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Abstract
Introduction
Metabolic Syndrome (MetS), diabetes, and other noncommunicable diseases (NCDs) have been a major focus of research in recent decades as the prevalence of these conditions continues to rapidly increase globally. However, the timing and patterns of development from metabolic risk factors to disease states are less well understood and are especially critical to understand in low- and middle-income countries (LMICs) and populations undergoing epidemiological transitions.

Methods
Nationally representative sociodemographic, anthropometric, and point-of-care biomarker data from the 2016 Tunisian Health Examination Survey (n = 8170) were used to determine the prevalence of diabetes and MetS components in Tunisia and to investigate associations between glycated hemoglobin (HbA1c) and MetS components (blood pressure [BP], HDL cholesterol [HDL], triglycerides [TG], and waist circumference [WC]) in participants aged 15-97 years old. To better understand how sustained metabolic dysregulation and disease states impact these associations, diabetic and nondiabetic groups were analyzed separately.

Results
The overall prevalence of diabetes based on measured HbA1c was 18.2%. The diabetic groups had a higher prevalence of each individual MetS component, and significantly higher (BP, TG, WC, and HbA1c) and lower (HDL) values than the nondiabetic groups. Yet, there were a higher number of significant associations between HbA1c and MetS components found in nondiabetic women and men when compared to diabetic women and men. HbA1c was positively associated with the cumulative number of MetS components, irrespective of diabetes status in men and women.

Conclusions
The prevalence of both diabetes and MetS components (particularly low HDL cholesterol and elevated TG) is high among the Tunisian population. More MetS components were associated with HbA1c in nondiabetic individuals, showing a strong connection between the development of MetS components and diabetes. However, once the diabetes disease state manifests, there is more variability in the relationships. These results show the potential for HbA1c to be an indicator of metabolic health below clinical disease cutoffs, which may allow insights into the physiological changes that precipitate the emergence of diabetes.
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Background
In recent decades, the prevalence of noncommunicable diseases (NCDs) has increased worldwide as many countries undergo rapid social, demographic, and epidemiological transitions. Currently, NCDs cause 74% of deaths globally, with 77% of deaths due to NCDs occurring in low- and middle-income countries (LMICs) [1]. Metabolic dysregulation results from physiological changes that disrupt the body’s metabolism. One way to assess metabolic dysregulation is Metabolic Syndrome (MetS). MetS is not characterized by a single metabolic abnormality; rather, it encompasses a group of metabolic abnormalities that contribute to increased risk for NCDs, such as cardiovascular disease (CVD) and type 2 diabetes (T2D) [2]. There is no single pathway or process between shared metabolic risk factors and NCD development. Instead, metabolic dysregulation can lead to a variety of NCDs and is influenced by variations in the physiological patterns and timelines of processes from metabolic dysregulation to energy imbalances that eventually culminate in the development of disease states. Steps can be taken to alter lifestyle to prevent NCD development or severity. Yet once a disease state is achieved, metabolic dysregulation continues to increase risk for other NCDs and comorbidities.
The purpose of the present study is to develop a better understanding of how a disease state, like diabetes, impacts the prevalence and types of MetS components and overall metabolic health within a population and to assess the ability of hemoglobin A1c (HbA1c), also known as glycated hemoglobin, to indicate metabolic health beyond glucose metabolism, including below clinical cutoffs used to diagnose disease. HbA1c has been used as a supplement to or in place of fasting blood glucose as a hyperglycemia criterion for MetS detection [3, 4]. Rather than analyzing HbA1c as a potential component of MetS, we examine HbA1c as an outcome variable by evaluating the relationships between HbA1c and metabolic syndrome components in people with and without diabetes. There are known and well-studied relationships between HbA1c and MetS and its components of blood pressure, HDL cholesterol, triglycerides, and waist circumference, as NCDs and associated risk factors have been a large focus over the past few decades. Previous studies have found positive associations between MetS components and HbA1c in nondiabetic populations [5, 6]. Associations in diabetic populations have also been examined [7, 8]. Studies have also analyzed risk for metabolic syndrome and other related conditions in diabetics vs nondiabetics, associations with HbA1c based upon the presence or absence of another disease (e.g. cardiovascular disease), or clustering of components in diabetic vs nondiabetic populations, but the impact of MetS on HbA1c has not been well examined when separating a population based on the presence of diabetes [9–11]. Thus, we examine the degree to which MetS components may impact HbA1c differently based upon disease state status (i.e., diabetic vs. nondiabetic) within one population (Tunisia) [12].
Defining and exploring metabolic syndrome and diabetes
There is no consensus on the defining criteria for MetS, with multiple approaches available; however, in general MetS is characterized by a combination of glucose intolerance/insulin resistance, central obesity, hypertension, and dyslipidemia [13]. In this way, it is closely related to diabetes, CVD, and other NCDs, yet the variation between individuals in the relationships among components has not often been differentially evaluated in people with and without an NCD. The timing of the development of MetS components and numerous elements of MetS pathophysiology, including glucose and fat metabolism, insulin, adipocyte-derived hormones, and cytokines, complicate the sequential and clustering relationships of components, and the physiological pathways that connect individual factors are all aspects of MetS that require more research.
Diabetes has been shown to be particularly closely associated with MetS. While the causes of MetS are not fully understood, there are strong associations between the development of MetS and the presence of insulin resistance, suggesting a commonly shared pathway that links MetS to an increased risk for T2D [14]. Some MetS diagnostic criteria require an element of insulin resistance for MetS diagnosis [1]. The global prevalence and burden of diabetes have been rising rapidly in both LMICs, and high-income countries (HICs), and are projected to grow by 20% in the next decade [15]. Both type 1 diabetes (T1D) and T2D are characterized by hyperglycemia, high levels of glucose within the blood, and alterations to beta cell function, insulin secretion, cellular response to insulin, or both [16, 17]. The impact of this is inefficient uptake and metabolism of glucose by the body’s cells, which results in increased levels of glucose in the blood and increased cellular fat and protein metabolism to compensate for reduced glucose metabolism [16]. Once the disease state is achieved, those with diabetes are at higher risk for other metabolic risk factors (MetS components) due to changes in how the body uses and stores different types of energy (lipids and proteins) [18, 19].
Although diabetes has been a large focus of scientific and medical research for decades, much is still unknown about the specific physiological pathways leading to disease development and progression. Diabetes is a disease with multifactorial etiology, meaning there is not just one pathway leading to diabetes development, and the exact pathways and relationships between pathways are not well understood. There is additional complexity due to the considerable variation in disease progression between individuals. For example, sustained high blood sugar levels, commonly present in individuals with undiagnosed diabetes or poorly managed diabetes, can increase the risk for CVD [20, 21]. Diabetes can also increase risk for other NCDs, including obesity, hyperlipidemia, chronic kidney disease, stroke, cognitive decline, decreased quality of life, and premature death [22, 23]. The links between diabetes and other NCDs are in part due to connections to obesity, chronic inflammation, oxidative stress, and insulin resistance [24, 25]. Obesity, more specifically, central adiposity (measured using waist circumference [WC]) and associated chronic systemic inflammation, are also believed to be closely related to both MetS factors, diabetes, and other NCDs.

