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ABSTRACT

Background

Carbohydrate restriction shows promise for diabetes, but concerns regarding high saturated fat content of low-

carbohydrate diets limit widespread adoption.

Objectives

This preplanned ancillary study aimed to determine how diets varying widely in carbohydrate and saturated fat

affect cardiovascular disease (CVD) risk factors during weight-loss maintenance.

Methods

After 10-14% weight loss on a run-in diet, 164 participants (70% female; BMI = 32.4 + 4.8 kg/m?) were
randomly assigned to 3 weight-loss maintenance diets for 20 wk. The prepared diets contained 20% protein and

differed 3-fold in carbohydrate (Carb) and saturated fat as a proportion of energy (Low-Carb: 20%


https://pmc.ncbi.nlm.nih.gov/about/disclaimer/
https://pmc.ncbi.nlm.nih.gov/about/copyright/
https://doi.org/10.1093/ajcn/nqab287
https://doi.org/10.1093/ajcn/nqab287
https://pubmed.ncbi.nlm.nih.gov/?term=%22Ebbeling%20CB%22[Author]
https://pubmed.ncbi.nlm.nih.gov/?term=%22Knapp%20A%22[Author]
https://pubmed.ncbi.nlm.nih.gov/?term=%22Johnson%20A%22[Author]
https://pubmed.ncbi.nlm.nih.gov/?term=%22Wong%20JMW%22[Author]
https://pubmed.ncbi.nlm.nih.gov/?term=%22Greco%20KF%22[Author]
https://pubmed.ncbi.nlm.nih.gov/?term=%22Ma%20C%22[Author]
https://pubmed.ncbi.nlm.nih.gov/?term=%22Mora%20S%22[Author]
https://pubmed.ncbi.nlm.nih.gov/?term=%22Ludwig%20DS%22[Author]
https://pubmed.ncbi.nlm.nih.gov/34582545/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8755017/

carbohydrate, 21% saturated fat; Moderate-Carb: 40%, 14%; High-Carb: 60%, 7%). Fasting plasma samples
were collected prerandomization and at 20 wk. Lipoprotein insulin resistance (LPIR) score was calculated from
triglyceride-rich, high-density, and low-density lipoprotein particle (TRL-B HDL-B LDL-P) sizes and subfraction
concentrations (large/very large TRL-B large HDL-B small LDL-P). Other outcomes included lipoprotein(a),
triglycerides, HDL cholesterol, LDL cholesterol, adiponectin, and inflammatory markers. Repeated measures

ANOVA was used for intention-to-treat analysis.

Results

Retention was 90%. Mean change in LPIR (scale 0-100) differed by diet in a dose-dependent fashion: Low-Carb
(-5.3; 95% CI: -9.2, -1.5), Moderate-Carb (-0.02; 95% CI: —-4.1, 4.1), High-Carb (3.6; 95% CI: -0.6, 7.7),

P = 0.009. Low-Carb also favorably affected lipoprotein(a) [-14.7% (95% CI: -19.5, -9.5), -2.1 (95% CI: -8.2,
4.3), and 0.2 (95% CI: -6.0, 6.8), respectively; P = 0.0005], triglycerides, HDL cholesterol, large/very large
TRL-B large HDL-B and adiponectin. LDL cholesterol, LDL-B and inflammatory markers did not differ by diet.

Conclusions

A low-carbohydrate diet, high in saturated fat, improved insulin-resistant dyslipoproteinemia and lipoprotein(a),
without adverse effect on LDL cholesterol. Carbohydrate restriction might lower CVD risk independently of body
weight, a possibility that warrants study in major multicentered trials powered on hard outcomes. The registry is
available through ClinicialTrials.gov: https://clinicaltrials.gov/ct2/show/NCT02068885.

