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GENERAL SUMMARY 
Background. Metabolic syndrome (MetS) is a cluster of related risk factors that 

include abdominal obesity, hypertension, fasting hyperglycemia, and dyslipidemia (high 

blood triglycerides and low HDL-cholesterol). The MetS increase the risk for 

cardiovascular diseases (CVD) and all-cause mortality and have become a major public 

health problem worldwide which prevalence has reached almost 31% of adults in Spain. 

The alteration in lipid profile is an independent risk factor for CVD. Among the 5 

components of MetS, atherogenic dyslipidemia (i.e., high fasting blood triglycerides [TG] 

and low-density lipoprotein-cholesterol [LDL] with low high-density lipoprotein-

cholesterol [HDL]) is a major risk factor for the development of CVD. 

Statins (3-hydroxy-methylglutaryl-coenzyme A reductase inhibitors) are the first-

choice treatment for hypercholesterolemia. This group of drugs acts by blocking the 

pathway of endogenous synthesis of cholesterol in the liver. In addition, it can act by 

improving other components of the lipid profile such as triglycerides. Statins are highly 

effective, and generally well tolerated, except for rare cases of myalgia. In recent years, 

other adverse effects of statins have been studied, such as the impairment of glycemic 

control or the limitation of fat oxidation. However, knowledge of these pleiotropic and 

side effects is limited. 

The first-line defense against MetS, and other cardiometabolic diseases is lifestyle 

modifications, which most often co-exist with pharmacological treatment. Healthy 

lifestyle modifications, including weight management, regular physical activity, a 

balanced diet, and stress relief play a crucial role in preventing cardiovascular risk. Within 

lifestyle modifications, increased physical activity and undergoing an aerobic exercise 

training program are effective means of improving the blood lipid profile in subjects with 

MetS. There are several modes of aerobic exercise training (i.e., continuous, interval), 

which vary in intensity and duration, factors that can markedly affect the mobilization 

and oxidations of lipids and carbohydrates as fuels. 

Purpose. This dissertation encompasses eight studies, to address the possible 

synergies between two therapies, pharmacological (i.e., statin) and non-pharmacological 

(i.e., exercise), on promoting metabolic health of dyslipidemic, abdominally obese 

individuals with MetS and high CVD risk.  First, we addressed the long-term statin effects 

on lipid profile and glycemic control in a fasting and postprandial situation by reviewing 
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the literature.  We intervened these individuals with a bout of aerobic exercise (different 

modalities) or discontinue their statin therapy, to study the metabolic interactions between 

exercise and statins.  Finally, we also studied if aerobic exercise training (4-month 

program) adaptations are influenced by statin therapy.   

Main findings. The high level of triglycerides in the postprandial state is an 

independent predictor for the development of coronary artery disease. Treatment with 

statins or with a bout of prior exercise are both effective in lowering postprandial 

triglyceride levels. In study 1 using the available literature (i.e., metanalysis) we 

compared the effects of statins to the effects of aerobic exercise on fasting and 

postprandial triglyceride levels in individuals with CVD risk. The results suggest that 

both statins and exercise induce a reduction in plasma triglyceride concentrations. The 

effects were observed in fasting as well as in postprandial levels. However, the effects of 

exercise were of less magnitude than the effect of statins, and thus, expecting exercise to 

reduce blood triglyceride to the desired levels in patients with severe hyperlipidemia may 

be unrealistic. Nevertheless, exercise may be a useful coadjutant therapy. 

After reviewing the literature in study 1, it became apparent that statins and exercise 

could have additive effects on lowering postprandial triglyceridemia. In study 2, we 

aimed to determine if the combination of exercise and statin could normalize postprandial 

hypertriglyceridemia in MetS individuals. MetS participants were resistant to the exercise 

effects. We observed that statins were effective in lowering postprandial triglyceridemia, 

apparently by reducing intestinal chylomicron formation as suggested by a reduction in 

blood apolipoprotein B48 levels.  However, we could not detect a measurable effect of a 

bout of increasing intensity exercise on lowering postprandial hypertriglyceridemia in 

MetS individuals. 

In the third study, we turned our view to the effects of statins on glycemic control.  

The most recent meta-analysis on the effects of different statin types on promoting insulin 

resistance was published more than a decade ago. Since then, some papers have reported 

no effects of statin on insulin resistance, and one study using pravastatin reports a 

lowering of insulin resistance. In study 3 we compiled all the current information about 

the diabetogenic effect of statins and analyze it using metanalysis. We segregated studies 

by statins type, the index used to assess diabetes (i.e., HOMA-IR or HbA1c), and by 

subject’s glycemic profile (i.e., diabetic vs normoglycemic subjects). Statin treatment 



9 
 

increased insulin resistance and worsens glycemic control, regardless of the glycemic 

profile of the individual at the beginning of the intervention. In general, the statin type or 

dosage prescribed did not seem to modify this effect. 

The association between the use of statins and incident diabetes is still puzzling and 

may prevent the prescription of this anti-atherogenic medicine to patients at risk of 

developing diabetes (i.e., MetS). It is then crucial to establish if this side-effect of statins 

is relevant in a MetS sample of individuals at risk of developing diabetes. In study 4 we 

evaluated whether withdrawal of statin therapy reduces insulin resistance in MetS 

individuals.  We hypothesized that if statins are promoting insulin resistance its 

withdrawal would delete those effects.  Statin withdrawal had no effect on our insulin 

resistance index (ISIMATSUDA; OGTT). Our data suggested that the pre-diabetes that 

accompanies the MetS does not seem to be induced by taking statins.  More importantly 

by combining statins with a bout of exercise, we found that statin prescription does not 

interfere with exercise improvements in the glycemic response to a meal. 

Statins and exercise are effective in reducing postprandial hypertriglyceridemia after 

a high-fat meal, but their coordinated actions are not clear.  On the other hand, statins 

could reduce insulin sensitivity, while an exercise bout could compensate for this side 

effect. In study 5, we used stable isotopic tracer to assess the interaction between statins 

and a single bout of continuous exercise on postprandial plasma glucose turnover and fat 

oxidation in individuals with MetS. We found that statins effectively reduce triglyceride 

levels after a mixed meal without affecting plasma glucose turnover.  On the other hand, 

exercise improves postprandial lipolysis and fat oxidation compensating the inhibition of 

lipolysis by statins.  The combination of both interventions efficiently improves 

postprandial fat metabolism in this population. 

Low and moderate exercise intensity is mainly fuelled by fat oxidation while 

carbohydrates became the main fuel during moderately high and high exercise intensities.  

Individuals with MetS may have blunted exercise stimulation to mobilize and oxidize fat 

during low-intensity exercise or to mobilize and oxidize carbohydrates during high 

intensity exercise.  Those metabolic limitations may explain their resistance to lower 

blood glucose and triglycerides with exercise training. In study 6 we assessed the effects 

of MetS on exercise fuel utilization using in wide range of exercise intensities (25-85% 

V̇O2MAX). The main finding was that despite all metabolic dysregulations of the MetS at 
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rest, during low-intensity aerobic exercise, lipolysis, endogenous glucose production, and 

the oxidation of fat and carbohydrates were comparable to healthy-young individuals. 

The ability to oxidize fat during submaximal exercise inversely correlates with CVD 

risk. However, the literature is not abundant regarding the role of statins in substrate 

utilization during moderate-intensity continuous exercise. In study 7 we aimed to stablish 

if statins affect the capacity to mobilize and oxidize fat during continuous aerobic exercise 

in MetS individuals. Our results showed that chronic statin treatment did not affect whole-

body fat oxidation or circulating substrates during 75 minutes of low-intensity continuous 

exercise (equivalent to brisk walking). 

Statin treatment seems to blunt the effects of aerobic exercise training on promoting 

cardiorespiratory fitness and skeletal muscle mitochondrial content. However, it is 

unclear if statin limits the higher reliance on fat oxidation as fuel after training that permits 

individuals to use exercise to efficiently lose body fat. The purpose of study 8 was to 

determine if long-term statin use in dyslipidemic individuals limits the increases in 

exercise rates of fat oxidation, typically observed after an aerobic exercise-training 

program. We found that before training, exercise fat oxidation is blunted by statin 

treatment.  However, exercise training drives fat oxidation rates to improve similarly to 

individuals not taking statins. 

 

  



11 
 

1. INTRODUCTION 

1.1 METABOLIC SYNDROME 

1.1.1  DEFINITION 

Metabolic Syndrome (MetS) is a combination of risk factors for cardiovascular 

disease (CVD) and diabetes mellitus type II (DM II) (1, 2). MetS has received clinical 

attention since the last century because avoiding the progression of this disorder is crucial 

to preventing the development of diabetes and coronary artery disease. The first large 

epidemiological study on CVD prevention, The Framingham Heart Study, was published 

in 1961. The results showed that elevated blood pressure, high cholesterol levels and 

being overweight were associated with cardiovascular risk factors (3). Years later, in 1988 

Gerald Reaven introduced the term “Syndrome X” and proposed the hypothesis that 

insulin resistance is the common ground that induces the development of other risk factors 

(4). Subsequently, several names were proposed for this combination of risk factors, the 

most popular being Metabolic Syndrome. 

From its inception, the thresholds for diagnosing MetS have been improved to 

include gender differences in HDL and racial differences in waist circumference to better 

diagnose abdominal obesity. Several groups of experts have attempted to establish a 

consensus on the components of MetS and their thresholds. In 2009, the International 

Diabetes Federation and the American Heart Association/National Heart, Lung, and 

Blood Institute formalized the definition of the MetS (2). The diagnosis of MetS should 

fulfill at least three of the following five conditions: dyslipidemia (raised triglyceride and 

lower high-density lipoprotein cholesterol), elevated blood pressure, increased fasting 

blood sugar, and abdominal obesity. Drug treatment for the first four disorders is also an 

alternative indicator of MetS criteria.  Table 1 shows the specific cut-off points and 

criteria for clinical diagnosis of the MetS. 
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Table 1. Criteria for Clinical Diagnosis of the Metabolic Syndrome. Table adapted 

from Alberti et al. 2009 (2). 

Measure Categorical cut points 

Elevated triglycerides a ≥150 mg·dl-1  

Reduced HDL a 
≥40 mg·dl-1 in males and ≥50 mg·dl-1 in 

females 

Elevated blood pressure a Systolic ≥130 and/or diastolic ≥85 mm Hg 

Elevated fasting glucose a ≥100 mg·dl-1  

Elevated waist circumference b ≥94 cm in men and ≥80 cm in women 

a Drug treatment for values normalization is an alternate indicator. 

b The criteria for central obesity (waist circumference) is population specific. The values 

given are for European men and women. 