Defining and using HbA1c
Over the past several decades there has been an increase in the use of HbA1c for diabetes diagnosis and management. HbA1c measures the percentage of a hemoglobin compound produced by an irreversible reaction between a glucose molecule and a hemoglobin molecule within the blood [26]. HbA1c formation is proportional to the concentration of glucose in the blood. Red blood cells, which bind to hemoglobin, have an average lifespan of 120 days. Thus, HbA1c levels reflect the average blood glucose level over the previous 2-3 months [26]. HbA1c is increasingly being utilized in the screening for and diagnosis of diabetes, to evaluate disease progression, and to monitor treatment and management of the disease [27, 28]. A benefit of using HbA1c is the insight into metabolic health over a longer time frame compared to fasting glucose values and other single time point biomarkers; furthermore, HbA1c can be measured in individuals who are not fasted.

Beyond metabolic risk factors
MetS and diabetes are also influenced by environmental, genetic, and lifestyle risk factors. Environmental factors, including early life conditions, viral infection, immune system and gut microbiome development, and diet, have all been found to influence risk for disease [29]. Recently, studies have shown connections between SARS-CoV-2 infection and increased prevalence of T1D and T2D, increased rates of diabetic ketoacidosis at the time of T1D diagnosis, and worse COVID-19 outcomes in those with diabetes [30–32]. Sedentary habits and changes to diet, such as increased carbohydrate consumption, as seen during pandemic lockdowns, have been associated with an increased risk of T2D development [33]. Genetic and epigenetic influences on the risk of developing diabetes and multiple aspects of MetS have also been well-studied [34, 35]. Multiple genome-wide association studies have led to the identification of multiple genes involved in risk for T2D [35]. Gene-environment interactions such as with increased adiposity, may alter T2D risk directly by influencing insulin action or secretion, but also altering environmental interactions [35]. Epigenetic changes due to the maternal environment and conditions during early infancy can alter risk for chronic disease (including diabetes and metabolic syndrome) throughout the life course [35]. Beyond individual-level physiology, more research is also needed to understand better population-level factors that may contribute to MetS and its relationships to NCDs.
The present study provides epidemiological data on the prevalence of clinically recognized (diagnosed) and undiagnosed diabetes and MetS components (blood pressure [BP], HDL cholesterol levels [HDL], blood triglyceride [TG] levels, and waist circumference [WC]) in Tunisia using a nationally representative sample from the Tunisian Health Examination Survey (THES). Additionally, it investigates relationships between MetS components and HbA1c levels in diabetic and nondiabetic Tunisian adults to evaluate how many and which specific components of MetS affect HbA1c levels within two different timelines in terms of metabolic dysfunction. The relatively novel approach of separating groups by disease state thereby also provides insight into the potential for HbA1c to indicate the impact of achieving a disease state (i.e., diabetes), while also assessing metabolic changes and risk in those who do not meet or exceed clinical cutoff values for diabetes diagnosis. This allows the measurement of subtle changes to glucose metabolism in nondiabetic individuals, a concept not common within the broader diabetes literature.
Tunisia is a lower-middle income country located in Northern Africa. It has been undergoing demographic, epidemiologic, and nutritional transitions in recent decades. As a result of these transitions, NCDs are an increasing health concern. According to the WHO in 2016, NCDs were responsible for 86% of all deaths in Tunisia (44% from cardiovascular diseases, 12% from cancer, 4% from chronic respiratory diseases and 5% from diabetes) as well as 16% of premature deaths between 30-70 years [36]. With a large burden of NCDs and a dynamic social and economic landscape, assessing metabolic health and risk in Tunisia may contribute valuable insight into groups within the country that may be at higher risk for developing NCDs. Additionally, this study contributes to a growing body of literature with increased attention to health within lower- and middle-income countries on a global scale, as well as literature focused on Tunisia specifically.

Hypotheses
We hypothesize that there will be positive associations between HbA1c and 1) each individual component of MetS and 2) the cumulative number of MetS components among both diabetic and nondiabetic groups.