Keywords: low-carbohydrate diet, saturated fat, cardiovascular disease risk factors, obesity, macronutrients,

dietary trial

Introduction

For nearly a half century, advice to reduce saturated fat intake has been a major focus of dietary guidelines for
public health and medical nutrition therapy (1). This advice is based in part on evidence from clinical trials
showing that saturated fat increases plasma LDL cholesterol (2), a major risk factor for cardiovascular disease
(CVD). Replacing saturated with unsaturated fat lowers LDL cholesterol in trials and reduces risk of

cardiovascular and total mortality in cohort studies (3).

Conversely, when saturated fat is replaced by carbohydrate, particularly from processed sources (4), reducing
intake does not decrease risk (3) and can have adverse effects on components of the metabolic syndrome,
including high triglycerides, low HDL cholesterol, and other risk factors related to insulin resistance (5, 6). Low-
carbohydrate diets, with saturated fat content far exceeding current guidelines, have become popular for
diabetes management (7) based on preliminary evidence of efficacy (8, 9), albeit with concern for the potential
of saturated fat to raise LDL cholesterol and consequently CVD risk. However, LDL cholesterol does not capture

potentially important diet effects on CVD risk from insulin-resistant dyslipoproteinemia (10). Indeed, there is
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broad consensus regarding the need to assess multiple biomarkers beyond LDL cholesterol to clarify the relation
between diet and CVD (11).

The aim of this study was to compare the effects on novel and conventional CVD risk factors of low-, moderate-,
and high-carbohydrate diets varying in saturated fat content in a manner reflective of how these diets are
typically consumed. We hypothesized that the low-carbohydrate diet would improve lipoprotein insulin
resistance (LPIR) score, a metabolic marker that captures incipient effects of insulin resistance on lipoprotein
metabolism and has been robustly associated with incident type 2 diabetes and premature coronary heart
disease (10, 12-15). To enhance dietary adherence, we provided participants with fully prepared meals

throughout the study.

Methods

Parent study

The Framingham State Food Study was a randomized controlled feeding trial conducted from August 2014 to
May 2017, with the primary aim of examining macronutrient effects on energy metabolism (16, 17). Briefly, the
study comprised Run-In and Test phases (Figure 1). During the Run-In phase, we restricted energy intake to
promote 12 * 2% weight loss over 9-10 wk and randomly assigned participants who achieved the target
weight loss to low-, moderate-, and high-carbohydrate Test diets (Low-Carb, Moderate-Carb, High-Carb). The

method for random assignment is presented in Supplemental Methods. During the 20-wk Test phase, we

adjusted energy intake to maintain weight within =2 kg of that achieved after weight loss and immediately
prior to randomization. A partnership with Sodexo, the food service contractor at Framingham State University,
was established for implementing the feeding protocol on campus (17). The institutional review board at Boston
Children's Hospital approved the study protocol. Participants provided written informed consent. The protocol

history is presented in the Supplemental Material. Results for the primary outcome were previously reported,

that total energy expenditure was higher (~200 kcal/d) on the low- compared with high-carbohydrate diet
(18).



FIGURE 1.

Run-In Phase Test Phase
Weight Loss Weight-Loss Maintenance
Weight
Stabilization

Randomizationto Diet Group

Y
High-Carb
| Run-in Diet Moderate-Carb
Low-Carb
Fre-
Weight Loss 1Al ENU
L i L | | | L
| | I | | | | I I |
-16 -12 -8 -4 0 4 8 12 16 20
WEEKS
— Qutcomes Assessment Window
Openinanew tab
Study design.

We utilized the infrastructure of this trial to conduct a preplanned ancillary study focused on clinically relevant

CVD risk factors. All individual outcomes were prespecified except lipoprotein(a) [Lp(a)], which was measured

after review of initial data. The composite LPIR score was calculated from prespecified outcomes. We analyzed

blood samples collected following an overnight fast at the following time points: pre-weight-loss (PRE), start of

the trial (START, post-weight-loss, prerandomization), and end of the Test phase (END).

Participants
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We enrolled adults aged 18 to 65 y with BMI =25 kg/m?, excluding those with known CVD or diabetes.

