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Abstract
Metabolic Syndrome (MetS) represents a constellation of markers that indicates a predisposition to diabetes, cardiovascular disease and other pathologic states. The definition and treatment are a matter of current debate and there is not general agreement on a precise definition or, to some extent, whether the designation provides more information than the individual components. We consider here five indicators that are central to most definitions and we provide evidence from the literature that these are precisely the symptoms that respond to reduction in dietary carbohydrate (CHO). Carbohydrate restriction is one of several strategies for reducing body mass but even in the absence of weight loss or in comparison with low fat alternatives, CHO restriction is effective at ameliorating high fasting glucose and insulin, high plasma triglycerides (TAG), low HDL and high blood pressure. In addition, low fat, high CHO diets have long been known to raise TAG, lower HDL and, in the absence of weight loss, may worsen glycemic control. Thus, whereas there are numerous strategies for weight loss, a patient with high BMI and high TAG is likely to benefit most from a regimen that reduces CHO intake. Reviewing the literature, benefits of CHO restriction are seen in normal or overweight individuals, in normal patients who meet the criteria for MetS or in patients with frank diabetes. Moreover, in low fat studies that ameliorate LDL and total cholesterol, controls may do better on the symptoms of MetS. On this basis, we feel that MetS is a meaningful, useful phenomenon and may, in fact, be operationally defined as the set of markers that responds to CHO restriction. Insofar as this is an accurate characterization it is likely the result of the effect of dietary CHO on insulin metabolism. Glucose is the major insulin secretagogue and insulin resistance has been tied to the hyperinsulinemic state or the effect of such a state on lipid metabolism. The conclusion is probably not surprising but has not been explicitly stated before. The known effects of CHO-induced hypertriglyceridemia, the HDL-lowering effect of low fat, high CHO interventions and the obvious improvement in glucose and insulin from CHO restriction should have made this evident. In addition, recent studies suggest that a subset of MetS, the ratio of TAG/HDL, is a good marker for insulin resistance and risk of CVD, and this indicator is reliably reduced by CHO restriction and exacerbated by high CHO intake. Inability to make this connection in the past has probably been due to the fact that individual responses have been studied in isolation as well as to the emphasis of traditional therapeutic approaches on low fat rather than low CHO.
We emphasize that MetS is not a disease but a collection of markers. Individual physicians must decide whether high LDL, or other risk factors are more important than the features of MetS in any individual case but if MetS is to be considered it should be recognized that reducing CHO will bring improvement. Response of symptoms to CHO restriction might thus provide a new experimental criterion for MetS in the face of on-going controversy about a useful definition. As a guide to future research, the idea that control of insulin metabolism by CHO intake is, to a first approximation, the underlying mechanism in MetS is a testable hypothesis.
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Abbreviations
(ATP III)Adult Treatment Panel


(ADA)American Diabetes Association


(AHA)American Heart Association


(AAD)Average American diet


(CHO)carbohydrate


(LF)low fat


(MetS)Metabolic Syndrome


(NCEP)National Cholesterol Education Program


(TAG)triacylglycerol


(WHO)World Health Organization




Introduction
An association between obesity, diabetes, cardiovascular disease and hypertension has been recognized for some time. Reaven's 1988 Banting lecture is generally considered a turning point in codifying a unifying principle under the name of MetS or Syndrome X (Reviews: [1–7]. Although there is no universally accepted definition or mechanism, (Table 1) a rough common denominator is the set of five features: obesity (high body weight, BMI and/or waist circumference), high glucose and insulin levels, low HDL, high TAG and high blood pressure. Involvement of insulin resistance is generally a common feature and a likely causative agent for at least some of the symptoms. A subset of these metabolic markers, the TAG:HDL ratio, has been proposed as a simple marker for identifying insulin resistance [8]. It has recently been questioned whether the risk attributed to MetS is greater than the sum of the individual symptoms [9] and, ironically, Reaven has taken the "Con" side on a debate on the viability and diagnostic usefulness of the concept [10, 11]. Nonetheless, there seems little controversy on the inherent potential for risk in the individual components.Table 1NCEP-ATP III and WHO Definitions of Metabolic Syndrome. Other definitions in references [1], [4] and [90].


	ATP III Definition

	Any three or more of the following criteria:

	a) Waist circumference: >102 cm in men, >88 cm in women

	b) Serum triglycerides: ≥150 mg/dL

	c) HDL-cholesterol: <40 mg/dL in men, < 50 mg/dL in women

	d) Blood pressure: ≥130/85 mm Hg

	e) Serum glucose: >110 mg/dL

	
                            WHO Definition
                          

	Diabetes or IFG or IGT or insulin resistance, plus at least two of the following criteria

	a) Waist-to-hip ratio: >0.90 in men, >0.85 in women

	b) Serum triglycerides: >150 mg/dL or HDL-cholesterol: <35 mg/dL in men and <40 mg/dL in women

	c) Blood pressure: >140/90 mmHg

	d) Urinary albumin excretion rate > 20 μg/min or albumin/creatinine ratio >30 mg/g