Methods
Tunisian health examination survey
The Tunisian Health Examination Survey (THES) is a nationally representative study used to monitor population health and provide supporting evidence for health policy and strategy development. The primary purpose was to analyze the state of population health and its determinants, disease consequences, and the use of point-of-care testing (POCT). Some non-private dwellings, such as prisons, hospitals, hospices, dementia care units, and some remote areas, were excluded from the survey population. The THES used a stratified multistage cluster sampling design to monitor population health and provide supporting evidence for health policy and strategy development. Households are selected at random, and one individual per household is then selected through a procedure using the Kish table method.
The present study uses sociodemographic characteristics, anthropometrics, biomarkers, risk factors, preventative health behaviors, and chronic conditions data from the individual THES questionnaire. Trained interviewers performed face-to-face computer-assisted personal interviews and collected anthropometric, biomarker, and blood pressure measurements. The interviews took place from January to May 2016 in the participants’ homes.

Participants
Households (n = 5079) were selected in 3 stages with 7 regions, 24 governorates, and 351 districts included. This study analyzes data from (n = 8,170) THES participants after accounting for exclusions due to incomplete data (n = 964), pregnant individuals (n = 138), and individuals with out-of-range biomarker data (n = 904) (i.e., defined as above or below the following measurement ranges: Total cholesterol [100-400 mg/dL], HDL cholesterol [20-120 mg/dL], TG [50-500 mg/dL], blood glucose [20-600 mg/d], HbA1c [4.0-13.0%]).
The sample was 52.3% women. Participants ranged from 15 to 97 years old (M = 48.01, SD =17.33), and the age range for individuals (adults) to participate in the study was determined by Tunisian-based researchers. Formal education ranged from 0 to 34 years (M = 7.44, SD = 5.97). Mean education was particularly low because 25.1% of the sample had no formal education. Most participants were married (73.7%) as opposed to being never married, widowed, or divorced, and the majority of people lived in urban settings (64.5%). The monthly household income ranged from 0 – 12,000 Tunisian dinars (M = 699.56, SD = 766.48).

Sociodemographic measures
Gender, age, marital status, education, urban/rural location, and perceived health were determined using standard survey measures. Questionnaire responses regarding diabetes, dyslipidemia, and hypertension, answers to symptom and medication use questions and participant demographic information were used in the present study.

Anthropometrics and blood pressure
Waist and hip circumference
Waist and hip circumference were measured using a flexible measuring tape (Gulick II Measuring tape model – 67020). WC was measured at the top of the iliac crest. Hip circumference was measured around the maximum circumference of the participant’s buttocks. Both waist and hip circumference measurements were recorded to the nearest 0.1 cm.

Blood pressure
Blood pressure was measured using an automatic wrist blood pressure monitor (Omron M6 Comfort; Omron Healthcare, Kyoto, Japan). Three blood pressure measurements were taken on the participants’ left wrist, which was held steady at the approximate level of the heart. All systolic and diastolic measurements were recorded in units of mmHg. Accuracy of the device is ±3 mmHg for pressure and ±5% of display reading for pulse.

Biomarker collection
All biomarker data were collected using finger prick capillary blood samples and POCT devices. Total cholesterol (100-400 mg/dL), HDL cholesterol (20-120 mg/dL), TG (50-500 mg/dL) and blood glucose (20-600 mg/dL) were measured using the CardioChek PA system (Polymer Technology Systems, Inc., Whitestown, IN) and values were recorded in mg/dL. The CardioChek PA system meets US National Cholesterol Education Program (NCEP) guidelines for accuracy and precision.
Percent hemoglobin A1c (HbA1c) (4.0-13.0%) was measured using the A1CNow+ device (Polymer Technology Systems, Inc., Whitestown, IN). The overall imprecision of the A1cNow+ system is 3.00% CV at the low level and 4.02% at the high level, meeting National Glycohemoglobin Standard Program certification. The accuracy of the A1c+Now system on average was 99% from fingerstick (capillary) comparative testing, the accuracy was on average 99.7% from venous comparative testing.

Diabetes
Individuals with self-reported diabetes diagnosis or those with measured HbA1c values ≥ 6.5% were included in the diabetic group. An HbA1c of 6.5 was used as part of the criteria for the diabetic group as 6.5 is the widely accepted clinical cutoff value for diabetes diagnosis [37]. Those with measured HbA1c values < 6.5% and no self-reported diabetes diagnosis were placed in the nondiabetic group.

Metabolic syndrome
There is not one universally accepted MetS measurement definition for use in clinical settings; instead, recognition of MetS is generally based on well-recognized signs, including abdominal obesity, elevated TG, low HDL cholesterol, elevated BP, and/or high plasma glucose [13]. The MetS components analyzed for the present study included BP, HDL cholesterol, TG, and WC. Blood glucose was excluded from our analyses due to not all participants having fasted when data were collected and that both measures (blood glucose and HbA1c) ultimately measure glucose, though at different time scales.
We used the National Cholesterol Education Program (NCEP) Adult Treatment Panel (ATP) III diagnostic criteria for MetS (Table 1), which is one of the most widely used. It does not require one specific component of MetS for diagnosis and therefore does not incorporate any preconceived notion of an underlying cause of MetS (such as insulin resistance or obesity) [38].
Table 1ATP III MetS criteria


	NCEP ATP III (2005)

	Required
	None

	Hyperglycemia
	Blood glucose
	> 100.8 mg/dl (5.6 mmol/L)a

	Dyslipidemia
	HDL Cholesterol
	< 40 mg/dl (1.0 mmol/L) (men)a
< 50 mg/dl (1.3 mmol/L) (women)a

	Triglycerides
	> 150 mg/dl (1.7 mmol/L)a

	Obesity
	Waist Circumference
	> 102 cm (men)
> 88 cm (women)