1.1.2 PREVALENCE 

MetS is a disorder of multisystemic nature that affects approximately one-third of 

the adult population worldwide, reaching a prevalence rate of over 80% among sedentary 

adults with obesity (5). Due to the progressive aging of the population and the fact that 

obesity is becoming more prevalent, some researchers tend to think that MetS will be the 

most common medical problem of the 21st century (6). The prevalence of MetS varies 

based on age, gender, and geographic-economic status. Sedentary behavior, poor diet 

quality, tobacco consumption, and lower socioeconomic and educational level are 

conditions that can accelerate the appearance of MetS (7). In Spain, the DI@BETES study 

with a sample of 5,072 adults between 18 and 90 years old established that the prevalence 

of MetS in 2010 was 42.1% in men and 32.3% in women (8). Another study from 2012, 

with subjects from 35 to 74 years showed a lower prevalence with 32% in males and 29% 

in females (9). 
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1.1.3 PATHOPHYSIOLOGY  

The physiological mechanisms behind MetS are not fully understood. Its 

pathogenesis involves both genetic and acquired factors. It is still controversial whether 

the individual components of MetS are distinct pathologies or manifestations of a 

common pathogenic mechanism. One of the most widely accepted hypotheses is that the 

main pathway in the initiation, progression, and transition from MetS to CVD is insulin 

resistance (IR), defined as a decreased tissue response to insulin stimulation (4). Another 

hypothesis is that central obesity is the key element of the MetS (10). An increase in 

retroperitoneal fat may reduce the sensitivity of adipocytes to the antilipolytic effect of 

insulin, increasing free fatty acids (FFA) flux to the liver (and other tissues) and 

impairment in insulin signaling, increasing hepatic glucose production (11). Overall, the 

pathophysiology seems to be mainly attributable to insulin resistance with an excessive 

flux of fatty acids implicated. 

1.2 DYSLIPIDEMIA  

Lipids, such as cholesterol and triglycerides, are insoluble in plasma and are 

transported as lipoproteins, which transport the lipids to various tissues for energy 

utilization, storage, steroid hormones production, and bile acids formation. Lipoproteins 

are composed of esterified and unesterified cholesterol, triglycerides, phospholipids, and 

proteins called apolipoproteins (Apo). Apolipoproteins are coenzymes and receptor 

ligands in several metabolic pathways. In the present doctoral thesis, we will focus on 

three of them:  

1) Apo B100: that is part of the very low-density lipoprotein (VLDL), intermediate-

density lipoprotein (IDL), LDL, and lipoprotein(a) (Lp(a)). 

2) Apo B48: a truncated form of B-100, containing 48% of Apo B100 and it is 

necessary for the assembly and secretion of chylomicrons.  This apolipoprotein does not 

bind to LDL receptors. 

3) Apo CIII: interferes with the removal of triglyceride-enriched lipoproteins and 

remnants by cell receptors.  It inhibits triglyceride hydrolysis by lipoprotein lipase (LPL) 

and hepatic lipase. 
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1.2.1 DEFINITION 

The alteration of lipid profile is an independent risk factor for cardiovascular 

disease (12, 13). In clinical practice, the most common type of dyslipidemia is 

hyperlipidemia (14), which is determined by elevated levels of plasma cholesterol 

(hypercholesterolemia), triglycerides (hypertriglyceridemia), reduced level of HDL, or a 

combination of those (mixed hyperlipidemia). Dyslipidemia is associated with 

overweight, obesity, diabetes, hyperglycemia, and MetS (15). The diagnostic criteria for 

dyslipidemia in Spain are arbitrary. Some health professionals utilize total cholesterol, 

LDL, triglycerides, and Lp(a) levels above the 90th percentile, or HDL levels below the 

10th percentile for the general population. However, most clinical laboratories do not use 

these 90th and 10th percentile definitions but fixed thresholds.  Table 2 shows a summary 

of recommended values. 

Table 2. Defining criteria for dyslipidemia (16). 

 Slightly elevated Defined 

Hypercholesterolemia 
Total cholesterol total 200-249 
mg·dl-1 or LDL 100-129 mg·dl-

1  

Total cholesterol ≥ 250 mg·dl-1 
or LDL ≥ 130 mg·dl-1 a 

Hypertriglyceridemia Triglycerides 150-199 mg·dl-1  Triglycerides ≥ 200 mg·dl-1 b,c 

Mixed hyperlipidemia Elevated levels of both total cholesterol or LDL and triglycerides 

Atherosclerotic 

dyslipidemia d 

Triglycerides > 150 mg·dl-1  
HDL < 40 mg·dl-1 in men and < 45 mg·dl-1 in women 

LDL > 100 md/dl or non-HDL > 130 mg·dl-1  
Total cholesterol/HDL > 5 in men and > 4.5 in women 

sdLDL: triglycerides/HDL > 2 
 

 
a In secondary prevention and in diabetic patients hypercholesterolemia is defined as 

cholesterol values >200 mg·dl-1. 
b In secondary prevention and in diabetic patients hypertriglyceridemia is defined as values 

>150 mg·dl-1. 
c Mild elevation 200-499 mg·dl-1, moderate 500-999 mg·dl-1 and severe ≥1000 mg·dl-1. 
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d Together with the elevation of triglycerides and the decrease in HDL, there is usually a 

moderate increase in the concentration of LDL, with a predominance of small-dense LDL 

particles. 

1.2.2 PREVALENCE 

Dyslipidemia prevalence varies substantially depending on socio-demographic 

and geographic factors. Lifestyle factors such as sedentarism, a diet high in saturated fat, 

alcohol, and tobacco use, promote dyslipidemia. The ENRICA study published in 2012 

is one of the few population-based data reports on the impact of hypercholesterolemia in 

Spain. It shows that 50.5% of the Spanish adult population has total cholesterol levels 

above 200 mg·dl-1 and the prevalence of patients with defined hypercholesterolemia (i.e., 

>250 mg·dl-1) is 21.9% (17). Meanwhile, the cross-sectional descriptive observational 

SIMETAP study, conducted in 64 primary care centers in the Community of Madrid 

showed that the prevalence rate of hypercholesterolemia is 61%, hypertriglyceridemia 

29%, and atherogenic dyslipidemia 14% (18). 

1.2.3 PATOPHYSIOLOGY  

Dyslipidemia is characterized by increased flux of FFA, raised plasma triglyceride, 

very low-density lipoprotein (VLDL), Apo B, and lower HDL values (19). The possible 

cause of dyslipidemia is a defect in the triglyceride esterification process (19), which 

leads to decreased FFA retention in adipocytes. The elevated flow of FFA from the 

periphery to the liver stimulates hepatic synthesis and secretion of triglycerides, VLDL-

TG, and Apo B (20). These abnormalities may originate from a reduction in the 

adipocytes to the anti-lipolytic effect of insulin, although the mechanisms underlying this 

pattern are not completely understood (21). 
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1.2.4 DYSLIPIDEMIA AND INSULIN RESISTANCE 

 Insulin is an anabolic hormone that participates in several metabolic pathways in 

different cell types. The main actions of insulin include the stimulation of glucose uptake 

in skeletal muscle and adipocytes, the promotion of glycogen synthesis, the suppression 

of hepatic glucose production, the stimulation of triacylglycerol synthesis, and the 

inhibition of triacylglycerol lipolysis (22).  Visceral obesity and increased intra-

abdominal fat may precede the development of insulin resistance (23), which in turn can 

alter lipid metabolism, leading to dyslipidemia. Those disarrangements, together with 

endothelial dysfunction, contribute to the formation of atherosclerotic plaque (24). 

The visceral adipocytes of IR subjects not only seem less responsive to the 

antilipolytic effects of insulin but also are more sensitive to lipolytic effects of hormones 

such as glucocorticoids and catecholamines (25). Insulin is one of the most potent known 

regulators of LPL in adipose tissue (26). Thus, insulin resistance also reflects in a down-

regulation of LPL by insulin (27). The increase in lipolysis triggers a larger release of 

FFA in the portal system, which provides a hepatic substrate for VLDL (28). The 

increased assembly and secretion of VLDL, a rich-triglyceride lipoprotein, is transferred 

to HDL and LDL via cholesteryl ester transfer protein. This process results in triglyceride-

rich lipoproteins (TRL) and HDL particles. Triglyceride-enriched HDL is cleared faster 

from the circulation by the kidney, reducing circulating HDL particles (29). TRL are 

strongly associated with CVD such as myocardial infarction or peripheral arterial disease 

(30).  TRL are substrates for hepatic lipase, stimulating the formation of sdLDL (31), 

which in turn has high atherogenic activity (32, 33). 
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Figure 1. Pathophysiological mechanisms of the link between insulin resistance and 

dyslipidemia.  

 

CE: Cholesteryl ester; CETP: Cholesteryl ester transfer protein; FFA: Free fatty acid; HDL: 
High-density lipoprotein cholesterol; LDL: Low-density lipoprotein cholesterol; LPL: 
Lipoprotein lipase; sdLDL: Small-dense low-density lipoprotein cholesterol; TG: Triglycerides; 
VLDL: Very low-density lipoprotein cholesterol.  

1.2.5 POSTPRANDIAL STATE 

People in western societies generally eat a minimum of three meals per day 

expending 10-12 hours in the postprandial state.  After a mixed-meal, glucose and lipids 

initially increase in blood as they are released from the splanchnic circulation to be 

transported and stored in other tissues.  A variety of hormones and tissue receptors work 

in conjunction to revert blood levels of glucose and triglycerides to normal fasting levels  

Slowing of this postprandial response, results in the lingering of high levels of TRL and 

glucose in circulation (due to insulin resistance) and has been associated with increased 

cardiovascular risk (34, 35). For instance, a high postprandial triglyceride level 6–8 h 

after a high-fat meal is an independent predictor of the presence of coronary artery disease 

(36).  
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Postprandial lipemia (PPL) is characterized by the increase in plasma triglyceride-

rich lipoproteins after fat-meal ingestion (37). Periodic exposure to elevated PPL 

promotes plaque formation due to increased infiltration of chylomicron fragments into 

the arterial wall and increases the risk of atherosclerosis (38, 39). PPL is generally higher 

in patients with premature cardiovascular disease, but this is a hidden risk factor in 

habitual clinical blood analyses which are performed after an overnight fast (40). 

Chylomicrons are the digested result of the ingested lipids in the gastrointestinal tract 

during normal physiological conditions. Chylomicrons secreted into the circulation by 

the lymphatic system, compete with VLDL from the liver to be hydrolysate by endothelial 

LPL which is highly present in skeletal muscle and adipose tissue. As explained in the 

previous section, increased TRL leads to increased clearance of HDL (29) which worsens 

the lipid profile leading to dyslipidemia. Increased PPL is usually accompanied by 

elevated insulin levels, which would suppress lipolysis changing the fates of triglycerides 

and non-esterified fatty acids from catabolism and oxidation to reesterification and 

storage. In the end, postprandial lipid metabolism is largely influenced by insulin (41).  