In reading recent reviews of low CHO diets [12, 13], we were struck by the fact that the symptoms of MetS are precisely the ones targeted by diets that restrict CHO. This effect is not entirely surprising since it has been known that dietary CHO tends to raise glucose, insulin, and TAG and lower HDL and conversely, replacing CHO with monounsaturated fat or with fat and protein improves glycemic control and dyslipidemia expressed as elevated TAG and lowered HDL. Nevertheless, most formal guidelines and clinical papers have not emphasized CHO restriction as a viable approach to treating MetS or the individual components [14, 15] and although several authors have indicated an association between MetS and CHO restriction in passing [5, 13, 16, 17] the explicit connection has not been made.
In this study we have isolated five features that are common to almost all definitions. Waist circumference is probably the currently preferred measure for obesity, but most of the literature provides data on body mass and we have used that measure. We have collected information in the literature supporting the notion that these symptoms are specifically ameliorated by reduction in dietary CHO, and to the extent that they have been directly compared, low CHO strategies appear to have an advantage over low fat diets or simple calorie reduction. We conclude that response to CHO restriction may be an operational definition for MetS and that a likely mechanism is the control of insulin metabolism. Finally, we side with those who maintain that MetS is a real thing in the sense that the concomitant appearance of several symptoms may provide different recommended strategies than the isolated factors. It is important to point out, however, that MetS is not a disease but a complex of markers and practitioners may decide that LDL or other factors are more important for individual patients and in these cases other therapies will be appropriate. On the other hand, reliance on LDL as a prime indicator must be tempered by the importance of LDL particle phenotypes which, in turn, correlate with TAG and HDL levels, a subset of MetS markers.
CHO restriction for weight loss
It is sometimes stated that MetS is caused by obesity [1]. In our view, this is only one of several possible theories and would assume that we know the causes of obesity. It is at least plausible that obesity and the features of MetS arise in parallel from disruptions of insulin metabolism (possibly a consequence of high insulin due to chronic high dietary CHO). Also a high prevalence of so called metabolically obese-normal-weight individuals with MetS has long been known [18]. In any case, it is generally agreed that the first line of attack against MetS or frank diabetes should be reduction in body mass. The method for attaining this weight loss, however, is more controversial. Studies in the literature imply that a low fat diet is a kind of standard although much recent evidence has indicated the value of strategies based on carbohydrate restriction. Whereas low fat diets for calorie reduction can undoubtedly be effective for many people, we feel that they cannot be taken as an established standard; to our knowledge, there has never been a long term study where a low fat diet was instituted in the absence of confounding features such as cessation of smoking and exercise. Also, fat restriction per se does not enhance long-term (one year or longer) weight loss or prevent regain of weight [19] and the record of compliance is modest at best [20]. Most important, the fact that, in the obesity and diabetes epidemic, fat consumption went down (for men, the absolute amount) and carbohydrate consumption went up [21, 22], means that other approaches should be considered. Insofar as isocaloric comparisons have been made, low CHO diets do at least as well, and usually better, than low fat diets (see below). Most striking, in ad lib. trials, subjects on low CHO diets show a spontaneous reduction in calories without any dissatisfaction [23–25], a goal that is universally considered desirable but generally recognized as difficult to impose by cognitive admonitions on calorie restriction per se [26]. In general, published data support the idea that low CHO diets are at least as effective as other weight reduction methods. Further, experimental results show an improvement in lipid outcomes (discussed below), no damage to normal kidneys [27], the potentially beneficial rather than deleterious effects of ketone bodies [28–30] and the prevalence of strategies based on low glycemic index [31, 32] or reduction of refined CHO or sweets, all approximations of low CHO diets.
Despite increased acceptance of low carbohydrate regimens, it is important to point out that there is a tendency to equate any kind of carbohydrate restriction with the popular Atkins diet [33] and to equate the Atkins diet with a recommendation for high fat and with high saturated fat, in particular. There are, however, many strategies for reducing carbohydrate intake both clinically and in popular diets [34, 35]. Whereas high fat is permitted on the Atkins diet and other low carbohydrate diets it is not specifically recommended; as noted above, at least three published studies [23–25] and much anecdotal evidence suggests that, in practice, the major effect is reduction in carbohydrate intake with limited replacement with either fat or protein. In addition, although a deleterious effect of saturated fat, at least in the absence of CHO control, is established [36, 37], it has been known since the Seven Countries study [38] that total dietary fat does not correlate with cardiovascular risk and the two effects should not be confused [36, 37]. In any case, no particular diet is recommended here; the studies cited include all kinds of interventions, and the underlying rationale is the effect of carbohydrate on insulin. The principle espoused here should be evaluated on this basis.
It seems that a prudent statement of the state of affairs would be that, at this point, dieters have many strategies, none perfect, for weight loss and CHO restriction of some kind is one of them.

CHO restriction and MetS
Our argument in the following exposition is that a patient presenting with a high BMI or large waist line has several options for weight loss. Many factors, including physician experience, ethnic background, personal taste and genetic profile, will determine the first one to be tried. A patient presenting with high BMI and high TAG may have a clear best strategy because of the known benefit of CHO reduction and the accepted deleterious effect of high CHO intake. Data from the literature suggests that a patient with more than two of the symptoms of MetS or the particular combination of high TAG/HDL ratio should clearly try CHO restriction as a first strategy. Conversely, the patient with high BMI and high LDL might sensibly try a low fat strategy first. We provide a summary of cases in which CHO restriction is beneficial in the treatment of MetS or its individual symptoms. The review is meant to be representative rather than comprehensive but we think that the wide variety of cases studied and the range of conditions against a background of accepted effects of carbohydrate on the relevant parameters, provides a strong case for our thesis. In addition, the generally consistent benefit of CHO restriction allows a possible further basis for identifying the common thread in MetS if such truly exists.

CHO restriction improves symptoms of MetS
Table 2 (Table 2) shows the results of single arm studies in which CHO-restricted diets of various compositions and duration were used (for summary of details see, e.g., [39–41]). The regimens include very low CHO ketogenic diets (< 50 g/d) and encompasses subjects that were overweight, presented with symptoms of MetS, or were diabetic. It is clear that CHO restriction is effective in relieving these symptoms. Noteworthy is the recent study of Boden [23] which, while short in duration, carefully measured relevant parameters in patients with diabetes. Patients in this study spontaneously decreased food intake to a substantial degree, were satisfied with the diet, did not show substantial water loss and several were able to reduce or terminate medication.Table 2:


	 	 	 	 	CHANGE

	
                              Reference
                            
	
                              #
                            
	
                              Subjects
                            
	
                              Duration
                            
	
                              CHO (g/d)
                            
	
                              weight (%)
                            
	
                              HDL (%)
                            
	
                              TAG (%)
                            
	
                              TAG/HDL (%)
                            
	
                              Glucose (%)
                            
	
                              Insulin (%)
                            

	Rickman et al. 1974
	1
	Normal Weight Men/Women
	3–17 d
	7
	
                              -4.9
                            
	 	
                              -11.4
                            
	 	 	 
	LaRosa et al. 1980
	2
	Obese Men/Women
	8 wk
	6
	
                              -8.3
                            
	-5.7
	
                              -32.6
                            
	
                              -29.9
                            
	 	 
	Phinney et al. 1980
	3
	Obese Men/Women
	6 wk
	<20
	
                              -11.8
                            
	 	
                              -24
                            
	 	
                              -16.3
                            
	
                              -57.3
                            

	Phinney et al. 1983
	4
	Normal Weight Men
	4 wk
	<20
	0.2
	0
	
                              -26
                            
	 	
                              -7.7
                            
	
                              -23.3
                            

	Newbold, 1988
	5
	Men
	3–12 mo
	 	 	
                              9.6
                            
	
                              -34.8
                            
	
                              -40.5
                            
	 	 
	Volek et al. 2000
	6
	Normal Weight Men
	8 wk
	39
	
                              -5.4
                            
	
                              10.0
                            
	
                              -54.9
                            
	
                              -56.9
                            
	
                              -3.4
                            
	
                              -28.0
                            

	Sharman et al. 2002
	7
	Normal Weight Men
	6 wk
	46
	
                              -2.8
                            
	
                              11.5
                            
	
                              -33
                            
	
                              -39.9
                            
	
                              -0.2
                            
	
                              -34.2
                            

	Meckling et al. 2002
	8
	Obese Women
	8 wk
	71
	
                              -6.1
                            
	
                              4.3
                            
	
                              -40.3
                            
	 	
                              -4.1
                            
	
                              0.0
                            

	Westman et al. 2002
	9
	Obese Men/Women
	6 mo
	Ad Lib
	
                              -10.3
                            
	
                              19.2
                            
	
                              -43.1
                            
	
                              -53.6
                            
	 	 
	Dashti et al. 2003
	10
	Obese Men/Women
	12 wk
	20 to 30
	
                              -13.4
                            
	
                              8.3
                            
	
                              -50
                            
	
                              -53.9
                            
	
                              -37.1
                            
	 
	Hays et al. 2003
	11
	Obese Men/Women w/ CVD
	6 wk
	Ad Lib
	
                              -5.2
                            
	-2.9
	
                              -39.9
                            
	
                              -38.1
                            
	
                              -7.4
                            
	
                              -30.5
                            

	 	 	Obese Women PCOS
	24 wk
	Ad Lib
	
                              -14.3
                            
	
                              0.4
                            
	
                              -18.5
                            
	
                              -18.8
                            
	5.7
	
                              -49.6
                            

	 	 	Obese Women Reactive Hypoglycemia
	52 wk
	Ad Lib
	
                              -19.9
                            
	
                              3.4
                            
	
                              -13.3
                            
	
                              -33.2
                            
	 	 
	Dashti et al. 2004
	12
	Obese Men/Women
	24 wk
	40
	
                              -14.2
                            
	
                              20.4
                            
	
                              -60.4
                            
	
                              -67.1
                            
	
                              -22.6
                            
	 
	Boden et al. 2005
	13
	Obese/diabetic men/women
	14 days
	21
	
                              -1.8
                            
	
                              -2
                            
	
                              -35
                            
	
                              -33.8
                            
	
                              -16.0
                            
	 