	Hypertension
	Blood Pressure
	> 130/85 mmHga


a Or drug treatment for specific criteria





Statistical analyses
R version 4.3.0 was used for all statistical analyses and the alpha level was set to 0.05. All statistical assumptions were checked before analysis. HbA1c values were log-transformed for linear analysis due to non-normality (skew = 2.61, kurtosis = 8.29). Monthly household income was log-transformed due to non-normality (skew = 4.73, kurtosis = 39.02). Following standard practice, men and women were analyzed separately because of divergences in metabolic processes and risk factors closely related to sex, which are also reflected in differences in MetS criteria. However, it should be noted that sex differences in biological measures are typically minor, and distributions generally overlap considerably, with environmental factors having major effects [39]. In our analyses, men and women were also further divided into diabetic and nondiabetic groups.
All statistics were run separately on the four groups: nondiabetic and diabetic men and women. Descriptive statistics on HbA1c and MetS components are presented along with inferential statistics on their pairwise comparisons. Spearman’s rank correlations were performed to test associations between untransformed HbA1c and the total number of MetS components. Multiple linear regressions with maximum likelihood estimation were used to evaluate the partial correlations between each MetS component and log HbA1c, and then also the cumulative number of MetS components and log HbA1c. Fully adjusted models excluded participants who were on medications for diabetes and controlled for age, years of education, urban/rural household location, and monthly household income (Tunisian dinars). The exponentials of coefficients are presented.


Results
Diabetes poses a significant burden to the health of people living in Tunisia with an estimated 17.6% of women and 18.8% of men from this study with the condition (Table 2). Combined, 18.2% of participants had diabetes. In the nondiabetic population, the mean HbA1c value was 5.5% in both women and men. In the diabetic population, the mean HbA1c value was 7.9% in women and 8.1% in men (Table 2).
Table 2Prevalence of diabetes in diabetic and nondiabetic women and men, and average HbA1c values


	 	Diabetic
	Nondiabetic
	 	 
	 	n
	M ± SE
	n
	M ± SE
	t
	 
	Women
	752 (17.6%)
	7.94 ± 0.06
	3517 (82.4%)
	5.46 ± 0.01
	-44.87
	***

	Men
	734 (18.9%)
	8.11 ± 0.07
	3167 (81.1%)
	5.45 ± 0.01
	-44.38
	***


*** p < 0.001



Within the diabetes groups, 60.0% of women and 57.9% of men had reported previous clinical diabetes diagnoses; the rest had HbA1c values greater than or equal to 6.5% without a diagnosis. Of those with a diabetes diagnosis, 91.4% of women and 92.2% of men were on medication (insulin, tablets [e.g., Metformin or Amaryl], or both insulin and tablets) (Table 3). Those without a diagnosis did not utilize medication for diabetes.
Table 3Prevalence of diabetes medication use and average HbA1c in diabetic men and women


	 	Women
	Men

	n
	M ± SE
	n
	M ± SE

	No Medication
	39 (8.6%)
	7.25 ± 0.31
	33 (7.8%)
	7.41 ± 0.39

	Insulin
	78 (17.3%)
	8.83 ± 0.20
	87 (20.5%)
	8.81 ± 0.21

	Tablet
	296 (65.6%)
	8.08 ± 0.11
	269 (63.3%)
	8.16 ± 0.12

	Insulin & Tablet
	38 (8.4%)
	9.55 ± 0.25
	36 (8.5%)
	8.60 ± 0.30

	NA (No diagnosis)
	301 (-)
	7.46 ± 0.08
	309 (-)
	7.90 ± 0.10




Diabetic women with a diagnosis, on any type of medication for diabetes, had significantly higher mean HbA1c values than those not taking medication (M = 7.25). Those on both insulin and tablets had the highest mean HbA1c values (M = 9.55, t = -6.31, p < 0.001) followed by insulin (M = 8.83, t = -4.54, p < 0.001), and then by tablets (M = 8.08, t = -2.77, p < 0.01) (Table 3).
Diabetic men with a diagnosis on insulin or insulin and tablets had significantly higher mean HbA1c values than those not taking medication (M = 7.41). Those on insulin had the highest mean HbA1c values (M = 8.81, t = -3.32, p < 0.01), followed by those on insulin and tablets (M = 8.60, t = -2.80, p < 0.01), and then those on tablets (M = 8.16, t = -2.02, p > 0.05) (Table 3).
The prevalence of individual MetS components BP, HDL, TG, and WC were calculated for diabetic and nondiabetic women and men, as well as the total prevalence by gender (Table 4).
Table 4Prevalence of metabolic syndrome components in diabetic and nondiabetic women and men


	 	Women
	Men

	Diabetic
	Nondiabetic
	Total
	Diabetic
	Nondiabetic
	Total

	MetS Component
	BP
	423 (56.6%)
	932 (26.5%)
	1355 (31.8%)
	361 (49.3%)
	749 (23.7%)
	1110 (28.5%)

	HDL
	462 (61.4%)
	1739 (49.4%)
	2201 (51.6%)
	455 (62.0%)
	1592 (50.3%)
	2047 (52.5%)

	TG
	572 (76.1%)
	1884 (53.6%)
	2456 (57.5%)
	556 (75.7%)
	1974 (62.3%)
	2530 (64.9%)

	WC
	580 (82.3%)
	1949 (56.6%)
	2529 (61.0%)
	273 (38.4%)
	535 (17.2%)
	808 (21.2%)


Components determined by values that exceed ATP III Metabolic Syndrome criteria thresholds (Table 1)



The prevalence of the cumulative number of MetS components and associated average HbA1c values by number of components for diabetic and nondiabetic men and women are shown in Table 5.
Table 5Prevalence of and average HbA1c values by cumulative number of metabolic syndrome components


	# of MetS Components
	 	Women
	Men

	Diabetic
	Nondiabetic
	Diabetic
	Nondiabetic

	0
	n
	25 (3.6%)
	462 (13.4%)
	55 (7.8%)
	547 (17.6%)

	HbA1c M ± SE
	7.62 ± 0.32
	5.34 ± 0.02
	7.87 ± 0.26
	5.30 ± 0.02

	1
	n
	63 (9.0%)
	915 (26.6%)
	116 (16.4%)
	997 (32.1%)