Additional eligibility criteria are listed in Supplemental Table 1. At the time of enrollment, we collected

demographic information including sex, date of birth, race (white, black, Asian, multiple, or other), and ethnic

group (Hispanic or non-Hispanic).

Diets

The hypocaloric Run-In diet contained 45% of total energy from carbohydrate, 35% from fat, and 25% from
protein. The Test diets, with protein controlled at 20% of total energy, were designed to vary in proportions of
carbohydrate and fat by 3-fold (Low-Carb: 20%, 60%; Moderate-Carb: 40%, 40%; High-Carb: 60%, 20%).
Saturated fat comprised 35% of total fat for each diet, also with a 3-fold difference across diets when expressed
as a proportion of total energy (21%, 14%, 7%, respectively). Monounsaturated fat was 25%, 16%, and 8%, and
polyunsaturated fat was 11%, 9%, and 5% as a proportion of total energy. Daily dietary fiber was 25, 30, and

35 g/2000 kcal, respectively, with added sugar relative to total carbohydrate controlled at 15% across diets.
Glycemic load was 28, 80, and 135 g/2000 kcal, respectively. Additional details regarding dietary interventions

are presented in the Supplemental Material, including nutrient profiles and sample menus for the Test diets in

Supplemental Tables 2 and 3.

Outcomes

Research personnel assessing outcomes for this report were blinded to random group assignment. Lipoprotein
particle subfractions were measured by proton NMR spectroscopy using the LipoProfile-4 algorithm (LabCorp,
Inc.) (19). Outcomes included mean particle diameters [triglyceride-rich lipoprotein particles (TRL-P), high-
density lipoprotein particles (HDL-P), low-density lipoprotein particles (LDL-P)] and subclass particle
concentrations (sum of large and very large TRL-B large HDL-B small LDL-B large LDL-P). The LIPR test is
calculated from 6 component metabolic markers of insulin-resistant dyslipoproteinemia, including particle
diameters (TRL-B HDL-B LDL-P) and concentrations (sum of large and very large TRL-B large HDL-B small LDL-
P) (10, 15). This score is more strongly related to insulin resistance than each of the individual components (15,
20) and has been associated with incident type 2 diabetes mellitus (10, 12, 20) and coronary heart disease (13).
We obtained NMR-derived plasma concentrations of triglycerides, HDL cholesterol, and LDL cholesterol, and also
measured serum concentrations by direct enzymatic assays (Roche Diagnostics) using samples from the same
blood draw. Correlations between the 2 methods exceeded r = 0.9 (P < 0.001) for all variables. Lp(a) was
measured by turbidimetric assay insensitive to the number of kringle IV type-2 repeats (Roche Diagnostics) (21).
We measured serum high-sensitivity C-reactive protein (hsCRP) using an immunoturbidimetric assay (Roche
Diagnostics) and IL-6 using an ultrasensitive ELISA (R&D Systems). We measured total and high molecular
weight (HMW) adiponectin using an ELISA (R&D Systems). We measured resting blood pressure 3 times by

auscultation, averaging the second 2 measurements for analysis.

Statistical analyses

Patient characteristics at PRE and study outcomes at each time point were summarized with descriptive statistics

(mean and SD for continuous variables, median and IQR for skewed continuous variables, count and percentage



for categorical variables). An unadjusted repeated-measures ANOVA was used to evaluate change in LPIR from
START to END in the intention-to-treat sample. Secondary outcomes were analyzed using the same model. A

post hoc power analysis and rationale for fitting unadjusted models are presented in the Supplemental Methods.