Improvement is seen in the absence of weight loss
Since it is known that weight loss generally improves MetS, it is important to ask whether beneficial metabolic responses to low CHO diets are dependent on weight loss. The question was specifically addressed by Volek's group [42, 43] in normal-weight men and women encouraged to maintain their weight and by Allick and colleagues in patients with diabetes mellitus type 2 [44] (Table 3). The studies in normal weight women [43] and type 2 diabetics [44], in particular, used a cross-over experimental design removing the confounding effect of group differences. These studies were also well-controlled. In the case of Allick, formula was used and, in the studies by Volek, compliance was documented by measuring elevation of serum and urine ketones, thereby eliminating dietary reporting errors as a confounding factor. Improvement in the TAG/HDL ratio ranged from 40 to 55%. In summary, a low CHO regimen clearly improves MetS relative to low fat diets even in the absence of weight loss.Table 3:


	 	 	 	 	 	CHANGE

	
                              Reference
                            
	
                              #
                            
	
                              Subjects
                            
	
                              Duration
                            
	
                              Diet
                            
	
                              CHO (g/d)
                            
	
                              weight (%)
                            
	
                              HDL (%)
                            
	
                              TAG (%)
                            
	
                              TAG/HDL (%)
                            
	
                              Glucose (%)
                            
	
                              Insulin (%)
                            

	Sharman et al. 2002
	1
	Normal Weight Men
	6 wk
	Ketogenic
	46
	
                              -2.8
                            
	
                              11.5
                            
	
                              -33.0
                            
	
                              -39.9
                            
	
                              -0.2
                            
	
                              -34.2
                            

	 	 	 	6 wk
	Low-Fat
	271
	
                              0.5
                            
	
                              0.0
                            
	
                              -5.3
                            
	
                              -5.3
                            
	
                              1.8
                            
	
                              13.0
                            

	Volek et al. 2003
	2
	Normal Weight Women
	4 wk
	Ketogenic
	43
	
                              -2.0
                            
	
                              32.0
                            
	
                              -30.2
                            
	
                              -47.2
                            
	-1.9
	
                              11.6
                            

	 	 	 	4 wk
	Low-Fat
	249
	
                              -1.3
                            
	
                              -7.7
                            
	
                              3.8
                            
	
                              0.5
                            
	-5.3
	
                              18.7
                            

	Allick et al. 2004
	3
	Type 2 Diabetics
	2 wk
	Ketogenic
	0
	0
	
                              23.5
                            
	
                              -43.9
                            
	
                              -55
                            
	
                              -16.9
                            
	
                              -16.7
                            

	 	 	 	2 wk
	Low-Fat
	775
	 	 	 	 	 	 



In addition to studies in which weight maintenance was a feature of experimental design it is important to consider data reported by Foster [45] (Figure 1, (Table 4), who compared low CHO and LF diets. It is widely quoted that the low CHO diet is better at 6 months but that there is no difference in the diets at 12 months. However, it has been pointed out [12] that the particular form of low CHO diet used (Atkins diet) allowed increases in CHO consumption as the trial progressed indicating that it is likely this reintroduction of CHO that predisposes to long-term regain in weight. Most notable in this study, is that the improvement in lipid profile persisted (Figure 1, (Table 4) even after the effect on weight loss disappeared.[image: A12986_2005_Article_47_Fig1_HTML.jpg]
Figure 1Comparison of features of Metabolic Syndrome on low carbohydrate vs. high carbohydrate diets. Data from reference [45].




Table 4:


	 	 	 	 	 	CHANGE

	
                            Reference
                          
	
                            #
                          
	
                            Subjects
                          
	
                            Duration
                          
	
                            Diet
                          
	
                            CHO (g/d)
                          
	
                            weight (%)
                          
	
                            HDL (%)
                          
	
                            TAG (%)
                          
	
                            TAG/HDL (%)
                          
	
                            Glucose (%)
                          
	
                            Insulin (%)
                          
	
                            DBP (mm Hg)
                          