	HbA1c M ± SE
	7.54 ± 0.19
	5.41 ± 0.02
	7.84 ± 0.16
	5.41 ± 0.01

	2
	n
	173 (24.6%)
	997 (29.0%)
	232 (32.7%)
	1031 (33.2%)

	HbA1c M ± SE
	8.01 ± 0.14
	5.44 ± 0.02
	8.01 ± 0.13
	5.49 ± 0.01

	3
	n
	238 (33.9%)
	770 (22.4%)
	209 (29.5%)
	420 (13.5%)

	HbA1c M ± SE
	7.83 ± 0.11
	5.57 ± 0.02
	8.33 ± 0.14
	5.55 ± 0.02

	4
	n
	204 (29.0%)
	295 (8.6%)
	112 (3.6%)
	112 (3.6%)

	HbA1c M ± SE
	8.14 ± 0.13
	5.63 ± 0.03
	8.37 ± 0.18
	5.59 ± 0.04

	ρ
	 	0.09
	0.19
	0.12
	0.18

	p
	 	0.02 *
	< 2.2e-16 ***
	0.002 **
	< 2.2e-16 ***


Components determined by values that exceed ATP III Metabolic Syndrome criteria thresholds (Table 1)
* p < 0.05; ** p < 0.01; *** p < 0.001



Associations between untransformed HbA1c and the cumulative number of MetS components were assessed using Spearman’s rank correlation. 
HbA1c was positively correlated with the total number of MetS components in all groups: nondiabetic men (ρ = 0.18, p < 0.001) and women (ρ = 0.19, p < 0.001), and diabetic men (ρ = 0.12, p < 0.05) and women (ρ = 0.09, p < 0.05) (Table 5; Fig. 1A-D).[image: ]
Fig. 1A-D Correlation graphs for the Number of MetS components and HbA1c (%).Note. Nondiabetic women (A, p < 0.001), nondiabetic men (B, p < 0.001), diabetic women (C, p < 0.05) and diabetic men (D, p < 0.05). Significance was determined using Spearman's rank correlations


In women, the average values for diastolic BP, systolic BP, TG, and WC were significantly higher, and the average value of HDL cholesterol was significantly lower, in the diabetic population compared to the nondiabetic population (Table 6).
Table 6Average values of  metabolic syndrome components in nondiabetic and diabetic women


	 	Diabetic
M ± SE
	Nondiabetic
M ± SE
	t
	 
	Average Systolic Blood Pressure
	139.94 ± 0.79
	125.46 ± 0.34
	-16.80
	***

	Average Diastolic Blood Pressure
	84.58 ± 0.41
	81.94 ± 0.19
	-6.93
	***

	HDL
	50.50 ± 0.52
	52.07 ± 0.25
	2.72
	**

	Triglycerides
	217.78 ± 3.42
	176.18 ± 1.43
	-11.23
	***

	Waist Circumference
	100.00 ± 0.53
	91.03 ± 0.26
	-15.27
	***


**p < 0.01; ***p < 0.001



In men, the average values of diastolic BP, systolic BP, TG, and WC were significantly higher, and the average value of HDL cholesterol was significantly lower in the diabetic population compared to the nondiabetic population (Table 7).
Table 7Average values of Metabolic Syndrome Components in diabetic and nondiabetic men


	 	Diabetic and/or HbA1c ≥ 6.5
M ± SE
	Nondiabetic
M ± SE
	t
	 
	Average Systolic
Blood Pressure
	140.97 ± 0.78
	129.38 ± 0.32
	-13.71
	***

	Average Diastolic Blood Pressure
	83.29 ± 0.44
	79.10 ± 0.19
	-8.65
	***

	HDL
	39.38 ± 0.46
	41.89 ± 0.23
	4.87
	***

	Triglycerides
	226.83 ± 3.75
	196.88 ± 1.71
	-7.27
	***

	Waist Circumference
	98.67 ± 0.52
	90.25 ± 0.24
	-14.68
	***


*** p < 0.001



Pairwise comparisons between the average HbA1c values for individuals with and without each MetS component were assessed in all four groups (non-diabetic and diabetic, men and women). In nondiabetic women log HbA1c was significantly associated with MetS components of BP (t = 9.45, p < 0.001), TG (t = 5.48, p < 0.001), and WC (t = 8.20, p < 0.001) (Fig. 2A). In diabetic women, no significant differences in HbA1c were observed with any MetS components (Fig. 2C). Significantly higher HbA1c values were observed in nondiabetic men with MetS components of BP (t = 6.85, p < 0.001), HDL (t = 4.22, p < 0.01), TG (t = 6.95, p < 0.001), and WC (t = 3.60, p < 0.001) (Fig. 2B). Significantly higher HbA1c values were observed in diabetic men with the MetS components of HDL (t = 2.09, p < 0.05) and TG (t = 3.65, p < 0.001) (Fig. 2D).[image: ]
Fig. 2A-D Average HbA1c by the presence of Individual MetS components (BP, HDL, TG, and WC). Note. Nondiabetic women (A), nondiabetic men (B), diabetic women (C) and diabetic men (D). Significance was determined using t-tests with the log of HbA1c as the outcome. (“NS” p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001)


Multiple linear regressions were performed on four groups (women and men who were nondiabetic and women and men who were diabetic and did not take medications) to assess the association of metabolic variables with while also accounting for covariates of age, years of education, urban/rural location, and (monthly) household income (Table 8). Then linear regressions with the cumulative number of MetS components with the same covariates were also performed (Table 9).
Table 8β Values for multiple regression predicting log HbA1c based upon individual MetS components and covariates (age, education, urban/rural location, and log monthly household income)


