIP and reversal of prediabetes to NFG. AIP: atherogenic index of plasma; NFG: normal fasting glucose; RCS: restricted cubic splines


[image: ]
Fig. 5Apply the 4-knots RCS model to fit the dose-response relationship curve between AIP and progression from prediabetes to diabetes. AIP: atherogenic index of plasma; NFG: normal fasting glucose


Table 4The result of the two-piecewise Cox regression model


	 	HR (95%CI)
	P-value

	Prediabetes to NFG
	 	 
	Fitting model by two-piecewise cox regression
	 	 
	The inflection point of AIP
	0.04
	 
	<0.04
	0.95 (0.80, 1.13)
	0.5601

	>0.04
	0.84 (0.72, 0.99)
	0.0327

	Prediabetes to Diabetes
	 	 
	Fitting model by two-piecewise cox regression
	 	 
	The inflection point of AIP
	0.17
	 
	<0.17
	1.86 (1.42, 2.43)
	< 0.0001

	>0.17
	1.08 (0.82, 1.43)
	0.5939


Abbreviations: HR: hazard ratios; CI: confidence
Adjusted for age, sex, SBP, LDL-C, ALT, BUN, Cr, BMI, family history of diabetes, smoking status, drinking status




Subgroup analysis
In several of the most commonly observed phenotypic subgroups, we delved deeper into the association between AIP and the reversion/progression of prediabetes. As indicated in Table 5, within the sex, age, and BMI subgroups, we only observed an interaction between age and AIP in relation to the reversion/progression of prediabetes. Specifically, when compared to individuals aged ≥ 45 years, prediabetic patients aged < 45 exhibited a weaker negative association of AIP with reversion to NFG (HR: 0.94 vs. 0.82, P-interaction = 0.0010) and a stronger positive association with progression to diabetes (HR: 1.86 vs. 1.26, P-interaction = 0.0230).
Table 5Exploratory subgroup analysis of the role and differences of AIP in assessing changes in glycemic status in prediabetes patients


	 	HR (95%CI)

	Prediabetes to NFG
	Prediabetes to Diabetes

	Sex
	 	 
	Male
	0.88 (0.78, 0.98)
	1.37 (1.16, 1.62)

	Female
	0.91 (0.79, 1.05)
	1.56 (1.21, 2.00)

	P-interaction
	0.6844
	0.4109

	Age, years
	 	 
	<45
	0.94 (0.81, 1.08)
	1.86 (1.38, 2.50)

	≥ 45
	0.82 (0.73, 0.93)
	1.26 (1.07, 1.48)

	P-interaction
	0.0010
	0.0230

	BMI, kg/m2
	 	 
	<24
	0.87 (0.76, 1.00)
	1.95 (1.52, 2.52)

	24-27.9
	0.88 (0.76, 1.01)
	1.28 (1.05, 1.57)

	≥ 28
	0.81 (0.63, 1.04)
	1.34 (1.00, 1.80)

	P-interaction
	0.8505
	0.0570


Models adjusted for the same covariates as in model III (Table 3), except for the stratification variable
Abbreviations: HR: hazard ratios; CI: confidence interval; other abbreviations as in Table 1





