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BACKGROUND. Metabolic syndrome (MetS) is highly correlated with obesity and cardiovascular risk,
but the importance of dietary carbohydrate independent of weight loss in MetS treatment remains
controversial. Here, we test the theory that dietary carbohydrate intolerance (i.e., the inability to
process carbohydrate in a healthy manner) rather than obesity per se is a fundamental feature of
MetS.

METHODS. Individuals who were obese with a diagnosis of MetS were fed three 4-week weight-
maintenance diets that were low, moderate, and high in carbohydrate. Protein was constant and fat
was exchanged isocalorically for carbohydrate across all diets.

RESULTS. Despite maintaining body mass, low-carbohydrate (LC) intake enhanced fat oxidation
and was more effective in reversing MetS, especially high triglycerides, low HDL-C, and the small
LDL subclass phenotype. Carbohydrate restriction also improved abnormal fatty acid composition,
an emerging MetS feature. Despite containing 2.5 times more saturated fat than the high-
carbohydrate diet, an LC diet decreased plasma total saturated fat and palmitoleate and increased
arachidonate.

CONCLUSION. Consistent with the perspective that MetS is a pathologic state that manifests
as dietary carbohydrate intolerance, these results show that compared with eucaloric high-
carbohydrate intake, LC/high-fat diets benefit MetS independent of whole-body or fat mass.

TRIAL REGISTRATION. ClinicalTrials.gov Identifier: NCT02918422.

FUNDING. National Dairy Council and the Dutch Dairy Association.

Introduction

The codification of metabolic syndrome (MetS) as a clustering of risk factors 3 decades ago (1) is now recog-
nized as a turning point in our understanding of metabolism as it pertains to the clinical states of obesity, diabe-
tes, and cardiovascular disease (CVD). Since then, the prevalence of MetS and obesity has increased in parallel
to more than 1 in 3 adults in the United States (2, 3). Over the same period, there was a substantial increase in
the absolute intake of carbohydrate, a dietary pattern temporally associated with the marked rise in obesity and
MetS (4) and increased total mortality rates across multiple countries (5). Hyperinsulinemia is strongly linked
to MetS pathogenesis and risk for CVD (6). Carbohydrate intake stimulates insulin secretion, which promotes
fat storage and strongly inhibits adipose tissue lipolysis and fatty acid oxidation. Although not definitive, these
observations point to a credible role of high-carbohydrate (HC) intake in the pathogenesis of MetS.
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Figure 1. Participant flow through the study.

If an HC intake exacerbates MetS, the corollary implies that carbohydrate restriction may be thera-
peutic. A series of low-carbohydrate (LC) diet studies led us to the conclusion that improvement in MetS
is intimately connected with carbohydrate restriction (7, 8). Nevertheless, traditional views continue to
emphasize excess energy intake and obesity as the cause of MetS and reduced-fat and low-calorie diets as
the treatment (9). Separating the effects of carbohydrate restriction from weight loss is challenging, as one
affects the other and both have an impact on diet-induced response in atherogenic dyslipidemia (10).

To test the robustness of the hypothesis that carbohydrate intake has a primary role in the expression
of MetS independent of weight loss, it is necessary to precisely control energy intake because free-living
LC diets often result in reduced caloric intake and substantial weight loss (11). In this investigation, we
prescribed energy intake and fed research participants controlled diets that maintained body mass, there-
by eliminating changes in body mass and waist circumference (a central component of MetS) as factors
influencing expression of the MetS phenotype. Participants who were obese with a diagnosis of MetS
consumed 3 defined diets consisting of LC, moderate (MC), and HC in a randomized crossover manner.
All diets were eucaloric and isonitrogenous with a relatively high amount of cheese, which allowed us to
specifically test whether dietary carbohydrate per se is a control element in the pathogenesis of MetS inde-
pendent of body mass and protein status. Because LC diets that emphasize natural foods are higher in total
and saturated fatty acids (SFAs), there is concern regarding plasma LDL-C responses and perceived harm-
ful effects on CVD risk, although this view is controversial. We therefore determined traits strongly linked
to MetS including LDL subclass phenotype (12), accumulation of circulating SFAs (13, 14), palmitoleic
acid (16:1n7) (15-17), and other fatty acid species associated with diabetes, CVD, and mortality (18, 19).

Results
Diet interventions. To investigate the role of diets varying in carbohydrate on markers of MetS, we fed women
(n = 6) and men (n = 10) who were obese (mean = SD age 41.3 + 10.7 years, BMI 39.3 + 8.3 kg/m?) and

https://doi.org/10.1172/jci.insight.128308 2


https://doi.org/10.1172/jci.insight.128308

insight.jci.org

CLINICAL MEDICINE

Order Randomized

Washout Washout

Feeding #1 ) Feeding #2 ! Feeding #3
Low-cHOo | Mabitual b naoqerate-cHo | Habitual ESSTTIET

(LC) Diet Diet (HC)

Week: 1 4 6 10 12 16

\ ﬁ ﬁ Testing ﬁ G }
|

2950 kcal/day

g gn

100 g SFA/d 70 g SFA/d 40 g SFA/d

Figure 2. Overview of study design and experimental diets. (A) Experimental approach. (B) Macronutrient distribution
and daily saturated fat intake of controlled diets.

met at least 3 of 5 standard criteria for MetS (Figure 1) defined diets that contained LC, MC, and HC (Figure
2A, Table 1, and Supplemental Table 1; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.128308DS1). Initially, subjects were fed a 2-week run-in MC diet to determine
a eucaloric level that would stabilize body mass and be used for all feeding periods. The 3 experimental
diets were eucaloric and consumed by all participants in a crossover and balanced-order manner to avoid
interindividual differences in response to diet. Each controlled diet was 4 weeks in duration and separated
by a 2-week washout period. Thus, the total length of the study for a participant was 16 weeks (Figure 2A).
All food was weighed to the nearest 0.1 g and provided to participants to avoid errors in quantifying nutrient
intake observed in free-living studies. To maintain body mass, the average total energy intake was nearly 3,000
kcal/day with 1 subject requiring as much as 3,750 kcal/day (Table 1). Daily protein intake (20% energy)
was constant across all feeding periods. The percentage of carbohydrate varied on the LC, MC, and HC diets
(6%, 32%, and 57% energy, respectively) and fat was adjusted proportionally (74%, 48%, and 23% energy,
respectively) (Figure 2B). Total SFA content of the LC, MC, and HC diets was 100.2 = 20.5, 69.9 £+ 14.3, and
40.2 + 8.2 g/day, respectively. An example daily meal plan for each diet is provided in Supplemental Table 1.