A partial F test was used to assess overall significance of diet in the model, and t tests were used to assess
changes within each arm. Post hoc pairwise comparison between Low-Carb and High-Carb was equivalent to a
test for linear trend across the 3 diets, recognizing equal increments in carbohydrate content across the 3 diets.
Skewed variables were log- or log-plus-one-transformed for analysis. Least squares means and SEs were back-
transformed to the original units for reporting. Studentized residual plots and Cook's distance were used to
identify outliers and influential observations with potential to impact the validity of results. Pearson correlation
coefficients (or Spearman coefficients for skewed variables) were calculated using PRE data to construct a
correlation matrix of LPIR, components of LPIR, TRL triglycerides, total triglycerides, HDL cholesterol, and apoA-
I (derived from NMR data). Two-sided P values <0.05 were considered statistically significant. Statistical

analyses were performed using SAS version 9.4 (SAS Institute Inc.).

Patient and public involvement

No patients were involved in setting the research question or the outcome measures, nor were they involved in
developing plans for design or implementation of the study. Study participants received a written summary of

their clinically relevant results.

Results

Participants

Figure 2 depicts the flow of participants through the trial, and Table 1 lists participant characteristics at PRE.
Retention rate was 90%, with 148 participants completing the study and 147 included in the analysis [after a
priori exclusion of 1 participant who developed hypothyroidism (16)]. Weight loss during the Run-In phase
(mean = SD) was 10.5% = 1.7% for 164 participants randomly assigned to a diet group (and, similarly, 10.5%
+ 1.6% for n = 147 completers). Mean change in body weight for the full cohort from START to END was —
0.55 kg (-4 g/d), with no difference between diet groups (P = 0.79). Details of adverse events, which did not
differ by diet group, are included in Supplemental Table 4.




FIGURE 2.

1685 Screened by Telephone

512 Attended Informational Visit

1173 Excluded
1020 Did not meet eligibility criteria
254 BMI
135 Major iliness
288 MNMedication
50 Age
31 Change in body weight
58 Smoking
29 \acationplans
24 Unwilling to comply with study
protocols
131 Other
61 Declined
92 No longer interested

382 Provided Screening Consent

130 Excluded
58 Did not meet eligibility criteria
12 BMI
13 Majorillness
16 Medication
17 Cther
42 Declined

30 Mo longer interested

234 Provided Informed Consent

148 Excluded

123 Did not meet eligibility criteria
18 Major iliness
13 Medication
28 Labwvalue
37 Mo response from PCP
27 Other

16 Declined

8 Mo longer interested

Allocation

66 Withdrew
7 Medical reasons
59 Unable to comply with study protocols
4 Lostto Follow-up

164 Randomly Assigned Following Weight Loss

57 Assigned to Low-Carb 53 Assigned to Moderate-Carb 54 Assigned to High-Carb
| | ] |
3 Withdrew 5 Withdrew 8 Withdrew
2 Unable to comply with 1 Medical reason 1 Medical reason
& study protocols 4 Unable to comply with 3 Unable to comply with
E 1 Mew job study protocols study protocols
. 4 MNew job
- |
| 54 Provided END data || 48Provided END data [ | 46 Provided END data
|
- 1 Mot included in analysis
w Developed hypothyroidism

53 Included in analysis

48 Included in analysis 486

Included in analysis

Openinanew tab



https://pmc.ncbi.nlm.nih.gov/articles/PMC8755039/figure/fig2/
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=8755039_nqab287fig2.jpg

Participant flow. PCB primary care practitioner.



TABLE 1.

Pre-weight-loss characteristics of study participants in the Framingham State Food Study!

Characteristic All randomized (n = 164) Completer33 (n = 147)
Sex
Male 49 (29.9) 45 (30.6)
Female 115 (70.1) 102 (69.4)
Ethnic group
Hispanic 25 (15.2) 21 (14.3)
Non-Hispanic 139 (84.8) 126 (85.7)
Racial group
White 128 (78.0) 115 (78.2)
Black 17 (10.4) 16 (10.9)
Asian 5 (3.0) 5(3.4)
Unknown/other 14 (8.5) 11 (7.5)
Age at first visit, y 35.0 (23.6-50.1) 35.7 (24.0-51.2)
Weight, kg 91.5 = 18.2 91.3 = 18.3
Height, cm 167.7 = 10.0 167.9 = 10.1
BMI, kg/m? 324 + 4.8 32.2 + 4.8
BMI category
Overweight (=25 to <30) 65 (39.6) 63 (42.9)
Obesity (23[)) 99 (60.4) 84 (57.1)
Body fat (% total mass) 40.9 + 6.2 40.7 = 6.4
Blood pressure, mmHg
Systolic 123.3 = 10.5 123.7 = 10.7
Diastolic 76.5 = 7.3 76.6 = 7.4
Blood lipids
Triglycerides, mg/dL 112.0 (81.0-156.0)
Total cholesterol, mg/dL 166.4 = 34.3
HDL-C, mg/dL 51.1 + 11.7
Non-HDL-C, mg/dL 115.3 = 32.6
LDL-C, mg/dL 92.2 = 259