In a normal western diet, carbohydrates account for 45-55% of daily energy 

intake. The constant supply of carbohydrates to tissues presents a daily metabolic 

challenge that needs to be met since glucose is the primary fuel for neurons. Glucose can 

be stored in the form of glycogen, mainly in the liver (60-90 gr) and muscles (500 gr in 

20 kg of skeletal muscle). Only the glycogen stored in the liver can supply with glucose 

to the circulation and maintain euglycemia despite no carbohydrate consumption for 

around 20 hours (42). Blood glucose concentration reflects the balance between two 

dynamic rates, the rate of liver glucose output into the blood and the rate of glucose uptake 

to peripheral tissues Sustained hyperglycemia in a fasting state in patients with obesity, 

insulin resistance, and dyslipidemia reflects an imbalance between the rate of appearance 

and disappearance of glucose in the blood. According to diabetes clinical guidelines 

insulin resistance is diagnosed either when blood glucose exceeds 100-125 mg·dl-1 in a 

fasted state which is named impaired fasting glucose (IFG) and when blood glucose levels 

remain in the 140-200 mg·dl-1 2 hours after ingestion on a standard oral glucose load 

(OGTT; 75 gr of glucose) named impaired glucose tolerance (IGT) (43). As mentioned 

above the pathophysiology of insulin resistance and dyslipidemia seems to be intimately 

linked. Clinical assessments of postprandial metabolism are rare, and when done it mainly 
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relies on OGTT, which does not consider that most meals are mixed, and that fat ingestion 

can have a large effect on glycemic control. 

1.2.6 DYSLIPIDEMIA AND METABOLIC FLEXIBILITY 

Metabolic flexibility was defined by Kelley and Mandarino as "the ability of an 

organism to adapt fuel oxidation to fuel availability" (44). The primary purpose of this 

substrate shift is the transition from catabolic to anabolic metabolism, to effectively store 

energy in skeletal muscle, adipose, and liver. Insulin is a key hormone in this process.  As 

a result, metabolic inflexibility is characteristic of chronic diseases such as insulin 

resistance that precedes DMII (45) and obesity (46, 47). The capacity to oxidize fat is 

improved in exercise-trained people at all levels of activity, which is directly related to 

metabolic flexibility (48, 49). Metabolic inflexibility may ultimately be attributable to 

poor mitochondrial respiratory capacity and related dysfunctions (50, 51), which are 

prevalent in people with obesity and DM II. 

Exercise significantly increases energy expenditure. Intense exercise could increase 

energy expenditure 15 times above the resting metabolic rate (52). The ATP produced 

during moderate to vigorous exercise is more than 95% used in the contracting skeletal 

muscle. Intramuscular glycogen, plasma glucose from liver glycogen, plasma fatty acids 

from subcutaneous adipose tissue, and intramuscular triglycerides fuel the exercising 

muscles with different reliance on these fuels depending on exercise intensity (53). 

Furthermore, aerobic fitness results in higher rates of fatty acid oxidation and lower 

reliance on carbohydrates at rest and during exercise at the same intensity than before 

training (54, 55). 

Exercise intensity and duration, determine the mix of fuels used during exercise 

(56).  As exercise intensity increases from very low to moderate intensity, fat oxidation 

increases to reach a peak at approximately 40-60% of V̇O2MAX (i.e., maximal fat 

oxidation, MFO; (57)).  Further increases in exercise intensity lower fat oxidation while 

increasing carbohydrate oxidation.  It has been speculated that continuous training at the 

intensity eliciting MFO may be more beneficial for the metabolic health of individuals 

with obesity than isocaloric training using interval training (58, 59).  On the other hand, 

intense aerobic exercise that effectively depletes muscle glycogen greatly enhances non-

oxidative glucose clearance after exercise (60). Most studies conclude that DM II does 

not reduce plasma glucose turnover during sustained low-intensity exercise (61-65). 
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However, patients with DM II have a reduced capacity to switch between fat and 

carbohydrate oxidation during incremental exercise, being reliant on carbohydrate 

oxidation as the primary source of energy (66). The available information on the response 

of subjects with DM II or dyslipidemia to moderate or high exercise intensity (i.e., above 

60% V̇O2MAX) is limited (67).  However, vigorous exercise and high-intensity interval 

training are nowadays encouraged as adjuvant therapy for these metabolic diseases (68).   

1.3 PRIMARY PREVENTION OF DYSLIPIDEMIA 

Dyslipidemia prevention strategies aim to delay and prevent the development of 

CVD. In this sense, the American College of Cardiology and the American Heart 

Association presents guidelines on the primary prevention of cardiovascular diseases 

(69). Lifestyle recommendations for the prevention of dyslipidemia are very similar to 

those for its treatment and will be explained in detail below. Briefly, a diet high in 

vegetables, fruits, legumes, nuts, whole grains, and fish is recommended, avoiding foods 

rich in trans and saturated fats and refined sugars. Regarding physical activity, the 

population at risk should participate in at least 150 minutes per week of cumulative 

moderate-intensity aerobic physical activity or 75 minutes per week of vigorous-intensity 

aerobic physical activity (70). Lipid-lowering therapy should be assessed for primary 

prevention taking into account the potential risk-benefit (69).  

1.4 PHARMACOLOGIC TREATMENT OF 
DYSLIPIDEMIA 

HMG-CoA reductase inhibitors (statins) are the first-line therapy for the prevention 

and treatment of dyslipidemia and CVD. There are various types of statins grouped into 

two groups, the hydrophilic (pravastatin and rosuvastatin) and the lipophilic (atorvastatin, 

fluvastatin, lovastatin, pitavastatin, and simvastatin) that will have a more direct effect on 

the liver. Statins are on the World Health Organization's List of Essential Medicines (71). 

Statins are used as monotherapy or in combination with a cholesterol absorption inhibitor 

(ezetimibe), a bile acid scavenger (colestipol, cholestyramine, colextran, or colesevelam), 

or fibrates (bezafibrate, gemfibrozil, or fenofibrate) to lower LDL and triglyceride levels. 

In Spain, lipid-lowering agents are widely prescribed. The most frequently prescribed 

statin in Spain is simvastatin (40.4% of new users), followed by atorvastatin (24.7%), 
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rosuvastatin (24.4%), pitavastatin (5.8%), pravastatin (2.3%), simvastatin/ezetimibe 

(1.4%), fluvastatin (0.8%), and lovastatin (0.1%) (72). 

1.4.1.1 MECHANISM OF ACTION  

Statins competitively inhibit the 3-hydroxy-3-methyl glutaryl-CoA (HMG-CoA) 

reductase enzyme and limit the conversion of HMG-CoA to mevalonate in the cholesterol 

biosynthesis pathway of the liver. Statins bind to the active site of the enzyme and induce 

a conformational change in its structure, thus reducing its activity. Likewise, the binding 

affinity of statins for HMG-CoA reductase is greater than that of the substrate (HMG-

CoA), thus are very effective in preventing the action of the enzyme and reducing 

intracellular cholesterol synthesis. Statins have a significant impact on cholesterol 

reduction since most of the circulating plasma cholesterol comes from hepatic synthesis 

(73).   

Figure 2. Statin’ mechanism of action. 

 

1.4.1.2 PLEIOTROPIC EFFECTS  

Statins are prescribed for the prevention of coronary heart disease in patients with 

dyslipidemia, by stabilizing the atherosclerotic plaque, reversing endothelial dysfunction, 

and decreasing thrombogenicity (74). Recent studies suggest that statins have pleiotropic 

effects beyond the reduction in cholesterol synthesis. This group of drugs is the most 

effective in lowering LDL, but it also lowers plasma VLDL, triglycerides, and Apo B, 

and increased plasma concentrations of HDL. (75-77).  Inhibition of cholesterol synthesis 

by statins upregulates LDL-receptor activity in the hepatocyte surface in an attempt to 

capture in the circulation the cholesterol that is not produced (78). This receptor not only 

clears circulating LDL but also circulates triglycerides-rich lipoproteins (i.e., VLDL and 

chylomicrons) (79). Some of the less well-known actions of statins include their effects 
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on the postprandial metabolism of apolipoproteins. Statins reduce the incorporation of 

apolipoprotein-CIII in chylomicrons, releasing the inhibitory actions of apolipoprotein-

CIII on LPL. By liberating LPL actions, the hydrolysis of triglycerides is increased, 

indirectly enhancing lipolysis (80, 81). However, the lipolysis-stimulating effects of 

statins have been identified in ApoB-48 (80, 82) the intestinal apolipoprotein that forms 

chylomicrons upon fat digestion, but to our knowledge, statins have not been shown to 

stimulate lipolysis at the whole-body level 

1.4.1.3 ADVERSE SIDE EFFECTS 

Statins have been found to cause myalgia in 10% of users (83). Statins are 

commonly prescribed in combination with exercise (84). Although the results of 

pharmacological studies indicate that statins are generally well tolerated, they have been 

related to muscle cramps, myalgia, and, in rare cases rhabdomyolysis (85). Clinically 

relevant myopathies in statin users are estimated to represent approximately 10% of 

subjects in controlled blinded studies and up to 25% of patients in clinical practice (86, 

87). Additionally, statins may increase susceptibility to muscle damage during exercise 

(88). The cause of statin-induced myalgia is unknown.  Some studies propose that statin 

therapy adversely affects skeletal muscle mitochondrial function (89) and impairs fat 

metabolism (90). The literature on the effect of statins on fat oxidation rates during 

exercise is conflicting.  Some studies report no effects of statin consumption on fat 

oxidation (91-93) while others observe a decrease in fat oxidation rates (94-96).   

In 2010, an influential meta-analysis by Sattar and co-workers gathering 13 

randomized statin trials showed that 4 years of statin treatment was associated with a 9% 

increased risk for incident diabetes mostly in older participants (97). This meta-analysis 

is very well-powered (n=17,603 subjects) and includes an average follow-up of 5-

yearss(i.e., Justification for the Use of Statins in Primary Prevention: An Intervention 

Trial Evaluating Rosuvastatin; JUPITER):  The meta-analysis revealed associations 

between statin use and increases in blood concentration of glycated haemoglobin 

(HbA1c), an index of DM II (98).  Based on these and other studies, the U.S. Food and 

Drug Administration (FDA) in 2012, warned that statins may increase new-onset diabetes 

based on the increase in HbA1c and/or fasting plasma glucose (99). Surprisingly well-

conducted studies report that statins not only do not increase but lower the risk of diabetes 

(100, 101).  Other studies report no effect on insulin sensitivity when using pravastatin 
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(102) or pitavastatin (103).  In the last few years, papers have been published, some 

supporting a link between statin use and diabetes (90, 104) and others questioning that 

association (105).  All these studies have ignited a debate about the balance between the 

risks of statins in promoting diabetes, compared with the expected cardiovascular benefits 

from reducing blood triglycerides and LDL cholesterol. 

1.5 LIFESTYLE CHANGES FOR THE TREATMENT OF 

DYSLIPIDEMIA 

Dyslipidemia treatment generally requires polypharmacy (routinely taking two or 

more medicines daily), but even after using several medicines, blood lipid levels do not 

return to normal clinical levels. In turn, polypharmacy, leads to drug-drug interactions, 

an inadequate treatment adherence, resulting in poor management of the disease.  The 

first non-pharmacological line of defense against dyslipidemia and other cardiometabolic 

diseases is lifestyle therapy, which could co-exist with pharmacological treatment. 