Subjects were obese at baseline, with a mean whole-body fat percentage of 40.2% and BMI just under the
threshold for morbidly obese (i.e., 40 kg/m?). As designed, there were no significant changes in body mass,
whole-body composition by dual-energy x-ray absorptiometry, and waist circumference over the intervention
(Table 2). Although body mass was stable, MetS often manifests in increased abdominal adiposity and hepatic
fat content. To examine if these abnormal lipid accumulation patterns were affected by carbohydrate manip-
ulation independent of body mass, we measured visceral adipose tissue (VAT) and liver fat by MRI. There
was no difference in VAT or liver fat after the LC, MC, and HC diets (Supplemental Table 2). At baseline,
the mean hepatic fat was 13.9% and was above 5% in all but 1 person, a suggested threshold for nonalcoholic
fatty liver disease. There was 1 person who had the highest liver fat content at baseline (26.8%) who showed
marked variability across diets. When this individual was removed from the study, there was a trend for lower
liver fat after the LC diet (9.7%) than the MC (10.1%) and HC (11.5%) diets, respectively (P = 0.072).

An LC diet enhances fat oxidation and rapidly reverses MetS in the majority of people independent of weight loss.
Although there was no difference in resting metabolic rate across each of the 4-week diets, there was a signifi-
cantly lower respiratory exchange ratio indicating greater reliance on fat oxidation after the LC diet (P < 0.001)
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Table 1. Daily nutrient intake of controlled diets

Nutrient

Energy (kcal)

Protein (g)
Carbohydrate (g)

Fat (g)

Saturated fat (g)
Monounsaturated fat (g)
Polyunsaturated fat (g)
Cholesterol (mg)
Cheese (g)

Calcium (mg)

Fiber (g)

HC MC LC
2,950 (2035-3750)
146 (101-185)
234 (161-297)

144 (100-184)
420 (290-534)

150 (103-190)
45 (31-58)

77 (53-97) 159 (110-202) 242 (167-307)

40 (28-51) 70 (48-89) 100 (69-127)

21(15-27) 54 (37-69) 86 (59-110)
6 (5-8) 21(14-26) 35 (24-45)

334 (231-425)
200 (138-255)
2,151 (1484-2734)
25 (17-32)

503 (347-639)
201 (139-256)
2,229 (1537-2833)
20 (14-25)

1,015 (701-1291)
201 (139-256)
2,177 (1502-2768)
14 (3-17)

This table is related to Figure 1. Values are mean (range). n = 16.

(Table 2). At baseline, all subjects had MetS as defined by the WHO, meeting 3 out 5 criteria (waist circumfer-
ence, BP, HDL-C, glucose, and triglycerides). The number of participants with 3, 4, and 5 MetS characteristics
was 7, 6, and 3, respectively (Supplemental Table 3). More than half the participants no longer met criteria for
MetS after 4 weeks of the LC diet (9 of 16), whereas reversal of MetS occurred in only 3 of 16 people after
MC and 1 of 16 after the HC diet (Figure 3A). Additional details on the specific MetS criteria present in each
participant after each diet is shown in Supplemental Table 3. Triglycerides decreased (P = 0.006 from repeat-
ed-measures ANOVA after the LC, MC, and HC diets) and HDL-C increased (P = 0.009) more on the LC diet
(P =0.009). However, the HDL-C response was not of sufficient magnitude in most participants to exceed the
diagnostic threshold for MetS (Figure 3B and Table 2). Glucose levels were lower on the LC than HC diets,
but there was no significant difference in fasting insulin between diets (P = 0.111). Insulin resistance estimated
from fasting glucose and insulin measures tended to be lower after the LC than the MC diet but was not differ-
ent from the HC diet (Table 2). Neither systolic nor diastolic BP showed a significant diet effect. There was a
small decrease relative to baseline that was enough in magnitude to bring this measure below the threshold for
MetS in 14, 9, and 5 participants after the LC, MC, and HC diets, respectively (Supplemental Table 3). Women
showed a more consistent decrease in diastolic BP after the LC diet than men (Table 2).

A LC diet increases LDL size and decreases small, dense LDL particles independent of LDL-C concentration. At
baseline, serum LDL-C was in the normal range and remained stable over the 3 diets (Supplemental Table
4). In order to probe deeper into the effects of carbohydrate on the atherogenic dyslipidemia of MetS, we
measured circulating lipoprotein particle subclasses using an ion mobility method. A predominance of
small, dense LDL particles is referred to as phenotype B, a trait commonly associated with the dyslipidemia
of MetS, whereas a greater proportion of large, buoyant LDL particles is called phenotype A. There is also
an intermediate phenotype I. Most participants were phenotype B or intermediate at baseline with only 3
of 16 phenotype A. After the LC diet, two-thirds of participants were phenotype A and only 1 remained
phenotype B (Figure 4A). Carbohydrate restriction resulted in a stepwise increase in mean peak LDL par-
ticle diameter (Figure 4B), in association with reduced concentrations of small LDL particles, increased
levels of large LDL (Figure 4C), and lower concentrations of all VLDL particles (Supplemental Table 4
and Supplemental Figure 1). There were no changes in HDL subclasses (Supplemental Table 4). Peak LDL
diameter was not significantly associated with LDL-C concentration.