Characteristic All randomized (n = 164) Completers? (n = 147)

Lipoprotein(a),2 mg/dL 10.7 (5.9-34.0)

Openinanew tab

IFor categorical variables, values are frequency (%). For continuous variables, values are mean + SD
if normally distributed and median (IQR) if skewed. HDL-C, HDL cholesterol; LDL-C, LDL cholesterol.
2Among the completers (n = 148), 1 participant developed hypothyroidism and was an a priori

exclusion from analyses of all outcome variables in this report.
3Lipoprotein(a) was missing for 1 participant at pre-weight-loss.

Outcomes

Supplemental Table 5 shows descriptive data at PRE and START for study outcomes, and Table 2 presents
changes from START to END. Figure 3 depicts percentage change from START to END for LPIR, Lp(a), and LDL

cholesterol; and Supplemental Figure 1 depicts individual participant data for these variables.
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TABLE 2.

Changes in outcome variables by diet group during the Test phase of the Framingham State Food

Study!
Change (END — START) by diet group Linear trend across
diet groups
Variable Low-Carb Moderate-Carb High-Carb P Low-Carb — P
(n = 53) (n = 48) (n = 46) value? High-Carb value2
Composite score
LPIR -5.3(-9.2,- -0.02 (-4.1, 3.6 (-0.6, 0.009 -8.9 (-14.6, 0.002
1.5) 4.1) 7.7) -3.2)
Particle sizes
TRL-B nm 0.15 (-1.63, 1.52 (-0.35, 2.63 (0.72, 0.17 -2.49 (- 0.06
1.92) 3.39) 4.54) 5.09, 0.12)
HDL-B nm 0.09 (0.03, 0.03 (-0.03, 0.05 (-0.02, 0.34 0.05 (-0.04, 0.29
0.15) 0.10) 0.11) 0.13)
LDL-P nm 0.06 (-0.05, 0.16 (0.04, -0.01 (-0.14, 0.14  0.08 (-0.09, 0.38
0.18) 0.28) 0.11) 0.25)
Particle
concentrations
Large/very large  -9.5 (-24.0, 10.9 (-7.6, 38.5 (14.9, 0.01 -34.7 (- 0.001
TRL-P% % 7.7) 33.2) 67.0) 49.4, -15.6)
Large HDL-B 0.71 (0.48, 0.36 (0.11, 0.32 (0.07, 0.045 0.39(0.04, 0.03
pmol/L 0.95) 0.60) 0.58) 0.73)
Small LDL-B -193.9 (- -221.7 (- -107.5 (- 0.27 -86.4 (- 0.23
pmol/L 289.2,-98.0) 322.5,-120.9) 210.4,-4.5) 227.2, 54.3)
Large LDL-B 55.3 (9.3, 54.6 (6.4, -1.1 (-50.4, 0.18 56.4 (-11.0, 0.10
pmol/L 101.3) 102.9) 48.2) 123.8)
Lipoprotein(a),®> -14.7 (-19.6, -2.1 (-8.2,4.3) 0.2 (-6.0, 0.0005 -14.9 (- 0.0004
% -9.5) 6.8) 22.0,-7.1)
Blood lipids
Triglycerides,2 % -9.2 (-15.6,— 1.9 (-5.6, 10.0) 7.6 (0.5, 0.006 -15.7 (- 0.002
2.4) 16.3) 24.2,-6.2)
Total cholesterol, 16.1 (11.5, 18.5 (13.6, 16.2 (11.2, 0.73 -0.1 (-6.8, 0.99
mg/dL 20.7) 23.3) 21.1) 6.7)