Discussion
In this multi-center retrospective cohort study, we evaluated the role of AIP in determining the future glycemic outcomes of individuals with prediabetes. Our research indicated a positive correlation between AIP and the progression from prediabetes to diabetes, while a negative association existed between AIP and the reversion of prediabetes to NFG status. Furthermore, we observed a notable difference in the association between AIP and either reversion to NFG or progression to diabetes among different age subgroups. Specifically, the risk associated with AIP in relation to the progression from prediabetes to diabetes was relatively higher in the younger population; likewise, younger adults exhibited a more favorable association between AIP and the reversion of prediabetes to NFG.
Prediabetes is an intermediary stage between normoglycemia and diabetes [2]. Initially, the term “prediabetes” was primarily employed to identify individuals at high risk of developing diabetes in the future. However, as research has evolved, many studies have highlighted that this intermediate state doesn’t merely indicate the forthcoming risk of diabetes. It also inflicts significant detrimental effects on various organs/systems, amplifying the risk of microvascular diseases, macrovascular diseases, chronic kidney diseases, neuropathies, and even cancer [1–4]. It accelerates osteoporosis, brain aging, and even increases mortality risk [49, 50]. Fortunately, the hyperglycemic state of prediabetes is reversible. In the context of lifestyle intervention, evidence from the Malmö feasibility study shows that over 50% of prediabetic individuals reverted to normoglycemia within 6 years [19]; results from Saudi Arabia indicated a 52.1% reversion rate in prediabetic individuals within 18 months [16]; the Whitehall II cohort study revealed that 45% of individuals with impaired fasting glucose reverted to NFG within 5 years [11]; furthermore, the Daqing Diabetes Prevention study from China showed a 32.2% reversion rate within 6 years [8]. When pharmaceutical interventions were employed, evidence from the Canadian STOP-NIDDM cohort suggested that 35% of individuals with impaired glucose tolerance reversed normoglycemia within 1300 days post-acarbose treatment [15]; another study from the Indian Diabetes Prevention Program revealed a 40.9% reversion rate within 3 years after pioglitazone intervention [18]. While these pieces of evidence are scattered globally, they collectively echo the potent potential of prediabetes reverting to normoglycemia. In our current research with a median follow-up of 2.9 years, we observed that over 40% of prediabetic participants reversed their glucose levels to normal. Further, the cumulative incidence curve (Fig. 2) predicts that the reversion rate of prediabetes will continue to rise as time progresses.
Atherosclerotic lipid abnormalities are important modifiable risk factors for diabetes and cardiovascular events in diabetic patients. In recent years, intensified lipid management for these patients has gained increasing endorsement from endocrinologists and researchers alike [51, 52]. Notably, findings from the Steno-2 cohort study emphasized that the importance of lipid control in diabetic patients rivals that of glycemic control [53]. The AIP serves as a non-traditional lipid parameter for determining atherosclerosis risk. Its significant utility in the assessment and prediction of vascular-related diseases has been well-established [22, 23, 26, 27]. In our current study focusing on individuals in the prediabetic stage, we observed a significant positive correlation between AIP and diabetes onset. After thorough adjustment for confounders, our results indicated that for each unit increase in AIP, the risk of developing diabetes raised by 42% among prediabetic individuals. This discovery aligned with prior reports from studies centered on both Chinese populations and other ethnicities, suggesting that an elevated AIP augments the risk of diabetes onset [31–33, 54–58]. It’s imperative to highlight that the cohort in our study comprised of individuals in the prediabetic stage, setting it apart from earlier similar studies. Additionally, our investigation assessed the role of AIP in the regression of prediabetes to NFG and then found a negative correlation between AIP and such regression. Further analyses based on RCS revealed a non-linear relationship between AIP and both regression to NFG and progression to diabetes, with identified inflection points at 0.04 and 0.17, respectively. Interestingly, the AIP threshold for evaluating prediabetes regression was lower, suggesting stricter monitoring criteria might be needed for prediabetic individuals aiming to revert to NFG. From a therapeutic standpoint, we recommend that prediabetic patients maintain an AIP below 0.04, whereas for prevention, an AIP below 0.17 is advisable.
Subgroup analysis in our study yielded intriguing findings, revealing that age plays a pivotal role in the interaction with AIP concerning the regression or progression of prediabetes. More specifically, compared with individuals aged ≥ 45 years, those aged < 45 demonstrated a milder negative correlation between AIP and reversion to NFG, but a more pronounced positive correlation with the progression to diabetes. In layman terms, this suggests that AIP might be a more fitting metric for assessing the regression or progression of prediabetes in individuals below 45 years of age. A similar interaction between AIP and age was previously reported in another study evaluating the risk of prediabetes associated with AIP [31]. In a study conducted by Zheng et al., age was dichotomized at 60 years. They discerned that the prediabetic risk associated with AIP was markedly higher in individuals below 60 years compared to their counterparts above this age (HR: 1.56 vs. 1.11, P-interaction < 0.0001). Currently, a consensus regarding the superiority of AIP in assessing diabetes risk among younger demographics remains elusive. However, drawing on China’s societal context and policy nuances, we proffer some conjectures which may shed light on this phenomenon. It’s well-known that China implemented the One-Child Policy over several decades, leading to a drastic decline in the younger population, subsequently triggering a contraction in the nation’s labor force [59, 60]. However, despite this labor shrinkage, the relatively younger demographic remains integral to societal production. They are now grappling with augmented socio-psychological pressures compared to previous generations. This has significantly heightened their risk of lipid metabolic anomalies, including AIP, and glycemic disturbances, thereby amplifying their susceptibility to IR [61, 62].
For the relatively younger population, the advantage of using AIP to assess the reversion from prediabetes to NFG may be related to the following reasons: (1) As is widely known, the deficiency of functional β-cells is the primary cause of diabetes. For a long time, self-replication has been considered the main mechanism for β-cell maintenance and regeneration. However, the replication of β-cells declines rapidly with increasing age [63]. Therefore, being young implies a greater quantity and quality of β-cell regeneration [64]. The regeneration of β-cells will further improve lipid metabolism, including AIP, as well as glucose metabolism, leading to an advantage in reverting to NFG [65]. (2) Being young means having a higher β-cell recovery capacity [66, 67]. Therefore, subsequent improvements in AIP and reversion to NFG are more pronounced. (3) Lower body weight is noteworthy as it indicates a poorer reserve of pancreatic β-cells [68]. In the current study, compared to the population under 45 years of age, those aged ≥ 45 have a significantly lower body weight (70.34 kg vs. 68.71 kg). This lower body weight may be a significant factor in the age-related differences observed between AIP and the reversion to NFG.
Strengths and limitations of the study
There are a few advantages worth mentioning: (1) The present study, for the first time, elucidates the association between AIP and the reversal from prediabetes to NFG. Additionally, it revalidates the critical role of AIP in risk assessment for the progression of diabetes within the prediabetic population. (2) After affirming the nexus between AIP and the prediabetes reversal, the study further identifies an inflection point associated with the reversal to NFG at 0.04, and another leading to the development of diabetes at 0.17. These threshold points play an essential role in both the therapeutic approach to prediabetes and the prevention of diabetes. (3) Compared to preceding studies on prediabetes reversal [22–28], the current research boasts an impressively extensive sample size. Furthermore, given its multi-centric nature, the evidentiary basis of this research can be considered relatively robust.
Limitations are similarly present in the current study, mainly as follows: (1) Given that the data originates from health examination institutions, it lacks oral glucose tolerance test information. Consequently, the outcomes of the current study are diagnosed based on FPG, which may underestimate the incidence rate of the outcomes. However, from another perspective, the diagnosis based on FPG alone in the current study may be more in line with the actual situation of group examinations for non-diabetic people in society, because non-diabetic people rarely receive oral glucose tolerance tests. (2) The relatively short follow-up duration might not comprehensively elucidate the relationship between AIP and the regression/progression of prediabetes. Further studies with extended follow-up periods are necessary for a more in-depth evaluation. (3) The evidence presented stems from medical examination data of a Chinese cohort; therefore, caution is advised when extrapolating these findings to other ethnicities. (4) To mitigate potential reverse causality, Li et al. initially excluded participants with a follow-up of less than two years. This resulted in a relative reduction of the overall sample size for the present study. (5) The current investigation solely assessed the association between baseline AIP and prediabetes regression/progression. Evaluating the longitudinal changes in AIP in relation to the regression or progression of prediabetes might further enhance the study’s value and significance, thereby warranting additional research. (6) The current study is based on a secondary analysis of a public data set, and the original data cannot be updated, thus inevitably leaving some unmeasured factors and potential residual confounding. As a workaround, we have calculated the E-value based on our final model to quantify the magnitude of association required by an unmeasured confounding factor. The results indicate that it is unlikely that there are unmeasured confounders that could affect the robustness of the results.