Lifestyle modification should be introduced early and aggressively and maintained to 

improve clinical management of dyslipidemia. Dietary manipulation, weight control, and 

regular physical activity are crucial. The adverse effects of increasing body mass index 

(BMI) on total cholesterol and HDL are well recognized (106). Thus, body weight control 

is one of the goals in the prevention and treatment of dyslipidemia. In addition, the 

consumption of certain nutrients and regular physical exercise can play a role independent 

of body weight for the control of the lipid profile.  

1.5.1 NUTRITIONAL RECOMMENDATIONS  

Dietary modifications for the treatment and control of dyslipidemia are similar to 

those for the reduction of CVD risk. The American Heart Association recommends 

dietary adaptations to reduce CVD risk for individuals over two years old (107).  Fat 

intake recommendation is 30-35% of total calories,  maintaining a low intake of saturated 

fatty acids (SFA) and trans-fatty acids (108). Saturated fatty acids and trans-fatty acids 

can affect LDL levels in a dose-response manner due to the consumption of these fats 

(108, 109). Guidelines suggest an increase in monounsaturated fatty acids (MUFA) and 

the replacement of SFA with MUFA to reduce total cholesterol, LDL, and triglycerides 

(108). The effects of MUFA on HDL depend on the total fat content of the diet (108). On 
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the other hand, Ὠ-6 polyunsaturated fatty acids (PUFA) could impair vascular endothelial 

function or stimulate the production of proinflammatory cytokines (109). In contrast, Ὠ-

3 PUFAs, such as eicosapentaenoic and docosahexaenoic acids, reduce triglyceride levels 

by inhibiting VLDL synthesis and decreasing postprandial lipemia (110). Studies 

combining supplementation in diet with Ὠ-3 and exercise reveal an improvement in 

insulin sensitivity (111) likely due to improvements in membrane fluidity promoting 

glucose transport.  Based on this evidence, a low w-6/w-3 PUFA ratio is recommended 

(108). Another influential ingredient in nutritional guidelines to prevent CVD is soluble 

fiber which has a hypocholesterolemic effect by reducing bile acids and producing 

acetate, propionate, and butyrate (cholesterol synthesis inhibitors) (112). Specific dietary 

modifications are listed in Table 4. 

Table 4. Dietetic recommendations to reduce CVD risk factor (108). 

Dietetic component Recommended intake 

Total fat 25-35% of total calories 

Saturated fats Less than 7% of total calories 

Trans fatty acids  As little as possible 

Polyunsaturated fats Up to 10% of total calories 

Monounsaturated fats Up to 20% of total calories 

Carbohydrates  50-60% of total calories, from whole grains, fruits, and vegetables a 

Fiber 25-30 g/day (soluble forms such as psyllium 10-25 g) 

Plant sterols 2 g/day 

Protein About 15% of total calories 

Total cholesterol Less than 200 mg/day 

Total calories 
Balance calorie intake and expenditure to maintain desirable body 

weight/prevent weight gain 

a Refined carbohydrates should be limited. 

1.5.2 EXERCISE TRAINING 

A sedentary lifestyle is one of the underlying causes of metabolic syndrome (113) 

and a significant predictor of risk for developing DM II, MetS, cardiovascular disease, 

and all-cause mortality (114). Physical activity and exercise training are therefore 
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considered crucial components of metabolic syndrome treatment. The American College 

of Sports Medicine recommends at least 150 minutes of moderate-intensity physical 

activity performed ≥ 5 days of the week (at least 30 minutes per day). Moderate-intensity 

physical activity elicits approximately 40% to 60%  of maximal oxygen consumption  

(V̇O2MAX) (~ 50% to 70% of maximum heart rate), and is the dose of exercise associated 

with a lower prevalence of MetS (115). The effect of exercise on lipoprotein metabolism 

is one of the mechanisms by which exercise protects against CVD (116). 

There is strong scientific evidence from prestigious classic studies with a large 

sample size in which it was observed how the implementation of aerobic exercise 

programs could improve the components of MetS. The HERITAGE Family Study 

examined the evolution of the MetS components after 20 weeks of supervised aerobic 

exercise training in 105 individuals. Among the 30% of participants who improved their 

metabolic profiles, 43% reduced triglycerides, 16% improved HDL cholesterol, 38% 

decreased blood pressure, 9% improved fasting plasma glucose, and 28% decreased their 

waist circumference (117). Overall, exists evidence of changes in HDL and triglycerides, 

as well as alterations in LDL particle size with exercise training (118). Exercise training 

is effective in preventing the decline of metabolic flexibility and normalizing the 

postprandial lipid and glycemic profiles (119). Thus, exercise training has the potential 

to decrease atherogenicity, but the ideal exercise mode, intensity, and dose that produces 

the maximum beneficial adaptations are in dispute. Among the different types of exercise, 

aerobic exercise has traditionally been used and prescribed as an effective way to prevent 

and treat MetS (120). In addition to direct effects on blood lipid and glycemic profiles, 

the intensity of exercise influences the amount of lipid and carbohydrate oxidized during 

exercise, and thus affects two major components of the MetS (i.e., hyperglycemia and 

dyslipidemia). It has also become increasingly evident that strength training is also a cost-

effective strategy to prevent and treat cardiovascular events (121). 

In the series of studies with the acronyms STRIDE (The Studies of a targeted risk 

reduction intervention through defined exercise (122)) and DREW (Dose-Response to 

Exercise in Women (123)), the improvements in health were studied using different 

programs of continuous training (all at least 6 months duration) suggesting that exercise 

volume rather than intensity was the more relevant factor for improving health in people 

with MetS.  In contrast, a Norwegian research group led by Dr. Wisloff (124) compared 

the effects of a 4-month continuous exercise training program with those of an isocaloric 
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(equalized for energy expenditure) program of high-intensity interval exercise (HIIT), 

concluding that exercise intensity was an important factor in reversing MS risk factors 

and improving maximal aerobic capacity. 

Due to this lack of consensus and following a similar methodology, recently in 

our laboratory, we determined the therapeutic impact on the components of the MetS of 

three aerobic exercise programs differing in the types (interval vs. continuous) and 

intensity (moderate vs. high vs. maximum) of exercise (125). After 4 months of training, 

we were able to observe that, in MetS participants with low initial cardiorespiratory 

fitness, any of these three training programs improve maximal aerobic capacity (measured 

as V̇O2MAX). However, the energy expenditure per session was the main variable to 

improve health in MetS. The finding that continuous moderate-intensity exercise is 

sufficient to improve MetS and cardiorespiratory fitness could simplify exercise 

prescription while avoiding concerns about the risks of high-intensity training in people 

with an impaired cardiovascular system. 

1.5.2.1 MODERATE INTENSITY CONTINOUS AEROBIC TRAINING 

A large body of research has documented the benefits of moderate-intensity 

continuous training (MICT). MICT is typically defined as the exercise performed at 55 

to 70% of the maximum heart rate, or (40 to 60% V̇O2MAX). Physical activity at moderate 

intensity, without any dietary or pharmacological intervention, can increase plasma HDL 

by 2.53 mg·dl-1 (126). The effect of MICT on LDL levels is inconsistent in humans and 

exists with even opposite results (127).  However, it seems that this type of exercise can 

increase the size of the LDL molecule, which reduces CVD (128). Exercise also lowers 

triglyceride levels, regardless of training intensity (129). Individuals with a low physical 

condition can reduce their postprandial lipids with only one bout of moderate-intensity 

continuous exercise (130, 131). Moderately intense exercise maximizes fat oxidation and 

therefore those exercise intensities could be relevant to improving lipid-related 

cardiovascular risk factors (60). 

1.5.2.2 HIGH INTENSITY INTERVALIC TRAINING 

High-intensity interval training (HIIT) is an exercise modality that involves 

repeated periods (intervals) of short duration and high intensity (from 30 seconds to 4 

minutes. HIIT is characterized by short periods of high-intensity aerobic exercise 



27 

(typically >90% V̇O2MAX) separated by recovery periods of lower-intensity aerobic 

exercise or rest (132). Compared to MICT, HIIT typically results in a greater 

improvement in cardiorespiratory fitness, mitochondrial biogenesis, arterial stiffness 

endothelial function, and insulin resistance with less time commitment (132). Evidence 

shows that HIIT improves insulin sensitivity and glucose metabolism in patients who 

have already developed MetS (133). High-intensity exercise could alleviate insulin 

resistance by increasing non-oxidative glucose disposal post-exercise (60). 

Regarding the lipid profile, similar results to MICT have been observed. The 

exception to this appears to be HDL, which improved the most with HIIT (134). High-

intensity exercise is a useful intervention for reducing the area under the postprandial 

triglyceride curve (135). Despite that regular exercise with minimal weight change has a 

beneficial effect on the lipoprotein profile, the volume of exercise performed is positively 

associated with more outstanding improvements in the lipid profile (136).  

1.5.3 THE ACTION MECHANISMS OF THE AEROBIC 
EXERCISE 

The mechanisms by which exercise acts on the metabolism of fat and glycemic 

profile have not yet been completely described. There is evidence that more glycogen is 

used during high-intensity exercise, compared to light or moderately intense exercise. 

Therefore, the depletion of muscle glycogen during intense exercise increases the amount 

of glucose transporter type 4 (GLUT-4) on the surface of muscle cells, which increases 

glucose transport into the cell (137, 138). The association between exercise and fat 

metabolism has been evaluated in several studies. LPL activity increases in response to 

exercise, and the activation of gene expression may result from dynamic changes in serum 

catecholamines, plasma insulin, or intrinsic cell signals related to muscle contraction 

itself (139). Some studies point out that exercise increases the triglycerides content of 

liver-formed VLDL particles (140) which may increase their susceptibility to hydrolysis 

by LPL (141).  Lastly, studies using stable isotopes suggest that a bout of aerobic exercise 

(142, 143) reduces fasting and postprandial hepatic VLDL secretion which could increase 

chylomicron clearance (144-146). 
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Figure 3. Exercise’ mechanism on lipid and glucose metabolism. 

CM: Chylomicron; GLUT-4: Glucose transporter type 4; LPL: Lipoprotein lipase; TG: 
Triglycerides; VLDL: Very low-density lipoprotein cholesterol.  

1.6 INTERACTIONS BETWEEN STATINS AND 
EXERCISE 

The most prevalent side effect of statins is myalgia, with the possibility of 

developing rhabdomyolysis (85). These alterations, which affect skeletal muscle, may be 

exacerbated by physical activity (88, 147-149). This side effect might lead to reduced 

statin use in individuals who could benefit from statin therapy.  However, in clinical 

practice myalgia, it is easily avoided by changing the type of statin prescribed. 

Kokkinos  et al., (150) conducted a prospective cohort study of interactions between 

statin therapy and physical exercise. 
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Individuals’ fitness levels and statin and other prescriptions were recorded. After ten 

years, the authors concluded that mortality risk was significantly reduced by the 

combinations of statin therapy and aerobic exercise compared with either separate 

treatment. Other authors reported that physical activity offers significant 

protection against mortality risk for patients taking medications for the prevention 

of cardiovascular disarrangements, although the use of medication is also associated 

with a lower level of physical activity (151).  