	 	Women
	Men

	Diabetic
	Nondiabetic
	Diabetic
	Nondiabetic

	BP
	0.0075
	0.011**
	0.085***
	0.0093*

	HDL
	0.010
	0.0061
	0.0012
	0.014***

	TG
	0.023
	0.0059
	0.060*
	0.017***

	WC
	0.020
	0.011**
	-0.027
	0.0037

	Age
	-0.00016
	0.012***
	-0.00019
	0.0011***

	Education
	-0.00033
	-0.000023
	0.021
	0.00041

	Rural
	-0.028
	-0.0027
	-0.0014
	0.0028

	Household Income
	0.0028
	0.0025
	0.0096
	0.0047*

	Adj. R Squared
	-0.01
	0.07
	0.04
	0.07

	Log-likelihood
	108.75
	3183.02
	55.53
	2918.86


* p < .05, ** p < .01, *** p < .001; The diabetic groups were restricted to individuals that were not taking medications


Table 9β Values for Multiple Regression predicting log HbA1c based upon cumulative number of MetS components and covariates (age, education, urban/rural location, and log monthly household income)


	 	Women
	Men

	Diabetic
	Nondiabetic
	Diabetic
	Nondiabetic

	Number of MetS Components
	0.015
	0.0082***
	0.033**
	0.012***

	Age
	-0.00020
	0.0012***
	0.00021
	0.0011***

	Education
	-0.00036
	-0.00023
	0.00077
	0.00039

	Rural
	-0.028
	-0.0031
	0.023
	0.0029

	Household Income
	-0.0025
	0.0026
	-0.0030
	0.0045*

	Adj. R Squared
	-0.002
	0.07
	0.02
	0.06

	Log-likelihood
	108.58
	3182.07
	49.70
	2915.94


* p < .05, ** p < .01, *** p < .001; The diabetic groups were restricted to individuals that were not taking medications




Discussion
Our results provide unique insights into the prevalence of diabetes and MetS components in a large, nationally representative sample of Tunisian adults. Few studies on the prevalence of these conditions have been conducted in LMICs such as Tunisia. Population-level studies that are based on measured health data (rather than self-report) are extremely valuable as they expand beyond projections and estimates and give us objectively measured values without relying on participant memory or recall, or their access to healthcare. Relying solely upon clinical diagnoses for estimating diabetes prevalence would result in the exclusion of a large portion of the diabetic population due to lack of clinical diagnosis. We show that HbA1c has different relationships to MetS components based on diabetes disease status, which could stem from the metabolic regulation of varying components in the disease state.
Diabetes prevalence and access to healthcare in Tunisia
As of 2021, the prevalence of diabetes in Tunisia in the literature was estimated to be 10.8% according to the International Diabetes Federation based upon a combination of oral glucose tolerance test (OGTT), fasting blood glucose (FBG), HbA1c, self-reported diabetes, and medical record/clinical diagnosis data from existing diabetes sources [15]. Our results show that 18.2% of our nationally representative sample from 2016 has diabetes, a value much higher than both the 2021 estimation for Tunisian adults and the 10.5% estimation of the global prevalence of diabetes [15]. Of those in our sample in the diabetic group, 40.0% of women and 42.1% of men who have HbA1c values greater than or equal to 6.5% do not have a formal diagnosis. This large proportion of the diabetic population being undiagnosed likely indicates a recent shift in the burden of disease, as well as a lack of screening resources for diabetes and access to healthcare. The substantially higher prevalence of diabetes documented in the present study has important social and economic implications for Tunisia.
Those without a diabetes diagnosis did not utilize medication. Of those with a diabetes diagnosis, 91.4% of women and 92.2% of men were on medication (insulin, tablets [e.g., Metformin or Amaryl], or both insulin and tablets), indicating generally good access to healthcare and medication once a diagnosis is received. This further supports the conclusion that the rapid increase in chronic disease prevalence is putting an increased burden on healthcare systems that are not fully prepared to address the growing prevalence of diabetes and, beyond that, NCD prevention and treatment in general.
Previous studies conducted using the THES data have indicated income-related inequalities in cardiovascular risk factors in those with a clinical diagnosis of diabetes [40]. Another study found healthcare access or refusal of health care in the Tunisian diabetic population was driven primarily by financial reasons (i.e., lack of health insurance) [41]. Furthermore, associations have been found between inequalities in healthcare and social determinants of health such as geographical location, gender, education, and SES [42]. We found that many participants did not have a diagnosis of diabetes, which is in line with previous research showing high rates of undiagnosed hypertension in the THES participants, in part due to a lack of disease education and barriers to healthcare access [43].

Metabolic syndrome component prevalence in Tunisia
The prevalence of MetS components and population-specific patterning has not been thoroughly assessed in Tunisia at a population level. Results show that over half of Tunisian women met or surpassed the MetS cutoff values for HDL cholesterol, TG, and WC, and over half of Tunisian men met or exceeded the cutoffs for HDL cholesterol and TG. These results indicate increased susceptibility to metabolic risk factors related to lipid metabolism in higher proportions of the Tunisian population. Additionally, the results support that Tunisian women were more susceptible to central adiposity and obesity than men, as nearly 60% of Tunisian women have waist circumference values that surpassed the MetS cutoff, while only approximately 20% of men met or exceeded the cutoff. However, anthropometric dimensions are known to have population differences in cutoff points, and it is possible these values do not indicate health status. These findings provide insights into the components of MetS that may disproportionately affect the general Tunisian population.
Unsurprisingly, when assessing diabetic and nondiabetic groups separately, for both women and men, the diabetic groups had higher percentages of individuals with MetS components than the nondiabetic groups. Not only were MetS components more prevalent in the diabetic groups, but it is also essential to acknowledge that in both women and men, the diabetic groups had poorer metabolic health as indicated by statistically significant higher values for HbA1c, systolic and diastolic BP, TG, and WC, and lower HDL cholesterol values, supporting the view that diabetes impacts not only metabolic health related to glucose metabolism but also obesity and lipid metabolism, which may increase the risk for other NCDs like CVD.
The availability of information about which specific MetS components disproportionately affect the Tunisian population has the potential to provide insights that can benefit the general population and healthcare professionals as the country continues to undergo social, demographic, and epidemiological changes, and the NCD burden continues to grow.