Conclusion
This multi-center retrospective cohort study revealed a negative association between AIP and the regression of prediabetes to NFG, and underscored the pivotal role of AIP in assessing the risk of diabetes progression. According to threshold analysis, from a therapeutic perspective, maintaining AIP below 0.04 is crucial for prediabetic patients to revert to NFG. Preventatively, keeping AIP under 0.17 is significant for prediabetic individuals to mitigate the risk of diabetes onset.

Acknowledgements
We would like to thank Dr. Li Xiaoying and his team members for their great efforts in data collection and organization.

Author contributions
YZ: Conceptualization, methodology, supervision, and project administration.HY-Y: writing-original draft preparation.YZ, GT-S, MB-K, RJ-Y and GB-X: writing-reviewing and editing.MB-K, RJ-Y and GB-X: Software.MB-K, RJ-Y and GB-X: formal analysis and validation.HY-Y, MB-K, RJ-Y and GB-X: data curation and validation.All authors read and approved the final manuscript.

Funding
This work was supported by Natural Science Foundation of Jiangxi Province [No. 20232BAB216004 to YZ].

Data availability
The data set supporting the results of this study has been uploaded to Dryad database.

Declarations
Ethics approval and consent to participate
In accordance with local laws and regulations, the Institutional Ethics Committee of Jiangxi Provincial People’s Hospital, after reviewing the design of the current study and the anonymized research data set, authorized the implementation of the current study and exempted the subjects from signing informed consent forms. The current study was conducted in line with the Declaration of Helsinki and adhered to the STROBE reporting guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


Abbreviations
	AIP
	atherogenic index of plasma

	NFG
	normal fasting glucose

	SBP
	systolic blood pressure

	DBP
	diastolic blood pressure

	RCS
	restricted cubic splines

	BMI
	body mass index

	WHO
	World Health Organization

	ALT
	alanine aminotransferase

	AST
	aspartate aminotransferase

	HDL-C
	high-density lipoprotein cholesterol

	TC
	total cholesterol

	TG
	triglyceride

	LDL-C
	low-density lipoprotein cholesterol

	FPG
	fasting plasma glucose

	HR
	hazard ratio

	CI
	confidence interval

	IR
	insulin resistance

	Cr
	creatinine

	BUN
	blood urea nitrogen




References
	1.
Beulens J, Rutters F, Rydén L, Schnell O, Mellbin L, Hart HE, et al. Risk and management of pre-diabetes. Eur J Prev Cardiol. 2019;26:47–54. https://​doi.​org/​10.​1177/​2047487319880041​.CrossrefPubMed