However, statins not only induce muscle pain in humans, reducing participation in 

physical activity and consequently impairing exercise performance but also, may 

directly compromise aerobic exercise capacity and blunt training adaptations 

(152, 153).  However, there is no clear consensus that the limitation that statins impose 

on achieving full mitochondrial biogenesis with exercise training blunt subjects’ 

metabolic adaptations to training (154, 155). One study found that statins induce a 

more prominent insulin-sensitizing effect of training than training alone (154). This 

result is interesting, especially considering that statins may increase the risk of new-

onset diabetes (156). Although certainly, there is a lack of studies on the combination 

of statins and exercise. It would be interesting to analyze whether exercise-training 

counteracts the side-effects of statins on insulin resistance as that paper suggests.  In 

addition, is unclear if statins would impair the increases in exercise fat oxidation 

derived from exercise training. In the present dissertation, we attempted to shed some 

light on those questions. 
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2. JUSTIFICATION 

Dyslipidemia and insulin resistance are the two components of the metabolic 

syndrome with the greatest impact on CVD risk. The principal interventions to prevent 

and treat CVD are pharmacological treatment and lifestyle changes, which includes 

exercise. Statins or HMG-CoA reductase inhibitors are commonly prescribed for 

lowering cholesterol levels.  Like many other drugs, statins have pleiotropic but also 

negative side effects.  The main aim of this dissertation is to study if exercise (a bout or 

a full training program) would potentiate the pleiotropic effects of statins while reducing 

its adverse side-effects.  This dissertation will focus on whole-body metabolic effects of 

statins rather than cardiovascular or muscle effects, addressing the impact on glycemic 

control and fat oxidation at rest and after a meal challenge that raises plasma glucose and 

fats. Additionally, exercise's effects on glucose and lipid metabolism vary depending on 

its intensity, and duration. Thus, this dissertation will also explore the interaction between 

statins and different types of exercise in dyslipidemic, abdominally obese individuals with 

MetS. 
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3. OBJECTIVES AND HYPOTHESES 
General objective 

The main purpose of this dissertation is to determine the interactions between 

statins and aerobic exercise on whole-body metabolism (substrate oxidation and plasma 

kinetics) of dyslipidemic individuals with abdominal obesity and metabolic syndrome. 

Specifically, we sought to assess if the beneficial and adverse side-effects of statins on 

postprandial fat and glucose metabolism, respectively, can be enhanced/attenuated by a 

prior bout of aerobic exercise. In addition, we study the effects of chronic exercise (i.e., 

training) and chronic medication with statins on substrate utilization during exercise at 

different intensities. 

General hypothesis 

Exercise would enhance the benefits of statins on postprandial fat metabolism and 

limit the insulin resistance attributed to chronic statin intake.  Substrate mobilization and 

oxidation during exercise will not be blunted by statin intake.  Lastly, individuals 

chronically treated with statins will increase fat oxidation after an endurance program.  

Study 1 

 Objective: Using the available literature, compare the effects of statins and 

aerobic exercise on fasting and postprandial triglycerides in individuals with high 

cardiovascular risk. 

 Hypothesis: Statins may be more effective in controlling lipid metabolism after a 

high-fat meal, although exercise can be helpful as an adjunct therapy. 

Study 2 

 Objective: To experimentally assess the effect of a bout of exercise before a high-

fat meal on postprandial triglycerides and blood lipoprotein levels, and to 

investigate the possible interactions with statin therapy. 

  Hypothesis: The combination of exercise and statin could normalize postprandial 

triglyceridemia in MetS individuals 

Study 3 
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 Objective: Using the available literature, update the information about the 

diabetogenic effect of statins. We aimed to establish if the effects of statins on 

insulin resistance are dose-dependent and if the subject’s initial glycemic control 

(i.e., diabetic or people with normal glycemia) may be a determining factor in the 

diabetogenic effect of statins. 

Hypothesis: Statin treatment in subjects with diabetes would result in higher 

incidence rates of insulin resistance.  Moreover, a higher statin dose would have 

a more pronounced diabetogenic effect. 

Study 4 

 Objective: To experimentally assess whether statin therapy withdrawal reduces 

insulin resistance in hypercholesteremic pre-diabetic individuals. 

 Hypothesis: We hypothesized that if statins were causing insulin resistance, then 

statin withdrawal should improve it.  

Study 5 

Objective: To determine if statin and exercise joint actions to improve 

postprandial metabolism after a mixed-meal, in individuals with obesity, 

dyslipidemia, and metabolic syndrome. 

Hypothesis: Since exercise improves glycemic control and lipid profile after a 

meal, an exercise session could contribute to reducing the metabolic alterations 

induced by statins, such as increased insulin resistance. 

Study 6 

Objective: To examine the effects of chronic statin intake on exercise fuel 

utilization for muscle oxidative energy on a wide range of exercise intensities. 

 Hypothesis: The metabolic disarrangements of individuals with the MetS may 

blunt substrate utilization during exercise when compared to healthy individuals. 

Study 7 

Objective: To determine the effects of statin treatment on exercise fuel utilization 

during prolonged low-intensity aerobic exercise. 
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Hypothesis: We hypothesize that if statins are blunting fat oxidation, then, statin 

withdrawal would reverse this effect increasing fat oxidation at rest and during 

exercise at intensities that would result in maximal rates of fat oxidation. 

Study 8 

Objective: To determine if long-term statin use in dyslipidemic individuals 

restricts the improvements in fat oxidation typically observed after an intense 

exercise-training program. 

Hypothesis: As statins may limit V̇O2MAX, boosting the effects of an exercise-

training program, statins would also limit the FOMAX improvements derived from 

exercise training. 
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4. MATERIAL AND METHODS 

Funding 

Studies 1 and 2 were funded by a grant from the Spanish Government Ministry of 

Economy and Competitiveness (Programa Estatal de I+D+I Orientada a los Retos de la 

Sociedad 2017) entitled “Interactions between exercise training and chronic treatment 

with antihypertensive medication, statins and hypoglycemic drugs in metabolic syndrome 

people” (DEP-2017–83244-R). The other studies that complete this dissertation were 

financed by a grant from the Spanish Ministry of Science and Innovation (PID2020-

116159RB-IOO MCIN/AEI/10.13039/501100011033). The ClinicalTrials.gov identifier 

for all studies can be found under the following codes: NCT03019796 and 

NCT04477590. 

Participant’s recruitment 

Participants were recruited from the Toledo metropolitan area (i.e., 78.000 

habitants) and surrounding villages. Recruitment was conducted by posting flyers in 

different public places across the city of Toledo (Spain). Besides, the same advertisements 

were digitally published through social media websites and applications (Facebook and 

Twitter). Finally, call for participants were diffused by local radio stations and paper 

news. 

Inclusion criteria 

The general inclusion criterion was meeting the MetS diagnosis based on the 

unified definition of Alberti et al., 2009 (2). At least three of the following conditions (or 

treatment for these conditions) are required: increased waist circumference (≥ 94 cm in 

men and ≥ 80 cm in women), blood pressure (systolic blood pressure ≥ 130 mm Hg or 

diastolic blood pressure ≥ 85 mmHg), fasting blood glucose (≥ 100 mg dL-1), and 

triglycerides (≥ 150 mg dL-1), and decreased HDL cholesterol (< 40 mg dL-1 in men and 

< 50 mg dL-1 in women). Participants also were prescribed statin treatment for at least 6 

months before starting studies 2, 4, 5, 6, 7, and 8. In study 8, we included a control group 

with subjects with MetS without statin treatment. In addition, in studies 2 and 6, we 

compared a healthy population versus MetS individuals’ physiological changes in 

response to exercise. In these studies, we add inclusion criteria to recruit a healthy control 
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group, without metabolic alterations or pharmacological treatment for MetS. Before all 

training programs, participants must complete the short version of the International 

Physical Activity Questionnaire (IPAQ) and report less than 3 days per week of physical 

activity of moderate intensity (< 120 minutes a week) (157). In all intervention studies, 

participants were encouraged to not engage in additional exercise training programs while 

participating in our studies to avoid potential interferences. Once participants fulfilled the 

criteria required to participate, they provided written, witnessed, informed consent under 

a protocol approved by the local Virgen de la Salud Hospital’s Ethics Committee of 

Toledo according to the Declaration of Helsinki. 

Exclusion criteria 

The studies excluded participants with untreated cardiovascular, renal, or other 

chronic diseases that caused exercise intolerance. Electrocardiogram abnormalities at 

rest, as well as an irregular cardiovascular response during preliminary exercise testing, 

led to exclusion from the study and derivation to a cardiologist or medical specialist for 

further treatment. 

Preliminary testing: Body composition and anthropometric assessment 

Participants arrived at the laboratory in the morning after an overnight fast (8- 12 

h long) and at least 72 hours after the last training bout. The same researcher assessed 

body height (Stadiometer; Secca 217, Hamburg, Germany) and nude body weight and 

composition (i.e., body fat mass, fat-free mass, water content) by bioelectrical impedance 

analysis (Tanita BC-418 MA, Tanita Corp, Tokyo, Japan). Waist circumference was 

assessed by the same researcher using a non-elastic measuring tape placed 2 cm above 

the upper border of the iliac crest. In study 8, fat mass was determined by dual energy X-

ray absorptiometry (DXA Hologic Serie Discovery Wi QDR, Bedford, USA). 

Preliminary testing: Cardiorespiratory fitness assessment 

A graded exercise test (GXT) was conducted using an incremental ramp test until 

volitional exhaustion on an electronically braked cycle ergometer (Ergoselect 200; 

Ergoline). O2 consumption and CO2 production were measured breath by breath using 

indirect calorimetry (Quark b2; Cosmed). Heart electrical activity was continuously 

monitored using a standard 12-lead ECG (Quark T12; Cosmed). After 5 min of warm-up, 
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the initial power output was set at 30 W for women and 50 W for men. Every minute’s 

power output was increased by 15 W for women and 20 W for men. The stage increments 

in work rate were chosen to bring subjects to exhaustion in ≈ 8 min (158), although tests 

lasting < 8 min can also produce valid V̇O2MAX (159). Participants were verbally 

motivated to reach their maximal effort. The test was terminated when individuals were 

unable to maintain 60 rpm of cadence despite firm encouragement (158). The last-minute 

of each stage was averaged to calculate the nonprotein respiratory quotient and fat 

oxidation rate. 

At exhaustion, the work rate was reduced to 30 W, and subjects cooled down for 

5 min. After 15 min of seated rest with ad libitum water rehydration, individuals 

performed a supramaximal verification test (VerT) at 110% of the maximal work rate 

reached during GXT (160). After the warm-up, the work rate was increased to the target, 

and participants were encouraged to pedal for as long as possible. The test was terminated 

when pedaling cadence dropped below 60 rpm for 5 consecutive seconds despite 

encouragement. Breath-by-breath V̇O2 data were filtered using the default setting of the 

indirect calorimeter apparatus (Quark b2 Cosmed software) to remove errant breaths 

caused by swallowing, coughs, and sighs that tend to mask the underlying physiological 

response. The V̇O2 data were averaged every 15 s, and the highest value of either the GXT 

or VerT was identified. 