	Brehm et al. 2003
	1
	Obese Women
	6 mo
	Low-CHO
	41–97
	
                            -9.3
                          
	
                            13.4
                          
	
                            -23.4
                          
	
                            -32.4
                          
	
                            -9.1
                          
	-14.8
	
                            -5
                          

	 	 	 	 	LF
	163–169
	
                            -4.2
                          
	
                            8.4
                          
	
                            1.6
                          
	
                            -6.3
                          
	
                            -4.0
                          
	-23.0
	
                            -1
                          

	Sondike et al. 2003
	2
	Overweight Adolescents
	12 wk
	Low-CHO
	37
	
                            -10.7
                          
	
                            8.7
                          
	
                            -40.5
                          
	
                            -45.2
                          
	 	 	 
	 	 	 	 	LF
	154
	
                            -4.1
                          
	
                            4.2
                          
	
                            -5.4
                          
	
                            -9.2
                          
	 	 	 
	Samaha et al. 2003
	3
	Obese Men/Women
	6 mo
	Low-CHO
	150
	
                            -4.5
                          
	
                            0.0
                          
	
                            -20.2
                          
	
                            -20.2
                          
	
                            -8.6
                          
	
                            -27.3
                          
	 
	 	 	 	 	LF
	201
	
                            -1.4
                          
	
                            -2.4
                          
	
                            -4
                          
	
                            -1.6
                          
	
                            -1.6
                          
	
                            5.6
                          
	 
	Foster et al. 2003
	4
	Obese Men/Women
	1 yr
	Low-CHO
	ad lib
	
                            -7.3
                          
	
                            18.2
                          
	
                            -28.1
                          
	
                            -29.5
                          
	 	 	 
	 	 	 	 	LF
	ad lib
	
                            -4.5
                          
	
                            1.4
                          
	
                            0.7
                          
	
                            -2.6
                          
	 	 	 
	Volek et al. 2004
	5
	Overweight Women
	4 wk
	Low-CHO
	29
	
                            -3.9
                          
	
                            1.3
                          
	
                            -23
                          
	
                            -28.3
                          
	
                            -3.8
                          
	
                            -8.8
                          
	 
	 	 	 	 	LF
	186
	
                            -1.4
                          
	
                            -8.6
                          
	
                            -11.2
                          
	
                            -4.2
                          
	
                            1.3
                          
	
                            23.2
                          
	 
	Sharman et al. 2004
	6
	Overweight Men
	6 wk
	Low-CHO
	36
	
                            -5.6
                          
	
                            -3.3
                          
	
                            -44.1
                          
	
                            -42.3
                          
	
                            -5.8
                          
	
                            -41.5
                          
	 
	 	 	 	 	LF
	224
	
                            -3.6
                          
	
                            -6.6
                          
	
                            -15
                          
	
                            -8.3
                          
	
                            -5.2
                          
	
                            -28.1
                          
	 
	Brehm et al. 2004
	7
	Obese Women
	4 mo
	Low-CHO
	69
	
                            -10.8
                          
	
                            16.3
                          
	
                            -37.3
                          
	
                            -46.1
                          
	 	 	
                            -9
                          

	 	 	 	 	LF
	174
	
                            -6.8
                          
	
                            4.5
                          
	
                            -10.3
                          
	
                            -14.2
                          
	 	 	
                            -3
                          

	Meckling et al. 2004
	8
	Obese Men/Women
	10 wk
	Low-CHO
	59
	
                            -7.7
                          
	
                            12.2
                          
	
                            -29.4
                          
	
                            -37.1
                          
	-8.0
	
                            -28.7
                          
	
                            -6.1
                          

	 	 	 	 	LF
	225
	
                            -7.4
                          
	
                            -15.4
                          
	
                            -25.4
                          
	
                            -11.8
                          
	-10.2
	
                            -3.3
                          
	
                            -5
                          

	Stern et al. 2004
	9
	Obese Men/Women
	1 yr
	Low-CHO
	120
	
                            -3.9
                          
	
                            -2.8
                          
	
                            -28.6
                          
	
                            -26.8
                          
	 	 	 
	 	 	 	 	LF
	230
	
                            -2.3
                          
	
                            -12.3
                          
	
                            2.7
                          
	
                            29.6
                          
	 	 	 
	Yancy et al. 2004
	10
	Obese Men/Women
	24 wk
	Low-CHO
	30
	
                            -12.3
                          
	
                            9.8
                          
	
                            -47.2
                          
	
                            -51.8
                          
	 	 	
                            -6
                          

	 	 	 	 	LF
	198
	
                            -6.7
                          
	
                            -2.9
                          
	
                            -14.4
                          
	
                            -12.1
                          
	 	 	
                            -5.2
                          

	Aude et al. 2004
	11
	Obese Men/Women
	12 wk
	Low-CHO
	ad lib
	
                            -6.2
                          
	
                            -2.6
                          
	
                            -23.2
                          
	
                            -21.1
                          
	 	 	 
	 	 	 	 	LF
	ad lib
	
                            -3.4
                          
	
                            -7
                          
	
                            -10.5
                          
	
                            -3.8
                          
	 	 	 
	Seshadri et al. 2004
	12
	Obese Men/Women
	6 mo
	Low-CHO
	113
	
                            (-8.5)
                          
	-2.4
	
                            -7.4
                          
	 	 	
                            -40
                          
	 
	 	 	 	 	LF
	198
	
                            (-3.5 kg)
                          
	-2.4
	
                            -2.3
                          
	 	 	
                            11.2
                          
	 
	McAuley et al. 2004
	13
	Obese Women
	8 wk
	Low-CHO
	41
	
                            -6.9
                          
	
                            0.9
                          
	
                            -38.8
                          
	
                            -44.2
                          
	
                            -5.9
                          
	
                            -39.3
                          
	 
	 	 	 	 	LF
	172
	
                            -4.4
                          
	
                            -6
                          
	
                            -17.5
                          
	
                            -15.1
                          
	
                            -0.1
                          
	
                            -28.4
                          
	 
	 	 	 	 	Mod-PRO
	130
	
                            -5.8
                          
	
                            -4.1
                          
	
                            -33.9
                          
	
                            -31.8
                          
	
                            -3.9
                          
	
                            -24.4
                          
	 
	Dansinger et al. 2004
	14
	Obese Men/Women
	2 mo
	Low-CHO
	103
	-4.7
	
                            8.8
                          
	
                            -27.6
                          
	
                            -26.20
                          
	
                            -10
                          
	
                            -29.5
                          
	 
	 	 	 	 	Mod-PRO
	158
	-4.6
	
                            4.6
                          
	
                            -34
                          
	
                            -30.50
                          
	
                            -9.3
                          
	
                            -27.7
                          
	 
	 	 	 	 	LF
	183
	-4.3
	
                            -0.6
                          
	
                            -7.1
                          
	
                            -5.60
                          
	
                            -5.7
                          
	
                            -11
                          
	 
	 	 	 	 	UltraLF
	230
	-4.9
	
                            -10.9
                          
	
                            -0.6
                          
	
                            8.40
                          
	
                            -3.5
                          
	
                            -7.7
                          
	 



In ad lib. comparisons low CHO diets do better than low fat diets for weight loss and MetS
At this point, we have established that CHO restriction improves MetS and that this can be independent of weight loss. Weight loss can, of course, occur with low fat diets and we next consider the extent to which one or the other strategy is more effective. (Table 4) summarizes results of several studies in the literature demonstrating that low CHO diets generally do better than low fat diets in ad lib. comparisons. Although there is great variability, a pattern of better responses on very low CHO is evident. It is notable that Samaha et al studied a population in which 39 % had diabetes and 43% had MetS [46].
Figure 1 shows data from the study of Foster, et al. [45] and, as noted above, despite the relative similarity in weight loss, the markers of MetS were more favorable in the low CHO arm than the LF arm.

In isocaloric comparisons, low CHO diets do better than LF diets for weight loss
Because weight reduction is considered the first line of attack in MetS or frank diabetes it is worth considering the record of low CHO diets on this parameter alone. It is generally agreed that the major effect of a low CHO diet is a spontaneous reduction in calories. In studies mentioned above, subjects did not significantly increase fat or protein intake but merely removed CHO from their diets [23–25]. Foster and Samaha also attributed the better performance of low CHO arm to decreased caloric intake, although this was not actually measured.
Beyond spontaneous caloric reduction, however, it has been shown that the macronutrient composition of the diet can affect the efficiency of energy utilization and greater efficacy, the so-called metabolic advantage, of low CHO diets compared to LF diets has been the subject of several reports (Reviews: [39, 41]. It has long been argued that there must be some mistake because it is physically impossible and would violate the laws of thermodynamics. We have shown this argument is based on misunderstanding of the laws of thermodynamics [39, 47–49] and the effect of variable efficiency is now better accepted [50, 51]. The precise conditions that allow the so-called metabolic advantage to occur are not known although Cornier, et al. [51] have suggested that those subjects with insulin resistance will show a metabolic advantage on a low CHO diet whereas those who are insulin sensitive do better on low fat. This is consistent with the proposal here, namely that MetS, where insulin-resistance is generally considered a major component, can be defined by the response to CHO restriction. The study of Cornier, et al. [51] had only a small number of subjects and the low CHO arm was not particularly low (40%) but their theory follows from the general rationale of the effect of CHO on energy efficiency. The factors that determine whether a metabolic advantage can play a role in a CHO restricted diet is unknown but given that the insulin resistance association is reasonable, it would seem that some form of CHO restriction is one of the standard, if not preferred attacks on obesity where MetS is suspected.
Figure 2 shows data from Golay, et al. [52] This study is widely quoted as an example of how weight loss is independent of macronutrient composition; although the low CHO arm did better in weight loss, this was judged not significant. This may well be an experiment in which metabolic advantage does not occur – the effect is only possible, not required [39]. It is clear, however, from the figure that there is improvement in TAG and insulin and Golay's conclusion was that "...considering the greater improvement of fasting blood insulin, the glucose/insulin ratio and blood triglyceride, the low carbohydrate diet (25%) could be more favourable in the long-term [52]."[image: A12986_2005_Article_47_Fig2_HTML.jpg]
Figure 2Per cent change in response to diet. Low carbohydrate (dark blue 25 % CHO) and low fat diets(light blue: 45 % CHO). Data from Golay, et al. [52].