	2.
Tabák AG, Herder C, Rathmann W, Brunner EJ, Kivimäki M. Prediabetes: a high-risk state for Diabetes development. Lancet. 2012;379:2279–90. https://​doi.​org/​10.​1016/​S0140-6736(12)60283-9.CrossrefPubMedPubMedCentral


	3.
Echouffo-Tcheugui JB, Selvin E. Prediabetes and what it means: the Epidemiological evidence. Annu Rev Public Health. 2021;42:59–77. https://​doi.​org/​10.​1146/​annurev-publhealth-090419-102644.CrossrefPubMedPubMedCentral


	4.
Cai X, Zhang Y, Li M, Wu JH, Mai L, Li J, et al. Association between prediabetes and risk of all cause mortality and Cardiovascular Disease: updated meta-analysis. BMJ. 2020;370:m2297. https://​doi.​org/​10.​1136/​bmj.​m2297.CrossrefPubMedPubMedCentral


	5.
CDC. National Diabetes Prevention Program. Atlanta, GA: CDC; 2012. www.​cdc.​gov/​diabetes/​prevention/​index.​htm.


	6.
Chan JC, Zhang Y, Ning G. Diabetes in China: a societal solution for a personal challenge. Lancet Diabetes Endocrinol. 2014;2:969–79. https://​doi.​org/​10.​1016/​S2213-8587(14)70144-5.CrossrefPubMed


	7.
Ackermann RT, Kenrik Duru O, Albu JB, Schmittdiel JA, Soumerai SB, Wharam JF, et al. Evaluating Diabetes health policies using natural experiments: the natural experiments for translation in Diabetes study. Am J Prev Med. 2015;48:747–54. https://​doi.​org/​10.​1016/​j.​amepre.​2014.​12.​010.CrossrefPubMedPubMedCentral


	8.
Chen Y, Zhang P, Wang J, Gong Q, An Y, Qian X, et al. Associations of progression to Diabetes and regression to normal glucose tolerance with development of cardiovascular and microvascular Disease among people with impaired glucose tolerance: a secondary analysis of the 30 year Da Qing Diabetes Prevention Outcome Study. Diabetologia. 2021;64:1279–87. https://​doi.​org/​10.​1007/​s00125-021-05401-x.CrossrefPubMed


	9.
Tuomilehto J, Lindström J, Eriksson JG, Valle TT, Hämäläinen H, Ilanne-Parikka P, et al. Prevention of type 2 Diabetes Mellitus by changes in lifestyle among subjects with impaired glucose tolerance. N Engl J Med. 2001;344:1343–50. https://​doi.​org/​10.​1056/​NEJM200105033441​801.CrossrefPubMed


	10.
Pratte KA, Johnson A, Beals J, Bullock A, Manson SM, Jiang L, et al. Regression to normal glucose regulation in American indians and Alaska Natives of a Diabetes Prevention Program. Diabetes Care. 2019;42:1209–16. https://​doi.​org/​10.​2337/​dc18-1964.CrossrefPubMedPubMedCentral


	11.
Vistisen D, Kivimäki M, Perreault L, Hulman A, Witte DR, Brunner EJ, et al. Reversion from prediabetes to normoglycaemia and risk of Cardiovascular Disease and mortality: the Whitehall II cohort study. Diabetologia. 2019;62:1385–90. https://​doi.​org/​10.​1007/​s00125-019-4895-0.CrossrefPubMedPubMedCentral


	12.
Perreault L, Pan Q, Mather KJ, Watson KE, Hamman RF, Kahn SE, et al. Effect of regression from prediabetes to normal glucose regulation on long-term reduction in Diabetes risk: results from the Diabetes Prevention Program outcomes Study. Lancet. 2012;379:2243–51. https://​doi.​org/​10.​1016/​S0140-6736(12)60525-X.CrossrefPubMedPubMedCentral


	13.
Perreault L, Pan Q, Schroeder EB, Kalyani RR, Bray GA, Dagogo-Jack S, et al. Regression from prediabetes to normal glucose regulation and prevalence of Microvascular Disease in the Diabetes Prevention Program outcomes Study (DPPOS). Diabetes Care. 2019;42:1809–15. https://​doi.​org/​10.​2337/​dc19-0244.CrossrefPubMedPubMedCentral


	14.
Perreault L, Temprosa M, Mather KJ, Horton E, Kitabchi A, Larkin M, et al. Regression from prediabetes to normal glucose regulation is associated with reduction in cardiovascular risk: results from the Diabetes Prevention Program outcomes study. Diabetes Care. 2014;37:2622–31. https://​doi.​org/​10.​2337/​dc14-0656.CrossrefPubMedPubMedCentral


	15.
Chiasson JL, Josse RG, Gomis R, Hanefeld M, Karasik A, Laakso M, et al. Acarbose for prevention of type 2 Diabetes Mellitus: the STOP-NIDDM randomised trial. Lancet. 2002;359:2072–7. https://​doi.​org/​10.​1016/​S0140-6736(02)08905-5.CrossrefPubMed