Preliminary testing: Cardiometabolic fitness assessment 

In studies 7 and 8, fat oxidation rate (FOMAX) was assessed during a submaximal 

graded exercise test before the GXT in a fasted state and using an electronically braked 

cycle ergometer (Ergoselect 200; Ergoline, Germany). Exhaled air was continuously 

collected and analyzed breath-by-breath for oxygen consumption and carbon dioxide 

production using indirect calorimetry (Quark b2; Cosmed, Italy).  The standard 

submaximal exercise protocol to assess FOMAX (161) was downsized to gain sensitivity 

and accurately detect FOMAX in the deconditioning patients (i.e., 22 mLO2·kg·min-1; 

lower 10 percentile for their age group (162). The initial power output was 10 W for 

women and 30 W for men and the workload increased every 4-minute at a rate of 10 W 

for women and 15 W for men (163, 164). The last minute of each stage was averaged to 

calculate nonprotein respiratory quotient and fat oxidation rate (165).   

Pharmacological treatment and placebo manipulation 
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At the beginning of studies 2, 4, 5, and 7, participants turned in their statin pills to 

the team’s physician, who was the only research member aware of the randomization 

order. He embedded the subject’s subjects’ original prescription pills (or 150 mg of solid 

dextrose) into larger capsules (Guinama, SLU, Spain). Pill bottles (labeled A or B) with 

enough prescriptions for 4 days were returned to subjects and collected at the end of the 

4 days to ensure compliance with the treatment. Placebo was taken for 4 days (i.e., 96 h) 

prior to the trials because this time exceeds by 5-fold the longer-lasting statin half-life 

prescribed to our subjects (i.e., Rosuvastatin, 19 h; (166)). The trial order was concealed 

from researchers until data analysis completion, achieving a double-blind design. 

Exercise interventions 

Studies 2 and 6 we used a high-intensity interval bout of exercise. The participants 

pedaled for 41 minutes. After 5-min warm up each subject completed three bouts of 7 

min of increasing intensity (i.e., 40-70-85% V̇O2MAX in study 2; and 55-80-95% of 

maximal heart rate maximum (HRMAX) in study 6) interspersed with 5 minutes of low-

intensity pedaling to end with 5 minutes of warm-down (at 40% V̇O2MAX in study 2; and 

at 55% HRMAX in study 6). In studies 4, 5, and 7, the exercise modality was moderate-

intensity continuous training. Subjects completed 75 minutes of exercise pedaling at a 

moderate intensity that elicited 60% percent of HRMAX. During the bouts of HIIT and 

MICT, heart rate, indirect calorimetry (Quark b2, Cosmed, Italy), and blood samples were 

assessed. In study 8, all subjects underwent a 4-month long supervised high-intensity 

interval training consisting of 4×4-minute intervals at 90% HRMAX interspersed with 3-

minute active recovery at 70% HRMAX and a 5-min cool-down period for a total of 43 min 

per training session. The frequency of the sessions was 3 times per week for 16 weeks. 

Exercise intensity was increased as training adaptations developed to maintain the target 

heart rate (Accurex coded, Polar, Finland). 

Oral tolerance test 

In studies 2, 4, and 5, the postprandial state was studied after an oral tolerance test 

consisting of a mixed meal of Oreo frozen cheesecake (Granderroble Deserts, Spain) 

containing for every 100 g, 24 g of dairy-derived fat, 34 g of simple sugar carbohydrate, 

and 5 g of milk-derived protein. The cheesecake was blended with 150-300 mL of 

skimmed milk (Asturiana, Spain). The meal test amounted to 11.6 kcal·kg−1 body-weight. 

In study 6, a metabolic isotopic tracer (U13C-Glucose) was added to the meal test in a 
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total amount of 0.014 g·kg-1 body-weight) to determine whether the interventions affected 

intestinal absorption or splanchnic retention of carbohydrates. During the 5 hours 

following meal test ingestion, blood samples were collected, and indirect calorimetry was 

assessed (Quark b2, Cosmed, Italy). 

Indirect calorimetry: Resting metabolic rate 

In studies 2, 4, 5, and 7, resting metabolic rate was assessed for 20 min, using 

indirect calorimetry (Quark b2, Cosmed, Italy). In addition, studies 2, 4, and 5 also 

involved hourly assessment of substrate oxidation and energy expenditure by indirect 

calorimetry (20 min collection) during the 5 h that followed meal ingestion. 

Blood analyses 

Blood samples (10 mL) were collected in tubes with a clot activator (Vacutainer; 

USA). Samples were divided into two tubes (i.e., EDTA-K2 and SST II, BD Vacutainer). 

The EDTA-K2 tube was centrifuged (15 min at 3,000 rpm and 4ºC) to obtain plasma. The 

serum and plasma obtained were frozen at 70ºC until analysis. Serum was analyzed for 

triglycerides with the glycerol-3-phosphate oxidize method (iCV; 0.8–1.7%), total serum 

cholesterol by enzymatic method (iCV; 1.1–1.4%), HDL by accelerating selective 

detergent method (iCV; 1.7–2.9%), glucose by glucose oxidase peroxidase method (iCV; 

0.9–1.2%). These analyses were run in an automated analyzer (Mindray BS 400 Medical 

Instrumentation, China). Serum insulin concentration was analyzed by 

chemiluminescence microparticle immunoassay (iCV; 2.0–2.8%) (Architect System 

Insulin, Abbott Diagnostics Division, Germany). LDL and VLDL were calculated using 

the Friedewald formula (167). Plasma was used for FFA and glycerol determinations 

(iCV; <1.5%), using colorimetric commercial kits (Fujifilm Wako, USA; and Sigma, 

USA, respectively). Enzyme-Linked Immunosorbent Assay as used to quantify serum 

Apo B levels; Apo B100 (iCV; 2.6–10.4%; Mabtech AB, Sweden) and Apo B48 (iCV; 

2.8–8.6%; Shibayagi, Japan). 

Urinary markers 

Prior to the start of the experimental trials, a urine sample was collected and 

analyzed to ensure that participants remained euhydrated during the whole studies 2, 4, 

5, 6, and 7 (i.e., urine specific gravity<1.020; Uricon-NE, Atago, Japan). 
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Stable-isotopic tracer studies 

Isotopic enrichment of different metabolic tracers was analyzed from plasma in 

studies 5 (D-Glucose-6,6-d2 and U13C-Glucose), and 6 and 7 (D-Glucose-6,6-d2 and 

Glycerol-1,1,2,3,3-d5). Plasma was deproteinized by adding acetone and after 10-min 

centrifugation (4.000 rpm at 4ºC), lipids were separated with hexane. After another 

centrifugation, the aqueous phase was extracted and dried overnight (Thermo-Savant 

SPD SpeedVac, Waltham). Glucose was derivatized by adding 2% hydroxylamine in 

pyridine to the dried plasma, heating it for 45 min at 100ºC, and then adding acetic 

anhydride-pyridine (2:1) followed by shaking for 20 min at room temperature. Glycerol 

samples were derivatized with acetic anhydride-pyridine (2:1) followed by 20-min 

shaking at room temperature. Tracer-to-tracee ratios (TTR) for D-Glucose-6,6-d2 were 

measured by monitoring ions at mass-to-charge ratios 117.1, 189.1, and 219.1 for M + 2, 

TTR for U13C-Glucose was examined at 118.1, 131.1, and 160.1 for M+13, and for 

Glycerol-1,1,2,3,3-d5 TTR, the areas of ions 106.1, 120.1, and 148.1for M + 3). All 

monitored ions were divided by the areas of ions at M+0 to calculate TTR. The analysis 

was performed using gas chromatography-mass spectrometry (GCMS-QP2020, 

Shimadzu, Kioto, Japan) using a 30-m, 0.25-mm ID, 0.25-mm df column (Shimadzu, 

Kioto, Japan). TTR data were curve fitted as previously described (168). Baseline TTR 

was subtracted to all samples, and units were expressed as atom percent excess. 

Calculations 

In study 4 fat oxidation was calculated according to Frayn’s equations with protein 

oxidation considered negligible (169):  

Fat oxidation rate (g·min−1) = (1.67 · V̇O2) – (1.67 · V̇CO2) 

where V̇O2 and V̇CO2 are in L·min-1. 

In studies 5, 6, 7, and 8 the carbohydrate and fat oxidation rates were calculated 

using non-protein Péronnet and Massicotte’s equations (165), and energy expenditure 

using Brouwer equation (170): 

Carbohydrate oxidation (g·min−1) = (4.585 · V̇CO2) − (3.226 · V̇O2) 

Fat oxidation (g·min−1) = (1.695 · V̇O2) – (1.701 · V̇CO2) 

Energy expenditure (kcals·min-1) = (3.869 · V̇O2+ 1.195 · V̇CO2) · (4.186 / 60) 

· 0.0143403442 
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where V̇O2 and V̇CO2 are in L·min-1 for the calculation of carbohydrate and fat oxidation, 
and in mL · min-1 in the energy expenditure calculation. 

In studies 3, 4, 5, and 8, insulin resistance was estimated using the homeostasis 

model assessment of insulin resistance (HOMA-IR) (171). 

HOMA-IR = fasted glucose (mg·dl-1) · fasted insulin (mg·dl-1) / 450 

In studies 4 and 5, collected samples during 5 h after the meal test was utilized to 

calculate Matsuda insulin sensitivity index (MISI) (172) as follows: 

MISI = 10000 · √ [(FPI µIU·ml-1·FPG mg·dl-1) · (PGMEAN·PIMEAN)] 

where FPI is the fasting plasma insulin, FPG is the fasting plasma glucose, PGMEAN and 
PIMEAN are, respectively, the mean of plasma glucose and plasma insulin concentrations 
of the samples collected hourly during the 300 min tolerance-test, and 10000 is the 
constant to obtain numbers ranging between 1 and 12. 

In studies 5, 6, and 7, one compartment, steady-state Steele's equations (173) were 

used to calculate the rates of appearance (Ra) and disappearance (Rd) of the substrates 

(Glycerol-1,1,2,3,3-d5 and D-Glucose-6,6-d2) after 85 minutes of primed-constant tracer 

infusion: 

Ra = F − [Vd · [(C2 + C1) / 2] · [(E2 - E1) / (t2 - t1)]] / [(E2 + E1) / 2] 
Rd = Ra − [Vd · [(C2 - C1) / (t2 - t1)]] 

where F is isotope infusion rate, Vd is volume of distribution (145 ml/kg for glucose and 
230 ml/kg for glycerol; (174)), C1 and C2 are plasma concentration of the tracee (glucose) 
at times 1 (t1) and 2 (t2) respectively, E2 and E1 are tracer isotopic enrichment (in APE) at 
times 2 and 1 respectively. 