[image: A12986_2005_Article_47_Fig3_HTML.jpg]
Figure 3Effect of carbohydrate on parameters of Metabolic Syndrome. Comparison of 40% CHO (blue) and 55% (red) CHO diets. Data from [54].





Is this new?
In Edgar Allan Poe's detective story The Purloined Letter, the police search the apartment for a missing blackmail note [53]. In the end, Poe's detective, Auguste Dupin reveals that it had been in plain view on the fireplace all along. The effect of CHO reduction on the symptoms of MetS has, in fact, been visible for some time. In a classic review in 1986, Reaven demonstrated the relative effects of 40% and 55% CHO [54]. Figure 3 shows data from that study: day long glucose, insulin and TAG levels were improved by the low CHO diet. Of interest, is that fasting glucose is not different on the two diets but there is a clear difference in the time course, common to several low CHO interventions (Table 3)). Reaven's experiment suggests that a nutritional approach to MetS is possible by lowering dietary CHO. The experiment should sensibly have spurred research to see whether still lower CHO had further beneficial effect. It took many years, however, before this was done.[image: A12986_2005_Article_47_Fig4_HTML.jpg]
Figure 4Effect of diet on plasma glucose. Mean plasma glucose concentration before (triangles) and after 5 weeks on control diet (yellow circles: (CHO:fat:protein = 55:30:15)) or 5 weeks on lower carbohydrate diet (blue circles: (20:50:30)). Meal points are Breakfast (B), lunch (L) and dinner(D) plus 2 snacks (S1, S2). Data from reference [57].





Substitution of protein for CHO improves MetS
Despite the evidence from Reaven's experiment, a barrier to progress in understanding the role of CHO restriction was the accepted idea that high fat was unhealthy. At the same time, it was thought that an increase in protein would be deleterious for type 2 diabetics because of the increase in glucose due to gluconeogenesis. Nuttall and Gannon have summarized the history of this problem and work in their lab showed that, in fact, glycemic control was enhanced by a diet that was 40 % CHO, with protein replacing part of the carbohydrate [55, 56]. Most recently, this group has shown the benefit of a 20 % CHO diet with higher protein [57]. Results in Figure 4 show a pattern similar to Reaven's but much more dramatic. Similar striking differences in the control of insulin and TAG were also demonstrated.[image: A12986_2005_Article_47_Fig5_HTML.jpg]
Figure 5Changes in cholesterol/HDL for substitution for fat. Fat in the average American diet was substituted with the indicated substances at 10 % of energy. Data from reference [62].





Explicit low-fat/high CHO interventions exacerbate MetS
In the approach taken here, we see dietary fat as playing a largely passive role (not withstanding differences between different fats) and the disposition of dietary fat is controlled by insulin and other hormones that, in turn, depend on dietary CHO which we take as the controlling variable. Thus, characterizing a low CHO diet as high fat [58, 59] ignores the question about the underlying mechanism; we have recently raised the question of whether "high fat" is a meaningful description in the absence of information about CHO [60]. In the cases we discuss next, the focus is interventions described or designed as low fat. Our point here, however, is that although low fat diets exacerbate the markers of MetS, it is likely the high CHO rather than the fat level that is important.
A very influential paper by Garg, et al. [61] describes a four center randomized study of patients with type 2 diabetes receiving glipizide treatment. The study compared diets where monounsaturated fat was substituted for CHO or vice-versa. Because of its importance, we quote from this article. The rationale for the study, according to the authors is that:
"Compared with diets rich in saturated fats, low-fat, high-carbohydrate diets are reported to reduce serum low-density lipoprotein (LDL) cholesterol levels. Recent studies, however, suggest the high-carbohydrate diets may accentuate hypertriglyceridemia, reduce serum high-density lipoprotein (HDL) cholesterol concentration, and may even worsen hyperglycemia and/or raise plasma insulin levels."
In short, the question is whether high CHO diets worsen MetS. The conclusions of the paper state:
"The study confirms that HC (high carbohydrate diets) increase plasma TAG levels and increase VLDL-C concentrations in NIDDM patients. In this study the HC diet raised fasting plasma triglyceride levels and VLDL-C concentrations by 24 % and 23 % respectively compared with the HMUF diet. Furthermore, daylong levels of plasma triglycerides were also elevated on the high-carbohydrate diet. Consistent with the results of previous studies, plasma levels of total cholesterol and LDL cholesterol were not different on the two diets in this study. The study, therefore substantiates the fact that high carbohydrate diets offer no advantage in lowering LDL levels in NIDDM patients compared with high-fat diets that are low in saturated fats."

The general case: substitution of fat for CHO improves MetS
The substitution of fat for CHO is, in fact, generally beneficial for MetS. In a recent meta-analysis, Mensink, et al. [62] showed the effect of substitution of different fat sources or carbohydrate for the fat in the average US diet at 10% of energy. The conclusion was that substitution of carbohydrate had the most unfavorable response on the total cholesterol to HDL ratio, significantly worse than butter or palm oil (Figure 5).

Summary of review and hypothesis to this point
We have summarized work in the literature showing that low CHO interventions improve the markers of MetS in normal subjects, patients with MetS and diabetics. In comparative studies, they are at least as effective as low fat diets for weight loss and, tend to show better improvement in the other markers of MetS. Isocaloric studies similarly support the idea that the markers of MetS respond preferentially to low CHO diets.
The state of accepted scientific thinking for the world at large is unknown but we have made the case that it is an acknowledged principle that low CHO diets tend to reduce TAG, raise HDL and improve glycemic control whereas LF/high CHO diets tend to have the opposite effect. Perhaps the strongest indication that such an idea is generally accepted is the paper by Rock, et al [63] where the effect of low fat diets in cancer patients was studied. To demonstrate compliance with the low fat recommendations, the authors showed increased TAG and reduced HDL levels. These effects were judged not significant enough to cause a risk for CVD but demonstrate that low fat (higher CHO) diets point in that direction.
We reiterate that this article is not meant to make recommendations – for which many factors must be considered – but rather to show the association between CHO restriction and improvement in symptoms of MetS. Many low fat interventions have successfully reduced LDL, an established risk factor for CVD. If our hypothesis is correct, however, these same interventions should worsen the features of MetS. To some extent this is established from the principles noted above, but we provide an example from a well done experiment in the literature to support this corollary. Finally, in considering the dialectic of treating MetS with CHO restriction vs. high LDL, with low fat diets, it is important to consider both individual variation and the role of LDL particle size. We consider that last.