	16.
Amer OE, Sabico S, Alfawaz HA, Aljohani N, Hussain SD, Alnaami AM, et al. Reversal of prediabetes in Saudi adults: results from an 18 Month Lifestyle intervention. Nutrients. 2020;12:804. https://​doi.​org/​10.​3390/​nu12030804.CrossrefPubMedPubMedCentral


	17.
Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM, Walker EA, et al. Reduction in the incidence of type 2 Diabetes with lifestyle intervention or metformin. N Engl J Med. 2002;346(6):393–403. https://​doi.​org/​10.​1056/​NEJMoa012512.CrossrefPubMed


	18.
Ramachandran A, Snehalatha C, Mary S, Selvam S, Kumar CK, Seeli AC, et al. Pioglitazone does not enhance the effectiveness of lifestyle modification in preventing conversion of impaired glucose tolerance to Diabetes in Asian indians: results of the Indian Diabetes Prevention Programme-2 (IDPP-2). Diabetologia. 2009;52:1019–26. https://​doi.​org/​10.​1007/​s00125-009-1315-x.CrossrefPubMed


	19.
Eriksson KF, Lindgärde F. Prevention of type 2 (non-insulin-dependent) Diabetes Mellitus by diet and physical exercise. The 6-year Malmö feasibility study. Diabetologia. 1991;34:891–8. https://​doi.​org/​10.​1007/​BF00400196.CrossrefPubMed


	20.
Rooney MR, Fang M, Ogurtsova K, Ozkan B, Echouffo-Tcheugui JB, Boyko EJ, et al. Global prevalence of Prediabetes. Diabetes Care. 2023;46:1388–94. https://​doi.​org/​10.​2337/​dc22-2376.CrossrefPubMed


	21.
Dobiásová M, Frohlich J. The plasma parameter log (TG/HDL-C) as an atherogenic index: correlation with lipoprotein particle size and esterification rate in apob-lipoprotein-depleted plasma (FER(HDL)). Clin Biochem. 2001;34:583–8. https://​doi.​org/​10.​1016/​s0009-9120(01)00263-6.CrossrefPubMed


	22.
Won KB, Heo R, Park HB, Lee BK, Lin FY, Hadamitzky M, et al. Atherogenic index of plasma and the risk of rapid progression of coronary Atherosclerosis beyond traditional risk factors. Atherosclerosis. 2021;324:46–51. https://​doi.​org/​10.​1016/​j.​atherosclerosis.​2021.​03.​009.CrossrefPubMed


	23.
Liu H, Liu K, Pei L, Li S, Zhao J, Zhang K, et al. Atherogenic index of plasma predicts outcomes in Acute ischemic Stroke. Front Neurol. 2021;12:741754. https://​doi.​org/​10.​3389/​fneur.​2021.​741754.CrossrefPubMedPubMedCentral


	24.
Zheng Y, Li C, Yang J, Seery S, Qi Y, Wang W, et al. Atherogenic index of plasma for non-diabetic, coronary artery Disease patients after percutaneous coronary intervention: a prospective study of the long-term outcomes in China. Cardiovasc Diabetol. 2022;21:29. https://​doi.​org/​10.​1186/​s12933-022-01459-y.CrossrefPubMedPubMedCentral


	25.
Alifu J, Xiang L, Zhang W, Qi P, Chen H, Liu L, et al. Association between the atherogenic index of plasma and adverse long-term prognosis in patients diagnosed with chronic coronary syndrome. Cardiovasc Diabetol. 2023;22:255. https://​doi.​org/​10.​1186/​s12933-023-01989-z.CrossrefPubMedPubMedCentral


	26.
Huang Q, Liu Z, Wei M, Huang Q, Feng J, Liu Z, et al. The atherogenic index of plasma and carotid Atherosclerosis in a community population: a population-based cohort study in China. Cardiovasc Diabetol. 2023;22:125. https://​doi.​org/​10.​1186/​s12933-023-01839-y.CrossrefPubMedPubMedCentral


	27.
Kim SH, Cho YK, Kim YJ, Jung CH, Lee WJ, Park JY, et al. Association of the atherogenic index of plasma with cardiovascular risk beyond the traditional risk factors: a nationwide population-based cohort study. Cardiovasc Diabetol. 2022;21:81. https://​doi.​org/​10.​1186/​s12933-022-01522-8.CrossrefPubMedPubMedCentral


	28.
Wu J, Zhou Q, Wei Z, Wei J, Cui M. Atherogenic index of plasma and coronary artery Disease in the Adult Population: a Meta-analysis. Front Cardiovasc Med. 2021;8:817441. https://​doi.​org/​10.​3389/​fcvm.​2021.​817441.CrossrefPubMedPubMedCentral