Higher saturated fat intake in the context of an LC diet decreases circulating saturated fatty acids and 16:1n7. To
investigate how diets varying in carbohydrate and SFAs affect the proportion of circulating SFAs, we isolated
triglycerides (TGs) and phospholipids (PLs) from plasma to assess the relative abundance of fatty acids. In
circulating PLs (Figure 5A) and TGs (Figure 5B), HC intake was associated with increased total SFA com-
pared with the LC diet, mainly attributed to higher levels of 14:0, 15:0, and 16:0 (TG only) (Table 3). The
lower proportion of SFA in the context of LC intake occurred despite the fact the LC diet contained 2.5 times
more SFA (i.e., 100 vs. 40 g/day). As dietary carbohydrate decreased, there was a stepwise decrease in 16:1n7
in both PL (Figure 5C) and TG (Figure 5D), independent of dietary sequence. There was a significant cor-
relation between plasma TG 16:1n7, a surrogate of de novo lipogenesis and liver fat (Supplemental Figure 2).
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Table 2. Measures of body mass, body composition, indirect calorimetry, MetS, and insulin resistance

BL LC MC HC P Value®
Body composition
Body mass (kg) 114.9 £17.8 1M1.1+17.0 112.0+£17.2 112.7 £17.6 0129
BMI (kg/m?) 39.3+8.3 381+8.5 38.4+8.6 38.7+8.8 0.138
DXA body fat (%) 40.2+84 40.0+8.3 39.8+8.5 401+84 0.412
Indirect calorimetry
RER 0.79 £ 0.05 0.75 + 0.04° 0.79 +0.03¢ 0.79 + 0.05¢ <0.001
REE 2216 + 444 2102 + 395 2101 + 367 2120 + 394 0.881
CHO oxidation (%) 31+19 15 +15.98 30+ M°¢ 29 +18¢ < 0.001
Fat oxidation (%) 69+19 85 + 158 70 £ 11° 71+18¢ < 0.001
MetS
Systolic BP (mmHg) 127 £10 121+7 123+7 2845 0.700
Men 130+7 124 +7 122+ 6 122+6 0.802
Women 124 +14 118 £ 8 126 £ 10 126+ 4 0179
Diastolic BP (mmHg) 84 +9 81+4 82+5 86+8 0.107
Men 86+9 82+4 81+6 84+9 0.790
Women 79+6 81+48 82 + 6° 89 + 5¢ 0.002
Waist circumference (cm) 113.3+134 111.0 £14.9 1111 +£12.8 1111 +£12.9 0.991
Men 115.2 £13.5 113.4+16.4 112.2+13.5 112.6 £13.3 0.724
Women 110.0 £13.8 107.0 £12.3 109.3 +£12.5 108.5 +13.1 0.208
Glucose (mg/dL) 108 £12 98 + 138 104 + 108¢ 108 +18°¢ 0.023
Men 109+ M 100 + 15 107+M 110 £ 16 0.126
Women 105+14 96 +12 1006 105+ 20 0.189
Triglycerides (mg/dL)® 177 £ 58 120 + 388 189 +103¢ 199 + 70°¢ 0.006
Men 188 + 57 114 + 328 181 + 858€ 217 + 83¢ 0.019
Women 159 + 61 128 + 47 201 £137 169 + 24 0.217
HDL (mg/dL) 37+9 40 + 118 35+9¢ 34+ 8¢ 0.009
Men BEEEY 35+ 98 32+7° 30+ 7¢ 0.027
Women 44 +7 49+ 6 41+10 4145 0.125
Insulin resistance
Insulin (mIU/L) 19.3+13.7 1.3+6.3 15.5+9.0 13.4+6.8 0m
HOMA-IR 5.2+4] 2714 40+24 34+21 0.055

Values are mean + SD. n = 16. DXA, dual-energy x-ray absorptiometry; REE, resting energy expenditure; RER, respiratory
exchange ratio. P values from 3-way (LC, MC, HC) repeated-measures ANOVA. Values not sharing a common letter (B
vs. C) are different (P < 0.05). °P values derived from values after transformation (log10).

Carbohydrate restriction increases plasma arachidonic acid and decreases dihomo-y-linolenic acid. In further
exploration of changes in fatty acid composition, we noted striking effects of diets varying in carbohydrate
on omega-6 polyunsaturated fatty acid metabolism (Figure 6A). As dietary carbohydrate decreased, there
was a consistent increase in plasma PL arachidonic acid (20:4n6) (Figure 6B), while its immediate biosyn-
thetic precursor dihomo-y-linolenic acid (DGLA, 20:3n6) uniformly decreased (Figure 6C). Linoleic acid
(18:2n6), the primary dietary essential omega-6 fatty acid precursor of the anabolic pathway leading to
20:4n6, showed little change (Table 3). HC intake increased eicosadienoic acid (20:2n6), an intermediate in
an alternative pathway from linoleic to 20:4n6. A similar pattern of effects with LC intake on these ome-
ga-6 fatty acids occurred in the TG fraction. Also of note, the proportions of the final n3 product docosa-
hexaenoic acid (DHA, 22:6n3) in both the PL and TG fractions were greater during the LC compared with
the other 2 diets. A more complete listing of fatty acid composition responses expressed as both molar and
weight percent is provided in Table 3 and Supplemental Table 5.

Discussion

Current views of MetS define it as a chronic progressive disorder with limited proven effective behav-
ioral or pharmacological treatment options as evidenced by the continued escalation in its prevalence
(2, 3). Given its broad range of 5 defining characteristics, pharmaceutical interventions targeting just 1
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Figure 3. A eucaloric weight-stable LC diet rapidly reverses MetS in individuals who are obese, independent of
weight loss. (A) Individual diagnosis of MetS after LC, MC, and HC diets. Women are represented as pink figures and
men are in blue. (B) Change in criteria for MetS relative to baseline after LC, MC, and HC diets. Circles represent individ-
ual participants, the thick line is the mean, and thin lines are 95% Cls. P value from 3-way (LC, MC, HC) repeated-mea-
sures ANOVA. Values not sharing a common letter are different (P < 0.05). All data n = 16.