Studies of low-fat diets
The most salient feature of the obesity epidemic from the standpoint of food consumption is the dramatic increase in CHO intake and the reduction in fat intake (for men, the absolute amount). To our knowledge, the decreased fat intake has not been accompanied by reduction in the incidence of CVD in unmedicated population. These data suggest that low fat diet recommendations per se are not likely to help MetS. If the fundamental idea proposed here is correct, then experimental interventions targeting lower fat that concomitantly raise CHO should, in fact, have a deleterious effect on the markers of MetS. Again, one will have to decide if the symptoms of MetS are more important than LDL or total cholesterol which are typically reduced on LF diets in the unmedicated population.

Delta-1 Study
The Delta-1 study is one of the very well done trials involving a large number of participants [64]. The goal was to determine "the effects of reducing total fat and saturated fat" although this is slightly misleading in that only saturated fat was reduced and any reduction in total fat was a consequence of this. The randomized and balanced diets that were compared all contained approximately 15 % of calories as protein. Other macronutrients were as shown in Table 5. (Table 6) shows the outcomes for all groups on lipids in the Delta-1 study. The results indicate that LDL is significantly reduced although only SEM is given so that it is not possible to know the range of responses of subjects. As a group, however, there were step-wise reductions in LDL and HDL going from the average American diet (AAD) to Step 1 to the low saturated fat diet. There is, as well, a corresponding increase in TAG and hence the TAG/HDL ratio. The authors concluded that the reduction in LDL should be associated with 10% to 20% reductions in cardiovascular disease in the population. Other authors have argued, however, that the effect of the 13% higher HDL seen on the AAD might be associated with a 36% reduction in the risk of death from coronary disease or of myocardial infarction [65]. Again, the purpose here is not to decide on the relative risk attached to different markers but only to point out that the markers for MetS provide another side to the story. An important follow-up in the Delta study to determine HDL subpopulations [66], showed that the more anti-atherogenic HDL2 particles were, in fact, decreased by reductions in saturated fat.Table 5Macronutrient composition of diets in the Delta-1 study. Data from reference [64].


	Diet
	CHO (%)
	total fat (%)
	SFA (%)
	MUFA (%)
	PUFA (%)

	
                              Average American diet (AAD)
                            
	48
	34
	15
	13
	7

	
                              Step 1
                            
	55
	29
	9
	13
	7

	
                              Low Saturated Fat
                            
	59
	25
	6
	12
	7



Table 6:


	 	Ave American Diet vs. Step 1
	 	Ave American Diet vs. Low Sat Fat
	 
	Ginsberg, et al.,1998 reference [64]
	AAD
	Step 1
	delta
	
                              % change
                            
	pre
	post
	delta
	
                              % change
                            

	Total cholesterol
	202.1
	191
	-11.1
	-5.5
	202.1
	183.4
	-18.7
	-9.3

	LDL
	131.4
	122.2
	-9.2
	-7.0
	131.4
	116.9
	-14.5
	-11.0

	TAG (mmol/l) antiln (log)
	85.1
	92.4
	7.3
	
                              8.6
                            
	85.1
	93
	7.9
	
                              9.3
                            

	HDL (mmol/l)
	52.2
	48.5
	-3.7
	
                              -7.1
                            
	52.2
	46.2
	-6.0
	
                              -11.5
                            

	Total/HDL
	4.1
	4.16
	0.1
	
                              2.2
                            
	4.1
	4.21
	0.1
	
                              3.4
                            

	TAG/HDL (arbitrary units)
	1.6
	1.9
	0.3
	
                              16.9
                            
	1.6
	2.0
	0.4
	
                              23.5
                            




The overall conclusion is that "dietary changes suggested to be prudent for a large segment of the population will primarily affect the concentrations of the most prominent antiatherogenic HDL subpopulation. However, the simultaneous reduction in the atherogenic LDL subpopulation will most likely offset any potential negative effect on cardiovascular risk." As noted above, the decision as to "most likely" outcome must rest with individual patients and physicians.

Role of individual responses and LDL heterogeneity
As noted in Garg's study, changes in LDL may not be as reliable as changes in other markers. Volek, et al. for example showed that whereas TAG was reduced in almost every subject on a low CHO diet, responses in LDL were highly variable [67]. The importance of LDL subpopulations has recently been appreciated and, unlike total LDL, changes in specific LDL particles show a consistent pattern with respect to dietary change.
Greater atherogenic potential is associated with small, dense LDL particles [68]. Krauss and coworkers have carried out impressive work in defining the variability in different individuals. They identified a genetically influenced pattern (B) in people whose plasma contains small LDL particles. This subpopulation, typically 30 % of the American population, responded to low-fat diets by lowering LDL but the pattern B persisted [69]. The remaining subpopulation with larger buoyant particles (pattern A) responded to reduction in fat intake by a shift to the more atherogenic pattern B. Thus, for most of the populations studied, replacing dietary fat with CHO leads to a worsening of the LDL size distribution [70]. In a study described in reference [70], similar effects were seen when protein was substituted for carbohydrate without significant change in the fat content or composition. As summarized by Krauss, "This indicates that carbohydrate rather than fat is a major dietary determinant of expression or phenotype B in susceptible individuals." Although probably a semantic point, "susceptible" is redundant and describing pattern A and B as phenotypes may not be precise: Krauss has summarized how the relative amounts of CHO and fat affect the prevalence of pattern B [71] and the conclusion is that a strong relation exists between CHO intake (ranging from 40 to 75%) and the prevalence of the pattern B phenotype (Fig 6). In other words, there appears to be a continuous variability in phenotype characterized by sensitivity to CHO and everyone may be susceptible to conversion to pattern B at some CHO/fat ratio. The extrapolated line in Figure 6 suggests that a truly low CHO diet might reduce the level of atherogenic subtype to zero. Thus, whereas we have described the dialectic in practical applications as balancing the improvement in MetS with CHO restriction and the improvement in LDL from low-fat diets, focusing on LDL may have some caveats. In general, a growing body of work has shown improvement in LDL pattern switching from high CHO to low CHO diets [42, 43, 72–75].[image: A12986_2005_Article_47_Fig6_HTML.jpg]
Figure 6Prevalence of pattern B phenotype as a function of the percentage dietary CHO in men. Data from reference [71].




The pattern B phenotype rarely occurs in isolation and, our major concern here is that it is metabolically linked to and co-expressed with other characteristics of MetS, particularly elevated TAG and low HDL. Krauss and colleagues reported that switching from a low CHO/high-fat diet (46% fat) to a high CHO/low-fat diet (26% fat) resulted in lowering of LDL, but also a worsening of TAG and HDL when switching to the low fat diet [69]. In men that were pattern A at a fat intake of 20 to 24%, a further reduction in dietary fat to 10% and CHO to 76% of energy resulted in conversion to B, with continued worsening of TAG and HDL, and no additional LDL-lowering [76].