Hypothesis testing (diabetic vs. nondiabetic)
When testing our first hypothesis, if HbA1c was positively associated with individual MetS components using multiple regressions in diabetic (not on medication) and nondiabetic groups, it was surprising to find that in nondiabetic women the presence of MetS components of BP and WC were associated with significantly higher HbA1c, age was also positively associated with HbA1c in this model. The same was true for nondiabetic men with the components of BP, HDL cholesterol, and TG, in this model age and monthly household income were also significantly positively associated with HbA1c. This indicates that prior to reaching a diabetes disease state, HbA1c may be tied to metabolic components; these relationships remain relatively unexplored.
Meanwhile, this relationship between MetS component and HbA1c was not as strong in the diabetic groups. There were no significant associations in the diabetic women group between HbA1c and any MetS components or covariates. In the men, BP and TG were the only variables significantly associated with HbA1c, and they were positively associated. These results suggest that once the diabetic disease state was reached, the individual MetS components alone were not significantly associated with HbA1c, meaning having one component did not necessarily indicate increased HbA1c once it had surpassed the threshold of 6.5%. Alternatively, in the nondiabetic group, most MetS components were significantly positively associated with HbA1c, meaning below the 6.5% HbA1c threshold widely utilized for clinical diabetes diagnosis; HbA1c may provide additional insight into other forms of metabolic dysregulation apart from glucose metabolism or insulin resistance below a certain threshold or level of dysregulation.
When testing our second hypothesis, if HbA1c was positively associated with the cumulative number of MetS components, our multiple linear regression model results showed that the number of MetS components was significantly positively associated with HbA1c in diabetic men (not on medications) and both nondiabetic groups (men and women). This indicates that overall metabolic health worsens as indicated by the accumulation of more MetS components, there is an association with increased HbA1c. Thus, increased HbA1c values may be indicative of changes to not only glucose metabolism and/or insulin resistance that are known to be closely related to changes in insulin signaling, production, absorption, or a combination of those factors, but also the physiological systems closely related to the other MetS components.
While directional and causal relationships cannot be established due to a lack of longitudinal data, through this cross-sectional analysis provides insight into an important finding that suggest that managing and treating individual components may help reduce the cumulative number of components that may have further implications on metabolic health beyond the specific component being treated. It is important to note that while we found significance in the nondiabetic groups, and less in the diabetic groups, it does not mean that these physiological transitions and connections are not occurring in the diabetic population. Rather, the severity of the degree of dysregulation to glucose metabolism in the diabetic groups may be hindering our ability to assess other forms of metabolic dysregulation, resulting in a lack of significance in our analyses.
It is not surprising that age was positively associated with increases in HbA1c in some groups when assessing both the impact of individual and cumulative number of components, although the significant results were only found in nondiabetic women and men. This finding is consistent with a variety of studies of age and HbA1c in nondiabetic populations [44–47]. This association between age and increasing HbA1c in nondiabetic populations has potential implications for the management and diagnosis of diabetes with increasing age.
It is also important to note the lack of significance in both regression models (assessing individual and cumulative MetS components) relating HbA1c to education and urban/rural location in all groups and the lack of association with household income except for the nondiabetic men group.

From metabolic dysregulation to disease states and beyond
Using our approach that divided the population based on the presence of a disease state (diabetes), we were able to find significant associations between MetS components and HbA1c in nondiabetic populations and a lack of significance in most analyses of the diabetic population. This indicates significant associations and metabolic changes are not only occurring well below disease cutoff values but there are multiple metabolic influences that can be reflected using HbA1c prior to a disease state being established. This supports the potential for HbA1c to be used as a marker of metabolic health beyond diabetes diagnosis and management and may indicate a need for further investigation of other metabolic markers on an individual level before and after the development of a disease state.
Some MetS diagnostic criteria require a component of insulin resistance or indications of changes to glucose metabolism for diagnosis [38]. This was based on the previous understanding that MetS development always begins with insulin resistance before other MetS components accumulate [14]. Our results indicate that while insulin resistance may affect large portions of the population even prior to levels resulting in diabetes diagnosis, it is not necessarily required for other forms of metabolic dysregulation. In short, measurable insulin resistance is not necessary for MetS development. While not all those with multiple MetS components had indications of some forms of insulin resistance or changes to glucose metabolism it is still likely that some extent of insulin resistance is at play, but that the body is overcompensating via the other MetS components. The impact of MetS components is significant with or without changes to insulin production, sensitivity, and target tissue resistance or diabetes, further supporting that more than one pattern or process of metabolic dysregulation contributes to the development of MetS components and disease states over time.
While our findings indicate significant associations between MetS components and HbA1c, the proximate/physiological understanding of these associations, including the specific pathways that relate our variables, are not yet well understood. Furthermore, how metabolic risk factors contribute to not just an initial disease state, but also subsequent comorbidities, are also not well understood. This complexity is exemplified in the relationship between T2D and CVD. It is known that T2D is a major risk factor for CVD while in some individuals CVD may precede T2D development [48]. Additionally, treating these conditions independently may reduce risk or prevent developing the other disease [49]. While diseases may share common physiological mechanisms and shared clinical risk factors, the outcomes of these factors are widely varying between individuals and the pathways from shared conditions to disease state may develop either independently or via shared pathways [48, 50].
These findings provide further insight into the mismatch between evolved physiological mechanisms for metabolic regulation and contemporary environments. Extremely high rates of metabolic disorders are emerging specifically in areas with higher income, urbanism, high-calorie diets, overly hygienic environments, and sedentary lifestyles [51]. Many of these characteristics of post-agricultural/post-industrial environments directly increase the risk of MetS. For example, increased sedentary time generally leads to weight gain, and higher-calorie foods cause insulin bursts that wear the pancreas down [52]. Brain insulin resistance is an adaptive response to famine and harsh, cold environments, but in high-calorie, low-exercise circumstances, brain insulin resistance leads to systematic insulin resistance that leads to disease [53]. Beyond these direct pathways to disease, contemporary environments are also missing the richness in microbiota, helminths, and other symbionts that are required for optimal health. It is likely that the lack of microbiota in utero, at birth, in foods, and in the physical environment led to physiological systems that were designed to interact with a multitude of microbiota with only a fraction of microbiota to help balance and maintain complex systems in which they play an imperative role. This microbial disruption has effects on the immune system, which can bring about physiological changes that lead to MetS [54]. Importantly, the transition away from helminth infection has been identified as a potential contributor to metabolic diseases since they consume glucose and lipids, heighten insulin sensitivity, and increase immune activation [55]. While speculative, it is possible that some of the patterns associated with the diabetic group, such as increased inflammation, insulin resistance, and fewer associations between blood glucose and lipids, are the result of evolved responses to helminth infection that lead to disease states in the absence of parasite exposure.
The complex nature of NCD development necessitates future research to continue refining our knowledge of deleterious physiological changes that influence the patterns and timelines from metabolic dysregulation to initial NCD development and beyond. This includes assessing how lifestyle factors can impact physiological risk factors and disease development and progression. Future analysis should include additional confounding factors beyond those included in this study, such as diet and physical activity, to further examine the complex relationships between MetS components and HbA1c. Also, observing the development of MetS components over time and assessing the relationship to HbA1c would be a valuable future direction for research as well.