(e.g., hyperglycemia or hypertension) typically do not benefit the others enough to reverse the syndrome
as a whole. Obesity is often emphasized as the key factor in the pathophysiology while ignoring the per-
spective that MetS manifests as a carbohydrate-intolerant phenotype (9, 20). Given the poor track record
of low-fat diets during the epidemic of obesity and diabetes and the limited impact of pharmacologic or
even exercise interventions on MetS, we have pursued carbohydrate restriction as a treatment based on
evidence that it uniquely promotes weight and fat loss (11) and reverses features of the insulin-resistant
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Figure 4. An LC diet improves LDL phenotype independent of weight loss and LDL-C concentration. (A) Individual characterization of LDL phe-
notype (A, |, and B). Women are represented as pink figures and men are in blue. (B) Peak LDL diameter responses to LC, MC, and HC diets. (C)
Change in lipoprotein particle concentrations from largest (LDL-1) to smaller (LDL-Illa and IlIb) relative to baseline after LC, MC, and HC diets. Circles
represent individual participants, the thick line is the mean and thin lines are 95% Cls. P value from 3-way (LC, MC, HC) repeated-measures ANOVA.
Values not sharing a common letter are different (P < 0.05). All data n = 16.

insight.jci.org

phenotype including atherogenic dyslipidemia (8, 10, 21) and type 2 diabetes (22). However, much of
the work supporting this perspective involved dietary interventions that were ad libitum, hypocaloric,
and/or self-sourced by free-living participants counseled on diets — all of which cast doubt on dietary
compliance and ultimately the importance of weight loss versus carbohydrate restriction as a primary
control element of MetS. In this investigation, we conducted a controlled feeding experiment to deter-
mine to what extent MetS could be reversed by carbohydrate restriction in individuals who were obese
but who were fed enough calories to prevent weight loss. The results clearly show that carbohydrate
restriction, especially very LC intake, leads to improvement and reversal of MetS in many cases, in the
context of stable weight and adiposity. Hypothetically, if waist circumference would have decreased
below the threshold for MetS, all but 1 participant would have reversed MetS after the LC diet. BP did
not show effects on diet. The most robust improvements were in circulating lipoproteins and fatty acid
composition after the LC diet, suggesting that the proportion of dietary carbohydrate has significant
regulatory control on intravascular lipid metabolism independent of total calories and net lipolysis in
individuals with obesity and MetS. These findings underscore the perspective that MetS is a pathologic
state that manifests as carbohydrate intolerance. Furthermore, we have shown that the favorable effects
of the LC diet on MetS occur independent of changes in body mass and extend to other atherogenic
markers including lipoprotein subclasses and the relative abundance of various fatty acids.

The discovery that LDL comprises particles of different sizes and composition that vary in atherogenic-
ity and confer differential CVD risk has helped elucidate the effect of diet on lipid metabolism, especially
in those with MetS (23). Although LDL-C concentration is often not elevated in MetS and is not one of the
diagnostic criteria, most individuals with the combination of elevated TG and low HDL-C have a predom-
inance of small LDL particles that is associated with higher risk for CVD. Both the Atherosclerosis Risk in
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Figure 5. Despite being higher in saturated fat, carbohydrate-restricted diets decrease plasma total saturated fatty
acids. (A and B) Saturated fatty acid responses (normalized to baseline values) in PLs and TGs. (C and D) Palmitoleic
responses (normalized to baseline values) in plasma PLs and TGs. Circles represent individual participants, the thick
line is the mean and thin lines are 95% Cls. P value from 3-way (LC, MC, HC) repeated-measures ANOVA. Values not
sharing a common letter are different (P < 0.05). All data n = 16.

Communities and Multi-Ethnic Study of Atherosclerosis trials (combined totaling more than 15,000 indi-
viduals) demonstrated that the small LDL fraction was significantly associated with incidence of coronary
heart disease (24, 25). Of the participants with MetS enrolled in this study, 81% were either pattern B or
an intermediate phenotype at baseline. This atherogenic dyslipidemia has a genetic component but is also
strongly influenced by dietary carbohydrate as shown in many prior studies (10, 26, 27). The results of this
investigation represent one of the more striking examples of how decreasing carbohydrate while increasing
fat results in a stepwise increase in peak LDL diameter and a corresponding decrease in the concentration of
small LDL particles. Considering the atherogenic effects of LDL particles (28), these results are consistent
with a lowering of CVD risk by an LC diet.

There has been considerable interest and debate on the role of dietary SFA on health, with several
recent reports suggesting that it is not associated with CVD or total mortality (29, 30). However, people
with higher levels of circulating even-chain SFAs (particularly palmitate, 16:0) have increased risk of devel-
oping MetS (18), diabetes (31-33), CVD (32), heart failure (34), and mortality (15). Remarkably, the LC
diet that contained more than twice as much SFAs resulted in lower plasma SFAs in both TG and PL frac-
tions. The primary factor determining the amount of SFAs in the blood is the rate of hepatic release. When
the liver is converting carbohydrate into fat (i.e., de novo lipogenesis or DNL), there is a higher incorpora-
tion of SFAs into TGs, which are then secreted into the blood as large VLDLs. Serum VLDL-TGs enriched
with SFAs are highly correlated with insulin resistance and adiposity (35). The LC diet decreased these
VLDL particles and TG SFAs without affecting whole-body adiposity.

Although palmitic acid is the primary fatty acid product of DNL, serum palmitoleic acid, a prod-
uct of stearoyl CoA desaturase—1 activity, is a better proxy of DNL because of its low content in the
diet and the fact that it increases proportionally more than any other fatty acid when carbohydrate is
converted to fat (36). The lowest level of circulating 16:1n7 was after the LC diet, and the proportion
progressively increased after the MC and HC diets, consistent with progressive increases in DNL as a
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Table 3. Plasma triglyceride and phospholipid fatty composition responses (expressed as mol %)