	29.
Qin Z, Zhou K, Li Y, Cheng W, Wang Z, Wang J, et al. The atherogenic index of plasma plays an important role in predicting the prognosis of type 2 diabetic subjects undergoing percutaneous coronary intervention: results from an observational cohort study in China. Cardiovasc Diabetol. 2020;19:23. https://​doi.​org/​10.​1186/​s12933-020-0989-8.CrossrefPubMedPubMedCentral


	30.
Tan MH, Johns D, Glazer NB. Pioglitazone reduces atherogenic index of plasma in patients with type 2 Diabetes. Clin Chem. 2004;50:1184–8. https://​doi.​org/​10.​1373/​clinchem.​2004.​031757.CrossrefPubMed


	31.
Zheng X, Zhang X, Han Y, Hu H, Cao C. Nonlinear relationship between atherogenic index of plasma and the risk of prediabetes: a retrospective study based on Chinese adults. Cardiovasc Diabetol. 2023;22:205. https://​doi.​org/​10.​1186/​s12933-023-01934-0.CrossrefPubMedPubMedCentral


	32.
Yin B, Wu Z, Xia Y, Xiao S, Chen L, Li Y. Non-linear association of atherogenic index of plasma with insulin resistance and type 2 Diabetes: a cross-sectional study. Cardiovasc Diabetol. 2023;22:157. https://​doi.​org/​10.​1186/​s12933-023-01886-5.CrossrefPubMedPubMedCentral


	33.
Zhu XW, Deng FY, Lei SF. Meta-analysis of Atherogenic Index of Plasma and other lipid parameters in relation to risk of type 2 Diabetes Mellitus. Prim Care Diabetes. 2015;9:60–7. https://​doi.​org/​10.​1016/​j.​pcd.​2014.​03.​007.CrossrefPubMed


	34.
Chen Y, Zhang XP, Yuan J, Cai B, Wang XL, Wu XL, et al. Association of body mass index and age with incident Diabetes in Chinese adults: a population-based cohort study. BMJ Open. 2018;8:e021768. https://​doi.​org/​10.​1136/​bmjopen-2018-021768.CrossrefPubMedPubMedCentral


	35.
Chen Y, et al. Data from: Association of body mass index and age with incident Diabetes in Chinese adults: a population-based cohort study. Dataset: Dryad; 2018. https://​doi.​org/​10.​5061/​dryad.​ft8750v.Crossref


	36.
American Diabetes Association. 2. Classification and diagnosis of Diabetes: standards of Medical Care in Diabetes-2018. Diabetes Care. 2018;41:13–S27. https://​doi.​org/​10.​2337/​dc18-S002.Crossref


	37.
Gharavi E, Gu A, Zheng G, Smith JP, Cho HJ, Zhang A, et al. Embeddings of genomic region sets capture rich biological associations in lower dimensions. Bioinformatics. 2021;37:4299–306. https://​doi.​org/​10.​1093/​bioinformatics/​btab439.CrossrefPubMedPubMedCentral


	38.
Mugler EM, Tate MC, Livescu K, Templer JW, Goldrick MA, Slutzky MW. Differential representation of Articulatory gestures and phonemes in Precentral and Inferior Frontal Gyri. J Neurosci. 2018;38:9803–13. https://​doi.​org/​10.​1523/​JNEUROSCI.​1206-18.​2018.CrossrefPubMedPubMedCentral


	39.
Schoenfeld D. Partial residuals for the proportional hazards regression-model. Biometrika. 1982;69:239–41.Crossref


	40.
Wax Y. Collinearity diagnosis for a relative risk regression analysis: an application to assessment of diet-cancer relationship in epidemiological studies. Stat Med. 1992;11:1273–87. https://​doi.​org/​10.​1002/​sim.​4780111003.CrossrefPubMed


	41.
Vandenbroucke JP, von Elm E, Altman DG, Gøtzsche PC, Mulrow CD, Pocock SJ, et al. Strengthening the reporting of Observational studies in Epidemiology (STROBE): explanation and elaboration. Epidemiology. 2007;18:805–35. https://​doi.​org/​10.​1097/​EDE.​0b013e3181577511​.CrossrefPubMed


	42.
Zhou BF, Cooperative Meta-Analysis Group of the Working Group on Obesity in China. Predictive values of body mass index and waist circumference for risk factors of certain related Diseases in Chinese adults–study on optimal cut-off points of body mass index and waist circumference in Chinese adults. Biomed Environ Sci. 2002;15:83–96.PubMed


	43.
World Health Day 2012 focuses on ageing and health. East Mediterr Health J. 2012;18:303. Arabic, English.


	44.
Alberti KG, Zimmet PZ. Definition, diagnosis and classification of Diabetes Mellitus and its Complications. Part 1: diagnosis and classification of Diabetes Mellitus provisional report of a WHO consultation. Diabet Med. 1998;15:539–53.CrossrefPubMed


	45.
VanderWeele TJ, Ding P. Sensitivity analysis in Observational Research: introducing the E-Value. Ann Intern Med. 2017;167:268–74. https://​doi.​org/​10.​7326/​M16-2607.CrossrefPubMed