The TAG/HDL connection
In the search for markers for both insulin resistance and predisposition to CVD, recent research has focused on the value of the ratio of TAG:HDL. McLaughlin, et al. [8] have shown a correlation between insulin resistance as measured by steady-state glucose levels after infusion of glucose, insulin and octreotide (to suppress endogenous insulin secretion). The conclusions of their study were that TAG and HDL were independently related to insulin resistance and the TAG/HDL ratio was the best predictor of insulin resistance. Of importance here is that the results showed that this ratio is comparable to the ATP III criteria for MetS in predicting insulin resistance and "even better in prediction the LDL phenotype B in two separate populations who were on different diets." This is, in fact, only the most recent of several studies (references in [8]) that have shown a correlation between TAG/HDL and insulin resistance and CVD risk as measured by LDL particle size. Table 2-4 as well as Figures 2 and 5 indicate that low CHO diets reliably reduce this marker. Inability to recognize this is again due to the separate conditions in which they are measured and the continued emphasis on reducing dietary fat above all else.
McLaughlin's analysis [8] identified a TAG/HDL ratio of ≥ 3.5 as a cutoff for identifying the insulin-resistant patient most at risk for CVD. It is of interest that in Foster's study [45] described above (Table 3; Figure 1), the average beginning values were 4.6 and 4.3 in the low CHO and low-fat arms, respectively, substantially above this cutoff value. After six months, the low CHO arm had reduced this marker to 3.7 while the LF group showed little change at 4.2. Similarly, in the Delta-1 study, neither the Step 1 diet nor the low fat diet were able to improve the TAG/HDL ratio which was above the threshold value of 3.5 (Table 6)).

Mechanism
A recent review by Ginsberg [77] has provided an excellent description of the possible mechanisms and central role of insulin resistance in mediating the dyslipidemia of MetS. In combination with a proposal by Volek [13] on the mechanism for the reversal of this process, a reasonable understanding of the connection between MetS and CHO restriction is possible.
A primary target of insulin is hormone-sensitive lipase. Adipocyte insulin resistance, plausibly a down regulation of insulin response due to continued stimulation (from higher dietary CHO), leads to increased lipolysis [78, 79]. This will lead to greater delivery of fatty acids and an increase in hepatic esterification, and subsequent over production of VLDL, particularly the TAG-rich VLDL1. In combination with impaired plasma TAG clearance, a constant state of hypertriglyceridemia in the postabsorptive and postprandial period occurs. This leads to the exchange of TAG in VLDL for cholesteryl ester in LDL. The resulting TAG-rich LDL particle is a preferred substrate for hepatic lipase and lipoprotein lipase and thereby for generation of small, dense LDL. A similar neutral lipid exchange likely occurs with HDL whereby TAG-rich HDL is hydrolyzed by lipoprotein lipase resulting in the generation of smaller HDL particles that are rapidly removed from the circulation. In this way, elevated TAG resulting from disruption in insulin function, plays a central role in regulating the atherogenic dyslipidemia of MetS.
As noted above, Volek, et al. [13] have reviewed many studies showing that CHO restriction results in significant reductions in postprandial lipemia, and beneficial effects on HDL and intravascular processing of lipoproteins. A key component is what might be called the fatty acid paradox. Whereas insulin resistance is frequently characterized by high fatty acid levels, CHO restriction can improve insulin resistance while raising fatty acids. The latter effect is presumed to be due to lower insulin levels and disinhibition of hormone sensitive lipase. This is accompanied by enhanced cellular fatty acid uptake, mitochondrial transport and increased oxidation. The bias toward fat oxidation over storage reduces hepatic TAG and reduces synthesis and secretion of VLDL.


Discussion
A joint position statement by several organizations recommended "current dietary guidelines from the ADA, AHA and the NCEP-ATP III.... These recommendations may require modification, however, as new information is generated from additional diet intervention studies [80]." Rather than additional studies, however, we provide new information from an evaluation of papers already in the literature that may provide a basis for modification. Data compiled in Figures 2, 3, 4 show that low CHO diets improve the symptoms of MetS as defined by five common criteria. We propose that in addition to potential value as therapy, the response to CHO restriction might be considered an operational definition of MetS. Beyond formal categorizing, the idea is consistent with the generally held belief that MetS is intimately involved with some form of insulin resistance. (The importance of other factors such as inflammation are not mutually exclusive). Cornier et al. showed differential benefit of low CHO vs. low fat diets for people with or without insulin resistance [51]; this study might be thought of as a model for future work to follow this line of thinking. We emphasize that our main point is that an intimate connection between CHO restriction and the complex of symptoms of MetS is seen in the literature of both low CHO studies and low fat (higher CHO) studies. Individual judgment as to the importance of MetS compared to other specific factors or more global assessments such as the Framingham criteria will determine how use is made of this connection. We do believe, however, that ignoring studies on CHO restriction would be unscientific and unproductive.
How low is low carbohydrate?
Goneril. What need you five-and-twenty, ten, or five...?
Regan. What need one?
William Shakespeare, King Lear.
The data summarized here suggest that some degree of CHO restriction would provide a first line of attack against the symptoms of MetS. The principle of CHO restriction is that by keeping insulin low, metabolism is biased towards lipid oxidation rather than storage, or the effects of fatty acids on peripheral tissues. Most studies that reported deleterious effects of saturated fat have been carried out in the presence of high CHO and there is a real question whether such effects carry over into hypocaloric conditions or those where insulin is better controlled [28, 60, 81, 82].
In general, whereas current thinking in MetS emphasizes the consequences of insulin resistance, we feel that the role of CHO-induced hyperinsulinemia as a causative factor in generating the initial insulin resistance, dyslipidemia or obesity has been under-appreciated. In any case, there are now many ways to implement CHO restriction ranging from ketogenic diets (less than 50 g/d) to diets based on glycemic index, an indirect method of reducing insulin excursions. The question is how low is low? It is clear that 40% CHO is better than 55% for MetS and there has been some reluctance to go lower even though the studies that have done so show continued improvement. Perusal of Table 2-4 suggests that the lower, the better. Insofar as pattern B is associated with insulin resistance and MetS, examination of Figure 4 supports this idea. The barriers to exploring lower CHO diets appears to be continued emphasis on low fat intake although it has been known since Keys's Seven Country study that total fat in the diet does not correlate with cardiovascular risk [38]. At least as indicated in its popular diet book, the No-Fad Diet [83], the American Heart Association has removed its limitation on total fat which should open the door to more flexible diet interventions. Since many studies have shown that there is frequently a spontaneous reduction in total caloric intake in very low CHO diets and that CHO removed is not replaced by fat or protein, very low CHO now appears as a far more prudent choice than judged in the past.

Is this new?
The phenomenon of CHO-induced hypertriglyceridemia is long established [84–88]. In addition, low fat diets are known to reduce, not only LDL, but also HDL levels. For example, the 2004 recommendations of the American Diabetic Association (ADA) state that "Low-saturated fat (i.e., 10% of energy) high carbohydrate diets increase postprandial levels of plasma glucose, insulin, triglycerides and, in some studies, decrease plasma HDL cholesterol when compared in metabolic studies to isocaloric high monounsaturated fat diets." This is our conclusion (our italics). We think the ADA statement could have been more clearly worded: "Substitution of CHO for monounsaturated fat "increase(s) postprandial levels of plasma glucose, insulin..." or could have been more comprehensive: "substitution of CHO or protein for fat increases..." In other words, it has been known for some time that low fat reduces HDL as well as LDL concentrations as described clearly in the Delta-1 study. Again, Rock's study that used the increase in TAG and decrease in HDL as a marker for compliance to a low fat diet supports the idea as an accepted principle.
In combination with the experimentally observed and intuitively obvious reduction in fasting blood glucose and insulin, our proposal for the importance of CHO replacement in the diet hardly seems new. Yet such an idea, to our knowledge has never been made explicit. The primacy of the low fat paradigm in traditional thinking may have played a role in ignoring this obvious correlation. However, we have, in various places, presented or summarized evidence that low CHO diets have a beneficial effect on MetS [13, 16] but the tight connection proposed here conceptually eluded us. Having raised the question, however, it is now clear that it is perfectly consistent with established knowledge.