BL LC MC HC P Value*
Triglyceride (mol %)
14:0 245+ 0.70 1.88 + 0.708 2.83 +0.69°¢ 3.28 +0.81° < 0.001
15:0 0.32 £+ 0.08 0.39 + 0.10°¢ 0.45 + 0.0° 0.47 + 0.07° 0.017
16:0 2795 +1.84 28.06 +1.33¢ 2811+ 2.28¢ 29.87 +2.02° 0.001
16:1n7 419 +1.26 3.07 +0.80° 3.96 + 1.11¢ 4,93 +1.38° < 0.001
17:0 0.35+0.08 0.44 +0.15 0.39+0.04 0.38 + 0.06 0.268
Phytanic 0.24 +0.10 0.32+0.16 0.28 £ 0.16 0.23+0M 0.059
18:0 344 +0.49 3.96 + 0.53¢ 3.70 + 0.59¢ 3.44 + 0.76° 0.030
18:1n9 32.35+2.59 35.06 + 3.03¢ 3417 + 2.87° 32.01+2.08° 0.002
18:2n6 2017 £ 2.85 18.50 + 3.27¢ 17.88 + 2.94°¢ 16.27 +3.68° 0.009
18:3n6 0.37+£0.28 0.33+0.14 0.37+£0.25 0.31+0.29 0.580
18:3n3 1.32+0.29 0.99+0.22 114 £ 0.20 113 +£0.33 0.115
20:2n6 0.24 + 0.07 0.23 £ 0.07 0.24 +0.08 0.24 + 0.07 0.651
20:3n6 0.34 +0.06 0.25 + 0.05°¢ 0.31+0.07° 0.34 + 0.06° < 0.001
20:4n6 141+ 0.46 1.74 + 0.57° 1.29 + 0.50° 1.30 + 0.46° 0.002
20:5n3 0.20+0Mm 0.18 £+ 0.10 0.19+0Mm 0.19+£0.12 0.769
22:4n6 0.17 £ 0.04 0.17 £ 0.05 017+ 0.04 0.19+0.03 071
22:5n3 0.26 £ 0.06 0.28 +0.09 0.28 + 0.06 0.28 +0.08 0.898
22:6n3 0.27+0.10 0.45 + 0.13¢ 0.27 + 0.08° 0.25 + 0.10° < 0.001
SFA 34.71+1.99 3490 +2.11° 35.71+3.03¢° 37.60 +2.98° 0.004
MUFA 37.27 £ 2.89 38.84 +2.93 38.99 + 2.32 37.89 +2.24 0.358
PUFA 24.92 + 3.02 23.34 + 4.06° 22.29 + 3.44% 20.69 + 4.45° 0.164
Phospholipid (mol %)

14:0 0.52+0.12 0.48 +0.11° 0.62 + 0.12° 0.70 £ 0.15° < 0.001
15:0 0.22 £ 0.05 0.27 + 0.04°¢ 0.32 +0.04° 0.31+0.07° 0.013
16:0 27.65+0.93 28.88 +1.12°¢ 28.27 +0.73° 28.84 +0.8° 0.024
16:1n7 0.82 +£0.22 0.62 + 0128 0.84 + 0.16° 1.01+0.20° < 0.001
17:0 0.34 £ 0.05 042 +0.03 0.41+0.05 0.41+0.05 0.945
Phytanic 0.25+0.10 0.28 £ 0.10 0.27+ 0.1 0.26 £ 0.09 0.409
18:0 13.76 £ 1.06 12.01+1.18 12.48 + 0.90 12.53 £ 0.93 0.181
18:1n9 7.57 + 0.95 730 + 0.86° 8.02 +1.34° 8.40 +1.28° 0.006
18:2n6 22.84+2.74 211+ 1.71° 21.83 + 2.38¢ 20.03 +2.93° 0.013
18:3n3 0.25 +0.07 0.18 + 0.05° 0.23 + 0.05° 0.26 + 0.06° < 0.001
20:2n6 0.31+0.04 0.29 + 0.04°¢ 0.30 + 0.04° 0.33 +0.07° 0.003
20:3n6 3.25+ 049 2.53 +0.608 3.33+0.62° 3.85 + 0.64° < 0.001
20:4n6 12.38 +1.98 14.86 +1.34° 12.82 £1.61° 1211 +£1.471° < 0.001
20:5n3 0.65 +0.23 0.59 + 0178 0.67 +0.21° 0.79 +0.21° < 0.001
22:0 0.29 + 0.06 0.29+0.04 0.30 £ 0.06 0.30+0.18 0.967
22:4n6 0.53+0.10 0.51+0.10 0.53 +0.07 0.56 + 0.09 0.053
22:5n6 0.31+0.06 0.32 +0.06° 0.27 +0.06° 0.30 + 0.06° 0.008
22:5n3 0.82 +0.12 0.70 + 0.14" 0.83+0.14 0.98 + 0.16° < 0.001
24:0 0.24 + 0.05 0.23+0.04 0.25 + 0.06° 0.24+£0.12 0.806
22:6n3 2.22+0.57 2.67 +0.36° 2.04 +0.33° 2.06 + 0.52° < 0.001
24:1 0.31+0.06 0.38 +0.06 0.31+0.05 0.36+0.17 0114
SFA 43.26 + 0.79 42.82 +0.88¢ 42.90 +1.03¢ 43,58 + 0.85° 0.022
MUFA 10.33+0.92 9.99 + 0.63¢ 10.80 +1.16° 11.45 +1.26° 0.001
PUFA 43.82 +1.19 43,91+ 1.00° 4311 +1.38¢ 41,61 + 2.44° 0.001

Values are mean + SD. n = 16. *P value from 3-way (LC, MC, HC) repeated-measures ANOVA. Values not sharing a
common letter (B vs. C vs. D) are different (P < 0.05). MUFA, monounsaturated fatty acid; PUFA, polyunsaturated
fatty acid.
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Figure 6. Carbohydrate restriction uniformly increases PL 20:4n6 while decreasing its immediate biosynthetic
precursor. (A) Biosynthesis of 20:4n6 from 18:2n6. (B) 20:4n6 responses (normalized to baseline values) in PLs. (C)
DGLA responses (normalized to baseline values) in plasma PLs. Circles represent individual participants, the thick
line is the mean and thin lines are 95% Cls. P value from 3-way (LC, MC, HC) repeated-measures ANOVA. Values not
sharing a common letter are different (P < 0.05). All datan = 16.

function of dietary carbohydrate during eucaloric feeding. We previously reported a similar stepwise
increase in plasma 16:1n7 as a function of carbohydrate intake in people with excess weight and MetS,
but in that study, the diets were hypocaloric and associated with a significant loss of body mass and
fat mass (37). Collectively, these results strongly link the proportion of 16:1n7 to dietary carbohydrate
independent of changes in body mass.