Limitations
A main limitation of this study is the inability to assess the directionality of these associations due to the cross-sectional study design. Therefore, while we can ascertain that significant relationships exist between HbA1c and MetS components, a lack of directionality and longitudinal study design does not allow us to create causal pathways or understand these relationships beyond their existence. Additionally, the format of the THES does not provide a lot of detailed, qualitative, or ethnographic data due to the survey-based nature of the study. Additionally, diet and physical activity data were not included as these data have been shown to have low validity in WHO surveys.
A second limitation is that the gender variable was not self-reported; rather, the study interviewer estimated the participant’s “gender” based on their interpretation of appearance and then recorded “Male” or “Female”. For the present study, the variable was renamed from “sex” to “gender”, and the limitation of gender identification due to the methodology should be appreciated. It is also important to note that gender is not limited to men and women and thus fails to consider individuals who identify as non-binary, transgender, or other gender identities. Additionally, gender is not necessarily representative of biological sex, as it fails to consider intersex individuals. Our analysis separated women and men based upon the NCEP ATP III guidelines for MetS diagnosis, which has some differences based upon gender/sex; we used this as a proxy for hormonal differences that have marked impacts on the metabolic systems. However, it is important to note that while we separated males and females for our analyses, differences between males and females or men and women are not necessarily due to genetic factors but are also strongly influenced by numerous environmental factors (e.g., parasite exposure, diet, etc.) that influence biology [39].
A further limitation is that the present study was unable to differentiate between diabetes types. Increased HbA1c levels are present in both T1D and T2D, but the underlying pathological mechanisms that result in increased HbA1c are different between the two conditions. T1D and T2D have different pathophysiologies. T1D is a result of an autoimmune response that destroys pancreatic beta-cells, and T2D is due to sustained insulin resistance at a cellular level; the current study cannot distinguish between the causal mechanisms that might produce the observed outcomes in this study. Thus, it is possible that the inability to distinguish between the conditions may have increased the variance of our analyses and decreased the significance of our results. That said, it is expected that T2D is far more common in adult populations. Additionally, we are lacking other important types of data related to diabetes beyond type of diabetes, such as duration of disease and information related to diabetes management beyond medication, that may have provided a more nuanced understanding of variability in HbA1c in these groups.
In addition to biomarker values, medication use was also included in MetS criteria. Medication use variables were self-reported by participants, which has implications for the reliability of medication recall, use, and adherence.
Finally, HbA1c values can be affected by a variety of genetic, hematologic, and illness-related factors that influence erythropoiesis, hemoglobin structure, glycation, and erythrocyte destruction and have been found in previous studies to cause falsely high or low HbA1c results [27, 56] Some examples include recent blood loss, erythropoietin treatment, hemodialysis or transfusion, iron-deficiency anemia, kidney failure, and liver disease. Additionally, conditions that result in variation in hemoglobin type such as sickle cell anemia or a thalassemia may interfere with some HbA1c tests as well [27].


Conclusions
Diabetes was documented in approximately 18% of individuals in this nationally representative sample in Tunisia, yet approximately 40% of those with diabetes had not received a clinical diagnosis, and therefore did not have access to medication. Of those with a diagnosis, 92% utilized medication, providing insights into healthcare and medication access. The diabetic men and women in this study had significantly higher (HbA1c, BP, TG, and WC) and lower (HDL) values, indicating worse metabolic health compared to the nondiabetic group. HbA1c was positively associated with more individual components of MetS in nondiabetic men (BP, HDL, and TG) and women (BP, TG, and WC) compared to diabetic men (TG) and women (none). HbA1c was positively associated with the number of cumulative MetS components in all groups, but especially in nondiabetic men and women.
Our findings provide insights into the growing prevalence of metabolic risk factors and diabetes in Tunisia, and potentially extend to other LMICs. By separating diabetic from nondiabetic participants, we are able to begin to assess how the degree of metabolic dysregulation is affected by the development of a disease state and have shown that it alters the relationship between MetS components and HbA1c. As the prevalence of metabolic and lifestyle risk factors and NCDs continue to increase we will require a better physiological understanding of how metabolic dysregulation leads to disease states over time.
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