Is MetS useful?
The intricacies of the debate among official agencies on the clinical importance of MetS [9] are beyond the scope of this article. As a first order approximation, however, we are inclined to follow Reaven's strategy in the Point/Counterpoint paper [10, 89] for assessing the need for the concept of MetS. He describes a patient with a BMI of 27.8 kg/m2 who would not conform to the WHO definition of MetS because of acceptable values of glucose, TAG and an HDL level of 37 mg/dL and he points out that if the HDL level fell to 33 mg/dL such a patent would fit a new criteria but would not sensibly be treated in a different way. Under the approach considered here, the patient with the higher HDL would be presented with a number of options for weight loss whereas the patient with lower HDL might reasonably be counseled to CHO restriction as a first strategy. We therefore think that MetS or some combination of markers by any other name would have much more virility than the description of MetS as Methuselah in his amusing Counterpoint [87]. We also side with the "Pro" position on the value for basic research. Reaven raises the critical question: "How can there be a common etiology for a diagnostic category based on satisfying 3 of 5 arbitrarily defined criteria when any combination of the 3 will define the same phenotype as any other trio of abnormalities.?" A plausible answer to this question is that if all the markers in MetS are related to hyperinsulinemia and/or insulin resistance, then the relative Km's for insulin for the different target proteins and different tissues are likely to lead to a variable time course for specific individuals and markers are likely to exceed cutoff at different times for each patient. Appearance of one marker may then be indicative of other still silent conditions.

Recommendations for the American population
The data summarized here suggest that there is value in the definition of MetS and that a nutritional strategy based on CHO restriction might sensibly be the "default" diet, the first to be tried, for patients with MetS. In the case of normal weight individuals with MetS, CHO restriction may be the only effective non-pharmacological approach for treating the diversity of symptoms. The choice of any intervention, however, depends on individual assessment of the relative importance of different risk factors and our goal here is the establishment of the close link between CHO restriction and MetS rather than any recommendation.
The recent AHA/NHLBI Scientific Statement on Metabolic Syndrome [90, 91] as well as the ATP III emphasize as the primary target, LDL, a marker that is not considered a feature of MetS and that may not even be high in many patients with MetS. Whereas nutritional recommendations are quite general (reduce weight, increase exercise), these reports emphasize a low fat diet (although limiting simple sugars). We think this is inconsistent and we have made the case that a low fat diet, if high in carbohydrate, seems to be widely accepted as raising TAG, lowering HDL and worsening glycemic control, seemingly the wrong thing for MetS. We also disagree with the assertion in the AHA/NHLBI statement that most low CHO diets are high in saturated fat. This statement is undocumented and, as noted in the introduction, essentially equates all reduced carbohydrate approaches and does not seem to distinguish between total and saturated fat. Even if it were true the statement avoids the question of the effect of saturated fat in the presence of low CHO or hypocaloric diets [60, 81, 82, 92]. In practical terms, a recommendation to reduce saturated fat on low CHO diets might be more helpful than blanket prohibition. In addition, the AHA/NHLBI report [90] presents the rationale for low CHO as the effect on appetite. Whereas this may be a component, it has been stated many times, and is part of basic biochemical education [16, 93–96], that the rationale of CHO restriction is the control of metabolism by insulin regulation. The effects described above clearly support this. Although we think that, within the framework of MetS, some recommendations can be made, in the end we are probably in agreement with Reaven's judgment that "What is required is less advice and more information [54]."

Questions raised
The data summarized here leave little room for doubt that the generally accepted deterioration in HDL and TAG levels with low fat diets and the established improvement in glycemic control with CHO restriction are part of a more general picture. The hypothesis that response to CHO restriction (because of the effect on insulin) is the defining feature of MetS is the proposed generalization. This idea raises several questions.
Is there a threshold level of CHO restriction that is necessary to elicit improvements in MetS? What is the effect of replacing the calories lost from CHO with protein or with fat, and in what proportion? How does this compare to not replacing them at all?
Does excessive CHO consumption cause MetS in susceptible individuals?
What is the relative risk in addressing MetS with CHO restriction compared to low fat diets for reduction in LDL? That is, what is the relative risk of high LDL vs. the symptoms that comprise MetS?
What is the role of genotype in determining the response to CHO restriction?


Summary
Five symptoms common to most definitions of MetS are those that are reliably improved by CHO restriction. Carbohydrate restriction is one strategy for weight loss but, in addition, improves glycemic control, insulin levels, TAG and HDL levels even in the absence of weight loss. We suggest that response to CHO restriction may, in fact, be an operational definition of MetS. Its underlying basis would rest on the idea that the features of MetS are associated with a disruption in insulin metabolism which is strongly influenced by dietary CHO. The extent to which this definition is useful may depend on its application by individual practitioners. Experimental studies that follow its lead or conversely disprove its fundamental premise should advance our understanding of obesity, diabetes and CVD. Dismissing CHO restriction without evidence, or expressing "concerns" rather than offering data will probably be less productive.

Note
Table 2 - Effect of carbohydrate restriction on markers for Metabolic Syndrome (See Table 2)
Data shown in bold indicate improvement in marker, plain, worsening. References:1. [97]; 2. [24]; 3. [98]; 4. [99]; 5. [100]; 6. [101]; 7. [42]; 8. [102]; 9. [103]; 10. [104]; 11. [74]; 12. [105]; 13. [23].
Table 3 - Effect of carbohydrate restriction on markers for Metabolic Syndrome under conditions of constant body mass (See Table 3)
Data shown in bold indicate low CHO shows greater improvement in markers for MetS than LF; plain, LF is better. Table reference 3 shows the ratio of low CHO to LF. References: 1. [42]; 2. [43]; 3. [44].
Table 4 - Comparison of low CHO vs. LF diets on markers for Metabolic Syndrome (See Table 4)
Data shown in bold indicate low CHO (or mod-PROT) shows greater improvement in marker than LF; plain, LF is better. Experiment in reference [106] was carried out for a longer time period but diets became very similar. References:1. [107]; 2. [113]; 3. [46]; 4. [45]; 5. [108]; 6. [72]; 7. [109]; 8. [110]; 9. [111]; 10. [112]; 11. [73]; 12. [75]; 13. [59]; 14. [106].
Table 6 - Outcomes of the Delta-1 study (See Table 6)
Data from reference [64]. bold indicates improvement in the parameter from Step 1 or low Saturated Fat diet compared to AAD; plain indicates worsening of parameter compared to AAD.
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