Change (END — START) by diet group Linear trend across
diet groups

Variable Low-Carb Moderate-Carb High-Carb p Low-Carb — P
(n = 53) (n = 48) (n = 46) value? High-Carb value2
HDL-C, mg/dL 9.8 (8.0, 7.4(5.6,9.3) 6.7(4.8,8.5) 0.04 3.1 (0.5, 0.02
11.5) 5.7)

Non-HDL-C, 6.3 (1.8, 11.0 (6.3, 9.5 (4.6, 0.35 -3.2(-9.8, 0.35
mg/dL 10.9) 15.8) 14.4) 3.5)

LDL-C, mg/dL 10.0 (6.3, 11.7 (7.8, 8.2 (4.2, 0.47 1.8 (-3.7, 0.52

13.7) 15.7) 12.2) 7.3)
Adiponectin
Total,% % 33.6 (24.9, 17.4 (9.4, 23.0 (14.5, 0.03 8.6 (1.6, 0.10
42.9) 26.0) 32.3) 19.9)

High molecular 42.9 (33.3, 27.6 (18.6, 27.8 (18.7, 0.04 11.8 (1.0, 0.03
weight,? % 53.1) 37.2) 37.7) 23.7)
Inflammatory
mediators

hsCRB© % -9.9 (-24.2, -20.6(-33.8,- -1.7 (-18.6, 0.27 -8.4 (-29.0, 0.50

7.1) 4.8) 18.6) 18.3)
IL-6,% % -23.6 (-35.4, -20.1 (-33.0,- -18.3 (-31.8, 0.86 -6.5 (-26.9, 0.59
-9.6) 4.7) -2.2) 19.7)
Blood pressure,
mmHg
SystolicZ -1.5 (-4.4, 0.0 (-3.1,3.1) 1.8 (-1.3, 0.33 -3.3(-7.7, 0.13
1.5) 5.0) 1.0)
DiastolicZ 2.2 (-0.4, 1.4 (-1.3,4.1) 2.2 (-0.6, 0.89 0.03 (-3.8, 0.99
4.8) 5.0) 3.8)

Openinanew tab

IMeans (95% CI) were constructed and compared using unadjusted repeated measures ANOVA. HDL-
C, HDL cholesterol; HDL-B high-density lipoprotein particle; hsCRE high-sensitivity C-reactive protein;
LDL-C, LDL cholesterol; LPIR, lipoprotein insulin resistance; LDL-B low-density lipoprotein particle;
TRL-B triglyceride-rich lipoprotein particle.

2A partial F test was used to assess overall significance of diet in the repeated measures model.
3Pairwise comparison between Low-Carb and High-Carb was equivalent to a test for linear trend across
the 3 diets, recognizing equal increments in carbohydrate content across the 3 diets.

“Skewed variables were log- or log-plus-one-transformed for analysis. For reporting, the least squares

mean and 95% CIs from the model were retransformed to the original units as (exp(log estimate)) for
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log transformations or (exp(log estimate) — 1) for log-plus-one transformations. Changes are
expressed in percentage units [100% X (exp(change in log) — 1)].

Because data were missing for 2 participants in Moderate-Carb, the lipoprotein(a) analyses included
n = 46 for this group. Values were below the assay detection limit of 6.0 mg/dL forn = 38 at
START (17 in Low-Carb, 7 in Moderate-Carb, 14 in High-Carb) and n = 45 at END (22 in Low-Carb,
10 in Moderate-Carb, 13 in High-Carb). We assigned values of 5.9 mg/dL. Consistent results were
obtained when these data points were removed in a sensitivity analysis.