	46.
Paprott R, Scheidt-Nave C, Heidemann C. Determinants of change in Glycemic Status in individuals with prediabetes: results from a Nationwide Cohort Study in Germany. J Diabetes Res. 2018;2018:5703652. https://​doi.​org/​10.​1155/​2018/​5703652.CrossrefPubMedPubMedCentral


	47.
Alizadeh Z, Baradaran HR, Kohansal K, Hadaegh F, Azizi F, Khalili D. Are the determinants of the progression to type 2 Diabetes and regression to normoglycemia in the populations with pre-diabetes the same? Front Endocrinol (Lausanne). 2022;13:1041808. https://​doi.​org/​10.​3389/​fendo.​2022.​1041808.CrossrefPubMed


	48.
Kohansal K, Ahmadi N, Hadaegh F, Alizadeh Z, Azizi F, Habibi-Moeini AS, et al. Determinants of the progression to type 2 Diabetes and regression to normoglycemia in people with pre-diabetes: a population-based cohort study over ten years. Prim Care Diabetes. 2022;16:797–803. https://​doi.​org/​10.​1016/​j.​pcd.​2022.​10.​002.CrossrefPubMed


	49.
Lindsay C, Shieh A. Prediabetes and skeletal health. Curr Opin Endocrinol Diabetes Obes. 2023;30:200–5. https://​doi.​org/​10.​1097/​MED.​0000000000000812​.CrossrefPubMed


	50.
Roriz-Filho S, Sá-Roriz J, Rosset TM, Camozzato I, Santos AL, Chaves AC. Pre)Diabetes, brain aging, and cognition. Biochim Biophys Acta. 2009;1792:432–43. https://​doi.​org/​10.​1016/​j.​bbadis.​2008.​12.​003.Crossref


	51.
Wu L, Parhofer KG, Diabetic dyslipidemia. Metabolism. 2014;63:1469–79. https://​doi.​org/​10.​1016/​j.​metabol.​2014.​08.​010.CrossrefPubMed


	52.
Goldberg RB. Dyslipidemia in Diabetes: when and how to treat? Endocrinol Metab Clin North Am. 2022;51:603–24. https://​doi.​org/​10.​1016/​j.​ecl.​2022.​02.​011.CrossrefPubMed


	53.
Gaede P, Pedersen O. Intensive integrated therapy of type 2 Diabetes: implications for long-term prognosis. Diabetes. 2004;53(Suppl 3):39–47. https://​doi.​org/​10.​2337/​diabetes.​53.​suppl_​3.​s39.Crossref


	54.
Wu X, Gao Y, Wang M, Peng H, Zhang D, Qin B, et al. Atherosclerosis indexes and incident T2DM in middle-aged and older adults: evidence from a cohort study. Diabetol Metab Syndr. 2023;15:23. https://​doi.​org/​10.​1186/​s13098-023-00992-4.CrossrefPubMedPubMedCentral


	55.
Shi Y, Wen M. Sex-specific differences in the effect of the atherogenic index of plasma on prediabetes and Diabetes in the NHANES 2011–2018 population. Cardiovasc Diabetol. 2023;22:19. https://​doi.​org/​10.​1186/​s12933-023-01740-8.CrossrefPubMedPubMedCentral


	56.
Li YW, Kao TW, Chang PK, Chen WL, Wu LW. Atherogenic index of plasma as predictors for metabolic syndrome, Hypertension and Diabetes Mellitus in Taiwan citizens: a 9-year longitudinal study. Sci Rep. 2021;11:9900. https://​doi.​org/​10.​1038/​s41598-021-89307-z.CrossrefPubMedPubMedCentral


	57.
Yi Q, Ren Z, Bai G, Zhu S, Li S, Li C, et al. The longitudinal effect of the atherogenic index of plasma on type 2 Diabetes in middle-aged and older Chinese. Acta Diabetol. 2022;59:269–79. https://​doi.​org/​10.​1007/​s00592-021-01801-y.CrossrefPubMed


	58.
Onat A, Can G, Kaya H, Hergenç G. Atherogenic index of plasma (log10 triglyceride/high-density lipoprotein-cholesterol) predicts High Blood Pressure, Diabetes, and vascular events. J Clin Lipidol. 2010;4:89–98. https://​doi.​org/​10.​1016/​j.​jacl.​2010.​02.​005.CrossrefPubMed


	59.
Eriksson M, Ng N. Changes in access to structural social capital and its influence on self-rated health over time for middle-aged men and women: a longitudinal study from northern Sweden. Soc Sci Med. 2015;130:250–8. https://​doi.​org/​10.​1016/​j.​socscimed.​2015.​02.​029.CrossrefPubMed


	60.
Wang F. Can China afford to continue its one-child policy? Asia Pac Issues. 2005;17. http://​hdl.​handle.​net/​10125/​3796.