 In study 5, the U13C-Glucose enrichment of the orally ingested glucose and the D-

Glucose-6,6-d2 Ra were used to calculate the plasma rate of appearance of glucose from 

the meal test (Ra) (173):   

 Ra exogenous glucose= [Vd · (Ra D-Glucose-6,6-d2) · [(E2 + E1) / 2]] + [[(C2 + 

C1) / 2)] · (E2 - E1) / (t2 - t1)] 
 

In study 5, the rate of endogenous glucose appearance was calculated as follows: 

Ra endogenous glucose = Ra D-Glucose-6,6-d2– Ra U13C-exogenous Glucose 
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In study 7, glucose metabolic clearance rate (MCR)  of Glucose-6,6-d2 was 

calculated according to Best et al., (175): 

MCR (mL·kg·min-1) = Rd 6,6-D2 · (g·min-1) / glucose (mmol·L-1) 

Experimental design 

The intervention studies (2, 4, 5, 6, and 7) followed a repeated-measures double 

blind-crossover design. While study 8 is a block-nonrandomized design. 

Study 2 included 8 patients with metabolic syndrome treated with statins and 

another 8 individuals metabolically healthy (control group). The intervention consisted 

of an oral fat-tolerance test, at rest or 14 hours after a bout of HIIT. Additionally, MetS 

individuals were tested by duplicated, with their habitual statin treatment, and 96 hours 

after statin withdrawal to study medication effects. The principal variable analyzed in this 

study was postprandial lipemia. 

In study 4, twenty-one volunteers completed 4 trials to determine glucose 

tolerance after a high-carbohydrate meal under the following conditions: a) substituting 

their chronic statin medication with placebo medicine, b) taking their habitual statin 

medicine, c) placebo medicine combined with a bout of moderate-intensity aerobic 

exercise, and d) combining exercise and statin medicine trial.  

In study 5, the kinetics of postprandial carbohydrates and fat metabolism were 

assessed in a group of 11 MetS individuals. In a randomized crossover design, eleven 

MetS participants underwent a 5-hour oral mixed meal tolerance test (MMTT), and two 

glucose isotopic tracers were used, one infused intravenously, and the second included in 

the meal. Tests were conducted with participants under their habitual statin treatment and 

after 96-h statin withdrawal. Moreover, participants performed a bout of moderate-

intensity exercise with and without their habitual statin medication. 

In study 6, participants were 9 middle-aged MetS and 8 healthy-younger 

individuals matched for habitual exercise training and fat-free mass. Glycerol and glucose 

rate of appearance in plasma and substrate oxidation were determined at rest and during 

cycle ergometer exercise at three increasing intensities (55, 80, and 95% of maximal heart 

rate). 
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In study 7, 12 chronic statin-treated participants with MetS pedaled for 75 min at 

moderate intensity while taking statins or after 96 h statin withdrawal in a randomized 

double-blind fashion. Using stable isotopes and indirect calorimetry, the mobilization and 

oxidation of substrates at rest, during exercise, and during post-exercise recovery were 

assessed.  

Study 8 involved 46 MetS statins users and 60 MetS statin naïve volunteers. Using 

a cross-sectional nonrandomized block design, participants underwent a 16-week 

supervised high-intensity interval training.  The maximal fat oxidation rate and the shape 

of the workload-fat oxidation curve were assessed before and after training in an 

overnight fasted state using a submaximal graded exercise test. 

Meta-analysis methodology 

Studies 1 and 3 are systematic reviews and meta-analyses. The bibliographic 

search was carried out in the main databases (PubMed, EMBASE, and Cochrane). The 

selection of studies was made following the Preferred Reporting Items for Systematic 

reviews and Meta-Analyses statement guidelines (176).  

Study 1 inclusion criteria for the meta-analysis: 1) reporting triglyceridemic 

response after a high-fat test meal as the dependent variable; 2) treatment with statins or 

aerobic exercise as the independent variable; 3) reporting both fasting and postprandial 

measurements; 4) inclusion of a control group; 5) inclusion of participants who had at 

least 1 MetS factor; 6) provision of means and standard deviations (or standard errors, 

medians, or interquartile ranges) for both treatment and control trials/groups, or the 

possibility of deriving those data could from graphs. 

In study 3 the search was limited to randomized controlled trials using two groups 

(i.e., treatment and control) or blind crossover designs with a washout period. All studies 

included in this meta-analysis report the effects of statins on HbA1c and/or HOMA-IR as 

indexes of impaired glucose metabolism. 

Statistical analysis  

Sample size calculation was employed in studies 2, 4, 5, 6, 7, and 8 based on 

expected changes in the criterion variable (PPTG, insulin sensitivity, fat oxidation) in 
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each study and assuming a power of at least 80% and an α-error probability of 0.05. Data 

normality was evaluated by the Shapiro–Wilk test in all interventional studies. 

Data collected on arrival at the laboratory (anthropometrics, blood lipid, heart rate, 

blood pressure) were analyzed using Student-t test in studies 2, 4, 5, 6, 7, and 8. A two-

way ANOVA with repeated measures (Exercise x Statin) was conducted for all dependent 

variables in those studies. To analyze differences between MetS and healthy groups, a 

mixed-design ANOVA was used in studies 2, 4, 5, 6, 7, and 8. After a significant F test, 

pairwise differences were identified using post-hoc Tukey's in studies 2, 4, 5, 6, and 7, 

and a Bonferroni post-hoc test in study 8. 

In the meta-analyses, the quality of the studies was evaluated according to the 

Physiotherapy Evidence Database (PEDro) scale (177). The mean difference (MD) of 

each study was calculated to estimate an overall summary MD, with a 95% confidence 

interval.  Data were analyzed using random-effects (study 1) and fixed-effects (study 3) 

models due to the variability in experimental factors.  Heterogeneity between studies was 

tested using the Q statistic and was quantified by I², interpreted as follows: I²: 0%–40% 

= low heterogeneity, 30%–60% = moderate heterogeneity; 50%–90% = substantial 

heterogeneity, 75%–100% = considerable heterogeneity (178, 179).  Z tests were used to 

judge the statistical significance of the overall effect.  All meta-analyses were performed 

using Comprehensive MetaAnalysis (CMA) Version 3.3.070 software (Biostat, 

Englewood, New Jersey, USA).   

Pearson’s coefficient of correlation was conducted to test the association among 

measured variables in studies 1, 3, and 4. The statistical significance level was set at P ≤ 

0.05 in all studies. All analyses were performed with SPSS versions 21 and 28 (Chicago, 

IL) and Excel (Microsoft Office 2010; Microsoft, Redmond, WA, USA). 
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5. RESULTS 

Study 1: Effectiveness of statins vs. exercise on reducing postprandial 

hypertriglyceridemia in dyslipidemic population: A systematic review and network meta-

analysis. 

Study 2: Effects of statins and exercise on postprandial lipoproteins in metabolic 

syndrome vs metabolically healthy individuals. 

Study 3: Effects of statin therapy on diabetes and insulin resistance: A systematic review 

and meta-analysis. 

Study 4: Statin use does not blunt insulin sensitivity in hypercholesterolemic pre-diabetic 

individuals. 

Study 5: Statins and exercise combination to improve postprandial metabolism in 

individuals with obesity, dyslipidemia, and metabolic syndrome. 

Study 6: Effects of metabolic syndrome on fuel utilization during exercise in middle-

aged moderately trained individuals. 

Study 7: Chronic statin treatment does not impair exercise lipolysis or fat oxidation in 

individuals with obesity and dyslipidemia. 

Study 8: Effects of statins on fat oxidation and metabolic flexibility improvements after 

aerobic exercise training. 
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6. GENERAL DISCUSSION 

The disarrangements in the blood lipid profile (atherogenic dyslipidemia) and the 

glycemic control (hyperglycemia and insulin resistance), prevalent in individuals with 

metabolic syndrome, are associated with an increased risk of developing CVD (3). Statins 

are the most widely used pharmacological agent to treat hypercholesterolemia. In 

addition, they contribute to reducing triglyceride concentrations (75) by reducing blood 

triglyceride-rich lipoproteins (chylomicrons and VLDL-TG).  The effects of statins on 

improving blood lipid profile are most visible in the post-prandial state after ingesting a 

meal high in fat as will be discussed below.  In summary, statins are a powerful 

medication that greatly reduces CVD events and all-cause mortality in dyslipidemic 

individuals (180). However, statins are not free of adverse side-effects. Although myalgia 

is the most referred side-effect of statins (10% of blinded users(181)), in the last 20 years 

it has been suggested that statins could increase the risk of DM II (9% of users; (97)) and 

reduce the rate of fat oxidation (95, 96, 182). On the other hand, exercise elevated 

substrate use in muscle and liver and could potentially be a coadjutant therapy to treat 

dyslipidemia (118), and insulin resistance (117), while improving fat oxidation (54, 55). 

Since some of the beneficial and adverse effects of statins can be enhanced/attenuated by 

exercise, the main objective of this dissertation is to assess if the combination of both 

treatments proves beneficial in reducing the risk of cardiovascular disease associated with 

the dyslipidemia of MetS. 

The risk for atherogenic plaque formation is increased after ingestion of high-fat 

meals due to increased TRL remnant levels  (i.e., chylomicrons and VLDL) levels (183). 

High postprandial triglyceride levels associated with MetS are a unique risk factor for 

CVD (36, 184). Statins and exercise have been shown to reduce triglyceride 

concentrations after a meal (135, 185, 186). Statins, working mainly in its target organ, 

the liver, efficiently lowers LDL cholesterol levels and the postprandial elevation in blood 

triglycerides after a fat-meal (18). Exercise also reduces postprandial 

hypertriglyceridemia due to the activation of LPL and increased intravascular lipoprotein 

lipolysis (139, 187, 188) or by reducing liver lipoprotein secretion. However, it is still 

unknown if the combination of these treatments (i.e., Statins or exercise) results in 

additive effects ameliorating postprandial hypertriglyceridemia. In study 1 and 2 we tried 

to answer those questions. 
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Study 1 is a meta-analysis comparing the effect size of statin versus exercise 

treatments on fasting blood triglycerides levels and on elevations in blood triglycerides 

following a high-fat test meal.  When the thorough revision about the effects of exercise 

on PPTG (postprandial triglyceridemia) from Maraki’s group published in 2015 (189) 

there was not much information on the effects of one bout of exercise on PPTG in 

individuals with metabolic diseases (diabetes, obesity, dyslipidemia). Our analysis 

includes those individuals and reveals that both, statins, and exercise significantly 

reduceplasma triglyceride concentrations in comparison to control trials (i.e., either no 

medication or no exercise). The effects were observed in fasting as well as in postprandial 

states. Thus, both therapies can reduce blood triglyceride levels in individuals at risk of 

developing CVDs due to increased chylomicron and VLDL clearance and/or decreased 

VLDL synthesis, and the increase of LPL activity (80-82, 139, 190). Even though both 

interventions reduce postprandial triglyceride levels, statins are more effective, especially 

in the fasted state. 