Beyond its role as a surrogate for DNL, 16:1n7 in blood or adipose tissue is consistently and strongly
linked to nearly all features of MetS including obesity and hypertriglyceridemia (38), hyperglycemia and
type 2 diabetes (32, 39, 40), heart failure (16, 34), and CVD mortality (15, 19). In men who are not diabetic,
higher proportions of 16:1n7 were significantly associated with worsening of hyperglycemia (41) and devel-
opment of MetS (18, 42). In the Atherosclerosis Risk in Community study, the highest quintile of plasma
PL 16:1n7 was associated with a 67% higher risk of incident heart failure compared with the lowest quintile
(34). In the Physician’s Health Study, a 1 standard deviation increase in plasma 16:1n7 was associated with
a 17% higher odds ratio of congestive heart failure (16). These data point to rising proportions of plasma
16:1n7 as an early indication of carbohydrate intolerance (i.e., more carbohydrate directed toward DNL),
which in turn signals higher risk for MetS and CVD.

The decreased accumulation of plasma SFAs and 16:1n7 after the LC diet was likely mediated in
part by decreased DNL. However, the LC diet also contained significantly higher amounts of palmitic
acid and other SFAs from high-fat foods meaning that in order to explain the lower proportion of circu-
lating SFAs, clearance must have been increased. As expected, the LC diet significantly increased the rate
of whole-body fat oxidation, which clearly includes the preferred use of SFAs for fuel. Thus, the com-
bination of greater fat oxidation and attenuation of hepatic DNL explains why a higher SFA intake is
associated with lower circulating SFAs in the context of LC intake. Despite the presumably lower DNL
and enhanced fat oxidation during the LC diet, liver fat was not significantly decreased. The most likely
explanation is that the combination of dramatically increased fat intake (>300 g/day for some men)
and increased hepatic fatty acid delivery from accelerated adipose tissue lipolysis counterbalanced the
reduced DNL and enhanced fat oxidation. Nevertheless, there was a modest correlation between plasma
TG 16:1n7 and liver fat (Supplemental Figure 2).
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Increased DNL and promotion of atherogenic dyslipidemia in response to an HC load has been demon-
strated in lean men with MetS (43), providing further evidence that MetS is a carbohydrate-intolerant state.
In that study, despite the participants being lean, the HC meals induced an increase in hepatic TG synthesis
that manifested in a rapid increase in serum TG and reduced HDL-C, thereby linking impaired metabolism
of dietary carbohydrate to increased DNL and the atherogenic dyslipidemia of MetS. Consistent with this
response, we show in a prospective manner that restricting carbohydrate decreased a biomarker of DNL
and improved atherogenic dyslipidemia independent of changes in body mass and fat mass.

Similar to our previous study in individuals who were obese with MetS (21), we observed a striking
increase in plasma 20:4n6 and a progressive decrease in DGLA associated with carbohydrate restriction.
Although seemingly counterintuitive, these data are consistent with the view that LC diets decrease pro-
duction of 20:4n6 from 18:2n6. A potential explanation for the higher circulating proportion of 20:4n6 is
better preservation due to less lipid peroxidation. Insulin resistance is associated with increased oxidative
stress and manifests in lower 20:4n6 levels (44), suggesting that increasing carbohydrate load in individuals
with MetS is associated with oxidative stress, lower 20:4n6, and increased polyunsaturated fatty acid anab-
olism. Increased proportions of 20:4n6 and total polyunsaturated and less SFAs in membranes increase
membrane fluidity and correlate with increased insulin sensitivity (44) and decreased inflammation (21,
45). Many of the same studies that reported increased risks for MetS, CVD, and morality associated with
circulating SFAs and 16:1n7 also showed similar associated risks with increased DGLA and low 20:4n6
(13, 15, 34). In fact, the 2 fatty acids that most accurately predict future development of MetS in individuals
who are obese are 16:1n7 and DGLA (42). Overall, the proportions of saturated, monounsaturated, and
polyunsaturated fatty acids observed after the LC diet in this investigation are consistent with a significantly
lower risk of developing diabetes, CVD, and mortality.

One of the questions addressed in this work was whether the response to consuming a diet high in satu-
rated fat, primarily provided in the form of full-fat cheese, was altered by the total dietary carbohydrate-to-fat
ratio. Thus, all the investigational diets contained a relatively high amount of cheese. The results clearly sup-
port a role of the carbohydrate-to-fat ratio as having an impact on the response to high cheese intake. Whether
similar effects would hold true for diets that emphasize different saturated fat-rich foods cannot be determined
from this study, but our past work that included diets with varying saturated fat-containing foods (21, 37) sug-
gests a fundamental role of dietary carbohydrate on the metabolic response to saturated fat intake.

Conclusions

In summary, our results show that MetS can be rapidly (within 4 weeks) reversed by an LC diet in the majority
of participants who are obese even when 1 of the main characteristics of the syndrome, increased waist cir-
cumference/adiposity, is locked out of the equation. Thus, these results likely underestimate the true benefits
of LC diets that are commonly associated with weight loss when fed ad libitum (21, 22, 46). Reversal of the
atherogenic lipoprotein and fatty acid composition phenotypes of MetS was particularly sensitive to carbo-
hydrate restriction and increased fat intake, including decreased circulating SFAs despite higher SFA intake,
suggesting “we are not what we eat.” These findings are consistent with the paradigm that MetS and LC/
high-fat-adapted phenotypes are opposite ends of a continuum that is primarily influenced by increased and
decreased carbohydrate intake (with corresponding changes in fat intake), respectively, in genetically predis-
posed individuals. Overall, this work highlights the importance of the dietary carbohydrate-to-fat ratio as a
control element in MetS expression and points to LC diets as being uniquely therapeutic independent of tradi-
tional concerns about dietary total and saturated fat intakes. Although our findings extend a growing amount
of research exploring LC diets on MetS, it remains unknown whether the improvements in the specific com-
ponent of the syndrome observed here translate into decreased cardiometabolic outcomes. Based on these
results, any long-term diet trials in participants with MetS studying hard outcomes should include LC diets.