	61.
Motoyama S, Yamada H, Yamamoto K, Wakana N, Terada K, Kikai M, et al. Social stress increases vulnerability to High-Fat Diet-Induced insulin resistance by enhancing Neutrophil elastase activity in adipose tissue. Cells. 2020;9:996. https://​doi.​org/​10.​3390/​cells9040996.CrossrefPubMedPubMedCentral


	62.
Sanghez V, Razzoli M, Carobbio S, Campbell M, McCallum J, Cero C, et al. Psychosocial stress induces hyperphagia and exacerbates diet-induced insulin resistance and the manifestations of the metabolic syndrome. Psychoneuroendocrinology. 2013;38:2933–42. https://​doi.​org/​10.​1016/​j.​psyneuen.​2013.​07.​022.CrossrefPubMed


	63.
van der Meulen T, Lee S, Noordeloos E, Donaldson CJ, Adams MW, Noguchi GM, et al. Artemether does not turn α cells into β cells. Cell Metab. 2018;27:218–225e4. https://​doi.​org/​10.​1016/​j.​cmet.​2017.​10.​002.CrossrefPubMed


	64.
Tonne JM, Sakuma T, Munoz-Gomez M, El Khatib M, Barry MA, Kudva YC, et al. Beta cell regeneration after single-round immunological destruction in a mouse model. Diabetologia. 2015;58:313–23. https://​doi.​org/​10.​1007/​s00125-014-3416-4.CrossrefPubMed


	65.
Aguayo-Mazzucato C, Bonner-Weir S. Pancreatic β cell regeneration as a possible therapy for Diabetes. Cell Metab. 2018;27:57–67. https://​doi.​org/​10.​1016/​j.​cmet.​2017.​08.​007.CrossrefPubMed


	66.
Helman A, Avrahami D, Klochendler A, Glaser B, Kaestner KH, Ben-Porath I, et al. Effects of ageing and senescence on pancreatic β-cell function. Diabetes Obes Metab. 2016;18(Suppl 1):58–62. https://​doi.​org/​10.​1111/​dom.​12719.CrossrefPubMed


	67.
Suleiman M, Marselli L, Cnop M, Eizirik DL, De Luca C, Femia FR, et al. The role of Beta cell recovery in type 2 Diabetes remission. Int J Mol Sci. 2022;23:7435. https://​doi.​org/​10.​3390/​ijms23137435.CrossrefPubMedPubMedCentral


	68.
Chan JC, Malik V, Jia W, Kadowaki T, Yajnik CS, Yoon KH, et al. Diabetes in Asia: epidemiology, risk factors, and pathophysiology. JAMA. 2009;301:2129–40. https://​doi.​org/​10.​1001/​jama.​2009.​726.CrossrefPubMed




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


OEBPS/images/12933_2023_2108_Fig5_HTML.png
T T T T
¢ 0 00 G0- 0'L-
sajadel(] 0} sajeqelpald 1o} My Ho

[
G-

-0.5 0.0 0.5 1.0 1.5
AIP

-1.0

-1.5





OEBPS/navigation.xhtml

    
      Contents


      
        		Evaluation of the role of atherogenic index of plasma in the reversion from Prediabetes to normoglycemia or progression to Diabetes: a multi-center retrospective cohort study


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12933_2023_2108_Fig2_HTML.png
Probability

1.0

0.8

0.6

0.4

0.2

0.0

Competing Risks

Prediabetes to NFG
Prediabetes to Diabetes

2 3 4
Year of follow-up time

I
5






OEBPS/css/envelope.png





OEBPS/images/12933_2023_2108_Fig1_HTML.png
China Rich Healthcare Group Physical Examination Cohort,
685,277 subjects were selected from 2010-2016

Excluded:
(i) no information about height, weight, sex,
FPG at baseline; n=135,317
(ii) extreme BMI values; n=152
Research by Li € (iii) subjects with a baseline diagnosis of

et al. diabetes; n=7,112
(iv) subjects with unknow diabetes status at
follow-up, n=6,630
(v) subjects with a follow-up time less than 2
years; n=324,233

A 4
211,833 eligible subjects were included in the

original study
Our Research l

26,018 subjects with FPG of 5.6-6.9mmol/L at
baseline were included

Exclude:

(i) AIP missing; n=10,594

€——(ii) Subjects whose follow-up FPG is
missing and whose diabetes status cannot
be determined; n=3

\ 4

15,421 eligible subjects were included in our study






OEBPS/images/12933_2023_2108_Fig4_HTML.png
I
¥0

I I [
Ay 00 ¢0-
0N 0} s819qgelpald 1o} Yy 6o

_
v 0-

0.0 0.5 1.0 1.5

-0.5

-1.0

-1.5

AlIP





OEBPS/images/12933_2023_2108_Fig3_HTML.png
100

Value

Value

75

50

25

Prediabetes to prediabetes

L1

Prediabetes to NFG

Prediabetes to diabetes

Age

N

o

-1

+44

AlIP






OEBPS/css/sidebar.gif