To our surprise, in study 2, when we tested the interactions between statins and a 

bout of high-intensity interval exercise, in 8 hypercholesterolemic subjects with MetS, 

we observed that they were resistant to the effects of exercise on lowering triglyceride 

levels after a fat-meal. In contrast, healthy individuals (n=8) subjected to the same 

exercise bout, reduced by 46% postprandial triglyceridemia. Nonetheless, statins were 

remarkably effective in lowering by 35% the postprandial triglycerides in the group of 

MetS individuals. We analyzed statin effects on postprandial intestinally and hepatically 

derived lipoproteins (Apo B48 and 100, respectively) to explore the underlying 

mechanism of statin-induced blood triglyceride reductions. Statin had a reductive effect 

on Apo B48 concentration (a fair surrogate of chylomicron metabolism) but no effect on 

Apo B100.  This suggests that statin may reduce postprandial hypertriglyceridemia 

through an intestinal effect. 

Statins increase insulin resistance and worsen glycemic control. 

Emerging evidence suggests that treatment with statins increases the risk of DM II. 

In pooled data from 13 trials, statin therapy was associated with a 9% increased risk of 

diabetes (97), which has led the FDA to warn about the labeling of these drugs (191). 

However, the last relevant meta-analysis on this topic was published more than a decade 

ago (97). Besides, there is little scientific analysis as to whether all statin types and doses, 
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result in this diabetogenic effect, and if individuals free of diabetes are more prone to 

develop this statin-induced diabetes. Study 3 was designed to answer these questions and 

update the information about the diabetogenic effect of statins. In this meta-analysis, the 

studies included were divided into categories based on the type of statins, the diabetes 

assessment index (HOMA-IR or HbA1c), and the initial glycemic control state of the 

participants (i.e., diabetic vs. subjects with normal glycemia). Also, the dose and duration 

of the statin prescription were correlated with the occurrence of diabetes in these studies. 

Overall, we found that statin treatment increased insulin resistance (HOMA-IR) and 

worsen glycemic control (HbA1c) regardless of initial diabetes status. We did not find 

different effects based on the statin solubility (lipo vs. hydrosoluble). However, 

atorvastatin was consistently diabetogenic while pravastatin was only diabetogenic in 

insulin-resistant individuals. Furthermore, this study failed to find an association between 

the diabetogenic effect and the statin dose-duration.  

However, statin withdrawal for four days does not improve insulin resistance. 

Based on the results from study 3, we wondered if statin withdrawal could decrease 

insulin resistance in dyslipidemic, pre-diabetic MetS individuals. In study 4, we 

examined whether discontinuation of the chronic statin treatment reduces insulin 

resistance. To test if MetS individuals are sensitive to interventions that improve glycemic 

control, we included trials with a bout of exercise since exercise is a stimulus well known 

to reduce insulin resistance. Furthermore, this allowed us to assess if the diabetogenic 

effects of statins could be counteracted by exercise. After four days of statin withdrawal, 

insulin and glucose concentrations were assessed in a fasted state and during the 5 hours 

after a meal test containing 86 g of simple sugars.  Those trials were repeated but preceded 

by a bout of prolonged (75 min) low-intensity exercise similar to brisk walking. 

We found that withdrawal of statin medication does not affect basal or postprandial 

insulin resistance in this population. Thus, our data suggest that chronic statin treatment 

does not induce their pre-diabetes state (i.e., insulin resistance). However, a bout of 

aerobic exercise lowered the insulin levels and improved whole-body insulin resistance 

in response to the meal-test containing simple sugars. Thus, chronic treatment with statins 

does not seem to interfere with insulin actions in these pre-diabetic individuals. Moreover, 

statin use does not interfere with the beneficial effects of exercise on improving glycemic 

control. 
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Adding low-intensity continuous exercise to statin users can improve their 

metabolic response after a high-fat meal. 

In study 4, we assessed insulin sensitivity based on the elevation in plasma 

concentrations of glucose and insulin using ISIMATSUDA index.  That index is a static 

measure of the complex crosstalk between the splanchnic and peripheral tissues to use 

and accommodate the glucose load ingested.  In study 5, we studied the combinatory 

effects of exercise and statin therapies on fat and carbohydrate metabolism using isotopic 

tracer techniques to assess exogenous vs endogenous glucose fluxes postprandially.  We 

found that statin withdrawal did not affect the postprandial increase in plasma appearance 

rates of the orally ingested glucose (exogenous) or the decline in endogenous glucose 

production upon glucose ingestion. During the 5 h after meal ingestion, statins reduced 

triglyceride concentrations, but exercise (prolonged low-intensity) did not add to that 

effect in these dyslipidemic individuals. The reduced postprandial plasma glycerol 

concentrations with statins indicated that statin inhibited lipolysis while exercise reversed 

that effect elevating plasma glycerol and fat oxidation postprandially. Thus, postprandial 

fat metabolism seemed to be improved by the combination of exercise and statins. 

The metabolic syndrome limits lipolysis and glucose clearance during high, but 

not through low-moderate intensity exercise. 

Exercise intensity determines the amount of lipid and carbohydrate oxidized during 

exercise and thus could potentially reduce three of the components of the MetS that are 

due to the accumulation of these energy substrates (i.e., obesity, insulin resistance, and 

dyslipidemia). In endurance-trained healthy young individuals, the effects of exercise 

intensity on plasma fuel utilization have been described using a combination of indirect 

calorimetry and stable isotope tracer techniques (53, 192). However, data on the effect of 

exercise intensity on the availability and oxidation of substrates on MetS individuals are 

scarce while some studies in obese and DM II patients are available (61-65). 

In study 6, we aimed to determine the effects of metabolic syndrome on exercise fuel 

utilization for muscle oxidative energy in a wide range of exercise intensities.  We 

speculated that a markedly reduced fat oxidation during exercise in the dyslipidemic MetS 

individual could account for the lack of effect of exercise on PPTG reported in study 2. 

We compared a group of MetS participants with a group of healthy adults during a 41-

min HIIT session involving three bouts of 7 min of increasing intensity (i.e., 55%, 80%, 
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and 95% HRMAX) interspersed by 5 min of low-intensity pedaling (55% HRMAX). We 

found that at moderate and high exercise intensity, whole-body lipolysis, and plasma 

glucose clearance rate were limited in individuals with MetS. However, MetS did not 

limit endogenous carbohydrates, fat mobilization, or fat oxidation during exercise at low 

intensity.  This is the exercise intensity that is initially recommended (brisk walking) as 

exercise mode by the ACSM and other organizations. 

In study 7, we focus on the role of statins on fat oxidation and plasma availability of 

fat and glucose at rest, during moderate-continuous exercise, and the recovery post-

exercise period. We assessed fat oxidation by indirect calorimetry, and isotopic tracers 

were included to verify if the availability of substrates could limit its oxidation. Twelve 

participants performed the test in duplicate random order, with their habitual dose of statin 

medication and after four days of statin withdrawal (placebo control trials). The exercise 

consisted of a session of 75 minutes of exercise at a moderate intensity (i.e., 53% 

V̇O2MAX). Our results support that statins do not compromise the ability to mobilize or 

oxide fat as a fuel during prolonged exercise.  Statins neither depleted glycogen stores 

during exercise, which has been regarded as the cause of undue exercise fatigue in some 

patients on statins. 

Statins may slightly attenuate fat oxidation, although they do not impede 

adaptations to moderate-intensity exercise training. 

Finally, we studied if chronic statin intake blunts some of the adaptations to endurance 

training.  This topic has been studied by Mikus et al., and by our group concluding that 

statins attenuate the improvements in V̇O2MAX with training (153, 193). Possibly this takes 

place because statin use is associated with a reduced maximal mitochondrial respiratory 

capacity in the skeletal muscle (194).  However, individuals on statin will rarely exercise 

at an intensity that will demand full mitochondria oxygen consumption.  Thus, a more 

relevant question is if statin prescription would undermine the improvement in 

submaximal exercise fat oxidation derived from training (55). Existing studies in this 

regard show that statins can impair fat oxidation in patients with myositis in older subjects 

(94, 195), although many others have neutral results in healthy middle-aged (91, 92), 

individuals between 40-70 years old (196), MetS patients or dyslipidemic individuals (90, 

197, 198). 
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To shed light on this question, we designed the following study. In study 8, one 

hundred six volunteers with MetS were divided into two matched groups; one under statin 

treatment (at least 6 previous months), and a control group, without statin prescription. 

Both groups underwent supervised high-intensity interval training with a frequency of 

three times per week for 16 weeks (198). Before and after the training program, the rate 

of fat oxidation during a submaximal graded exercise test was assessed in a fasted state. 

We observed that statins reduce exercise levels of fat oxidation at all workloads before 

the 16 weeks exercise program.  However, chronic statin treatment did not prevent the 

enhancement in exercise fat oxidation at all workloads upon completion of the training 

program.  Thus, dyslipidemic individuals with MetS on statin therapy could fully benefit 

from enhancing their capacity to oxidize fat during exercise by training. 

  



233 
 

7.  CONCLUSIONS 

 

1. In subjects with CVD risk, exercise lowers blood triglyceride levels, but statins 

are more effective, especially in the fasted state. Exercise and statins could have 

an additive effect on improving lipid profile and preventing CVD.  

 

2. Surprisingly, hypercholesteremic MetS individuals fail to show an effect of a bout 

of exercise on reducing postprandial triglycerides. However, chronic statin 

medication reduces the elevations in plasma triglycerides after a fat meal 

apparently by accelerating the catabolism of intestinal Apo B48. 

 
3. Statins increase insulin resistance (Hb1Ac) and worsen glycemic control 

(HOMA-IR) in both, individuals with diabetes and those with normal glycemic 

control. Moreover, the statin type or dosage prescribed did not seem to modify 

this adverse effect. 

 
4. Withdrawal of statin medication does not improve fasting or postprandial insulin 

resistance in pre-diabetic hypercholesterolemic individuals.  Furthermore, statin 

use does not interfere with the beneficial effects of exercise on lowering insulin 

resistance. 

 
5. Statins reduce triglyceride levels after a mixed meal, without affecting plasma 

glucose turnover rates (exogenous or endogenous).  Exercise improves 

postprandial lipolysis and fat oxidation counteracting the inhibition of lipolysis 

by statins.  A combination of exercise and statins improves postprandial fat 

metabolism in MetS patients. 
 

6. The metabolic syndrome reduces exercise lipolysis and plasma glucose clearance 

at high exercise intensities but does not blunt fat or carbohydrate metabolism at 

low exercise intensity. 

 
7. In dyslipidemic MetS patients, statins do not compromise their ability to increase 

fat mobilization and oxidation in the transition from rest to moderate-intensity 

continuous exercise.  
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8. Long-term statin treatment is associated with blunted exercise fat oxidation before

exercise training.  However, statin use does not restrict from improving fat

oxidation upon completion of an aerobic exercise-training program.
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