Methods

Participant recruitment and screening

Participants were recruited through posted flyers, emails through Listservs, word of mouth, StudySearch,
and by using ResearchMatch through The Ohio State University Center for Clinical and Translational Sci-
ence. Print and email advertisements instructed interested individuals to call the study center, and one of
the key personnel involved in the project described the study and determined preliminary qualifications by
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conducting a scripted phone interview. Participant answers to qualifying criteria questions were recorded
to assess whether or not the person calling met the initial qualifying criteria. If participants met the initial
qualifying criteria, an in-person appointment was scheduled.

Inclusion criteria included men and women 21 to 65 years of age with MetS defined as having 3 or
more of the following characteristics: (a) waist circumference > 102 cm (40 in) in men and 88 c¢cm (35 in)
in women; (b) triglycerides = 150 mg/dL; (c) HDL-C < 40 mg/dL in men, and < 50 mg/dL in women,;
(d) BP = 130/85 mmHg; and (e) fasting glucose = 100 mg/dL (47). Potential participants were excluded
who had high total cholesterol (> 300 mg/dL), diabetes, liver, kidney, or other metabolic or endocrine
dysfunction, gastrointestinal disorders, smoked regularly, had lactose intolerance, consumed excessive
alcohol, or used medications for high cholesterol, diabetes, or infections in the last 3 months.

During the screening meeting, interested participants provided informed consent in accordance with
the Institutional Review Board at The Ohio State University and the Declaration of Helsinki. After consent
was provided, anthropometric measures of height, body mass, waist circumference, and BP were obtained.
Additionally, a venipuncture in the antecubital fossa was conducted in the fasted state. A screening chem-
istry panel including serum lipids and glucose was sent to Quest Diagnostics for analysis. Participants were
also required to complete an MRI screening questionnaire to determine if the participant could safely have
an MRI scan completed. A flowchart of participant recruitment and enrollment can be found in Supple-
mental Figure 2. A total of 16 participants with MetS were enrolled: 7 met 3 out of 5 criteria, 6 met 4 out
of 5 criteria, and 3 met all 5 criteria.

Experimental approach

Information about the sample size and baseline characteristics can be found in the Results section and in
Figure 2. After enrollment, participants completed 3 controlled-feeding periods each lasting 4 weeks with
a 2-week washout period in between diets (Figure 1A). The order of diets was randomized and balanced.
During a 2-week run-in period, participants were fed an MC, standard American diet to determine an
appropriate energy expenditure to maintain body mass. All controlled diets were formulated to consist
of the same total calories to maintain weight stability throughout the entire experimental period. Testing
occurred at baseline and was repeated after each of the controlled diets.

Method details

Controlled feeding and dietary intervention formulation. Specific 7-day rotational menus were developed for
the 3 diet treatments: LC, MC, and HC using typical food items. Each menu was designed using a caloric
intake base of 2,500 kcal and to allow for scaling options for various caloric intakes. Although individu-
al differences in absolute intakes of food occurred, this approach allowed for relative macronutrient and
micronutrient proportions to be constant between participants.

Participants’ caloric needs were preliminarily determined via indirect calorimetry and the Harris-Bene-
dict equation. At the initiation of the run-in diet, participants were fed an MC diet at a caloric intake level
estimated to match energy expenditure. Any changes in body mass were monitored and caloric intake
adjusted accordingly to maintain weight stability. Once body mass stabilized, no further adjustments to
caloric intake were made across the interventions.

All food was prepared and provided to subjects during the experimental period. All food, drinks, and
seasonings were weighed to the nearest 0.1 g and prepared in a metabolic kitchen located at The Ohio
State University. In order to minimize intercompany and interproduct variations, every product utilized
in the trial was maintained throughout the entirety of the study. All food was prepared by baking, boiling,
or sautéing and all juices were collected in order to minimize nutrient loss. Participants were instructed to
eat/drink meals in their entirety, including consumption of any residual oils that may be in the containers.
Adherence was tracked by the receipt of empty food containers. Detailed nutrient composition was com-
pleted a priori via Nutritionist Pro (Axxya Systems) for every meal to ensure accurate macro-/micronutri-
ent composition. Mean nutrient intakes for the diet periods are reported in Supplemental Table 2.

All 3 investigational diets were isocaloric, isonitrogenous, and contained a scalable amount of cheese
(Cheddar and Gouda) that approximated 6 oz/day of full-fat cheese per 2,500 kcal. The MC diet was
created to be comparable to the standard American diet with approximately one-third energy from fat
and half from carbohydrate. It was high in potatoes and a mix of whole and processed grains, with at
least 5 servings of fruits and vegetables every day. For the HC diet, we cut out fat primarily from animal
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products (except cheese) and scaled carbohydrate proportionately with at least 5 servings of fruits and
vegetables per day. For the LC diet, we did the opposite. Because the primary vector for saturated fat was
provided in the form of full-fat cheese products, polyunsaturated fat was relatively low for all diets. The
main sources of polyunsaturated fat came from fatty meats, nuts, and condiments such as mayonnaise.

Metabolic analysis

Substrate oxidation rates, respiratory exchange ratio, and resting energy expenditure were measured
via indirect calorimetry (Parvomedics TrueOne 2400) in the early morning after an overnight fast.
After participants’ arrival and hydration status assessment, they were brought into a dark, quiet, room
(ambient temperature: 20°C-22°C) to relax for 30 minutes. During this time and throughout the dura-
tion of the assessment, participants were supine on an examination table with pillows under their
head and knees to ensure comfort throughout the testing period. Prior to subject assessment, the met-
abolic carts were calibrated with standardized gas and pressure. Participants laid motionless and were
not allowed to talk or fall asleep during the assessment. Both expired volume of carbon dioxide and
inspired oxygen were collected and sampled for a period of 40 minutes. The first 10 minutes of sam-
pling was utilized as a stabilization period to account for any breathing alterations that may occur
at the onset of assessment. As such, the total sampling time for determining substrate oxidation and
resting energy expenditure was 30 minutes.

Venipuncture and blood chemistry

All blood was collected by a trained phlebotomist via venipuncture in the morning after an overnight
fast. All venous blood was collected from the antecubital fossa via 21-g or 23-g butterfly needles (BD
Vacutainer Safety-Lok Blood Collection Set, Becton, Dickinson and Company). Blood was collected
into 10-ml spray-coated K2ZEDTA, sodium heparin, serum, and serum separator tubes (BD Vacutain-
er). Plasma tubes were placed on ice, while serum tubes were allowed to sit at room temperature until
clotted (30—45 minutes). Blood collection tubes were then centrifuged at 1,200 g for 10 minutes. The
serum separator tubes were stored at 4°C until courier service collected daily and were analyzed by
Quest Diagnostics for serum glucose, triglycerides, LDL, and HDL. Remaining serum and plasma was
then aliquoted and snap-frozen in liquid nitrogen. All samples were stored at —80°C and allowed only
1 free-thaw cycle before assay. Serum insulin was determined via ELISA with an average coefficient of
variation of 2.1% (Quantikine, catalog no. DINS00, R&D Systems). Insulin resistance was determined
from fasting glucose and insulin (48).

Body composition and anthropometric analysis

Whole-body composition and bone mineral density analysis was completed using an iDXA (GE
Healthcare). All measurements were conducted by a radiologist certified in this technology. Bone min-
eral density, total lean mass, and fat mass were calculated. All waist circumference measurements were
conducted by a trained researcher in the area between the floating ribs and the iliac crest, as defined
by the WHO (Gulick II, Fitness Mart). Height and fasting body mass were assessed in the laboratory
using a stadiometer and scale (SECA Model 703). BP was determined using a BP cuff (Welch Allyn) by
a trained researcher after participants had been seated quietly, with feet on the floor, for a period of 5
minutes. Two measurements were taken with 2 to 3 minutes between subsequent measures.

MRI-based fat quantification
We assessed visceral adipose tissue (VAT) mass and liver organ fat fraction by MRI using a 3-Tesla system
(MAGNETOM, Tim Trio, Siemens Healthcare). The abdomen, including the entire liver, was scanned
during a single breath hold with a slice thickness of 5 mm. Fat percentage and water percentage image
maps were generated automatically using the variable projection (VARPRO) fat separation technique (49).
The resulting digital imaging and communications in medicine images were processed using semiauto-
mated, custom-built software to segment VAT and subcutaneous adipose tissue (SAT) compartments and
calculate the volume and mass of fat within the abdominal VAT and SAT depots.

Hepatic fat percentage was quantified using the same VARPRO image data used for VAT measure-
ments. This technique provides an accurate and objective measurement of tissue fat composition on a
pixel-by-pixel basis. Using the fat percentage maps automatically generated by the VARPRO technique,
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fat fraction was measured in regions of interest manually placed in each of the 9 standard anatomical liver
segments (50). The regions of interest were drawn to avoid veins and visible image artifacts. Three mea-
surements were taken within each segment (in 3 different slice planes) for a total of 27 measurements. The
hepatic fat fraction (%) was expressed as the average fat fraction across all 9 liver segments.

Plasma fatty acid profiling of PL and TG

Plasma samples were extracted with mixtures of chloroform and methanol and extracted by standard
methods of Bligh and Dyer (51). Prior to extraction, 100 ug phosphatidyl choline and triglyceride con-
taining 17:0 (heptadecanoic acid) acyl chains was added as an internal standard. Resulting lipid extracts
were dried under a steady stream of nitrogen. Dried lipid extracts were reconstituted in 100 pL chloro-
form and spotted on silica gel thin layer chromatography plates and developed in hexane/diethyl ether/
glacial acetic acid (80:20:1). Resulting lipid bands were visualized with 5% dichlorofluorescein (Sig-
ma-Aldrich) with ultraviolet light. The bands corresponding to total polar lipids (phospholipids) and
triglycerides were scraped into a 16- X 100-mm screw-top Pyrex test tube. The lipid classes were then
transesterified with 2% sulfuric acid in methanol in a hot water bath at 75°C. The resulting fatty acid
methyl esters were then extracted with the addition of water and petroleum ether. The fatty acid methyl
esters were then analyzed with a Shimadzu 2010 gas chromatograph (Shimadzu Corporation) utilizing
a FAMEWAX capillary column (Restek) and flame ionization detector. Relative amounts of fatty acids
in each lipid class were determined with internal standards and fatty acids from 12 to 24 carbons were
quantified. Fatty acid data are expressed as both weight and molar percent composition.

Plasma lipoprotein particle analysis

Particle concentrations of VLDL, intermediate-density lipoprotein (IDL), LDL, and HDL subfrac-
tions were analyzed in specific particle-size intervals using ion mobility, which uniquely allows for
direct particle quantification as a function of particle diameter (52) following a procedure to remove
other plasma proteins (53). The ion mobility instrument utilizes an electrospray to create an aerosol
of particles, which then pass through a differential mobility analyzer coupled to a particle counter.
Particle concentrations (nmol/1) are determined for subfractions defined by the following size intervals
(nm): VLDL: large (42.40-54.70), medium (33.50-42.39), small (29.60-33.49); IDL: large (25.00—
29.59), small (23.33-24.99); LDL: large (22.0-23.32), medium (21.41-21.99), small (20.82-21.40),
very small (18.0-20.81); HDL: large (10.50-14.50) and small (7.65-10.49). Peak LDL diameter (nm)
is determined as described by Caulfield et al. (52). Interassay variation was reduced by inclusion of 2
in-house controls in each preparatory process and triplicate analysis. CV < 15% for each subfraction
measurement was maintained throughout.

Statistics

A repeated-measures ANOVA was performed to test for differences in the various outcome variables after
the 3 diet periods (i.e., LC, MC, and HC). In a few cases, data that did not have a normal distribution was
log transformed. Main effects were evaluated by Fisher’s least significant difference post hoc testing. A sig-
nificance level of P < 0.05 was chosen. Statistical analyses were performed using Statistica.
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