Four influential data points (1 in Low-Carb, 1 in Moderate-Carb, 2 in High-Carb) were not included in
the analysis of hsCRP.

"Blood pressure data were missing for 2 participants (1 in Low-Carb, 1 in High-Carb).
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Change in LPIR, Lp(a), and LDL-C by diet group in the Framingham State Food Study. LDL-C increased
in all groups, without difference by group, potentially reflecting adaptation to increased energy intake
in the Test phase. The sample included n = 53 in Low-Carb, n = 48 in Moderate-Carb, and n = 46
in High-Carb. Because data were missing for 2 participants in Moderate-Carb, the Lp(a) analysis
included n = 46 for this group. Means were constructed and compared using unadjusted repeated
measures ANOVA. A partial F test was used to assess overall significance of diet in the repeated
measures model. Lp(a) was log-transformed for analysis. For visualization, percentage change (mean
with SE) was calculated from data in Table 2 and Supplemental Table 5. LDL-C, LDL cholesterol;
Lp(a), lipoprotein(a); LPIR, lipoprotein insulin resistance.

At PRE, LPIR had strong correlations with its 6 constituent components, and strong to moderate correlations
with other lipid variables related to insulin resistance (Supplemental Table 6). Change in LPIR differed by diet
group (P = 0.009), with a decrease in Low-Carb (-5.3; 95% CI: -9.2, -1.5; P = 0.007), no change in
Moderate-Carb (-0.02; 95% CI: —4.1, 4.1; P = 0.99), and a nonsignificant increase in High-Carb (3.6; 95% CI:
-0.6, 7.7; P = 0.09). The components of the score that contributed most notably to the difference between
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Low-Carb and High-Carb were sum of large and very large TRL-P (lower for Low-Carb, P = 0.001) and large
HDL-P (higher for Low-Carb, P = 0.03) concentrations. Other components of the score (TRL-B HDL-B and LDL-

P sizes; small LDL-P concentration) and large LDL-P concentration did not differ individually by diet group.

Percentage change in Lp(a) differed by diet group (P = 0.0005), with a decrease in Low-Carb (-14.7; 95% CI:
-19.6,-9.5; P < 0.0001) and no change in Moderate-Carb (-2.1; 95% CI: -8.2, 4.3; P = 0.51) and High-Carb
(0.2; 95% CI: -6.0, 6.8; P = 0.96). Changes in triglycerides (P = 0.002) and HDL cholesterol (P = 0.02)
favored Low-Carb compared with High-Carb. LDL cholesterol increased in all groups—potentially reflecting
adaptation to increased energy intake in the Test phase—without difference by group. Changes in adiponectin
(total, P = 0.03; HMW, P = 0.04) differed by diet group, and the pairwise comparison for HMW adiponectin
favored Low-Carb (Table 2). Measures of chronic inflammation (hsCRB IL-6) and blood pressure did not differ

by group.

Discussion

Carbohydrate restriction shows promise for the treatment of diabetes and other prevalent chronic diet-related
diseases (22). However, low-carbohydrate diets are characteristically high in saturated fat, raising concern for
adverse effects. In the United States and Europe, saturated fat intake is strongly associated with LDL cholesterol
and with cardiovascular morbidity and total mortality (3). Nevertheless, these observational findings derive from
populations with relatively high intakes of carbohydrate. For example, in a 2-cohort study of mortality beginning
in the 1980s, mean dietary carbohydrate as a proportion of energy intake ranged from 54% for women and 56%
for men in the lowest quintile of saturated fat consumption, to 35% for women and 41% for men in the highest
quintile (23). For this reason, experimental evidence is needed regarding how low-carbohydrate diets with high

saturated fat content affect CVD risk factors.

In this feeding trial, we found that carbohydrate restriction had dose-dependent benefits for insulin-resistant
dyslipoproteinemia, without adverse effects on total cholesterol, LDL cholesterol, LDL-P size, measures of
chronic inflammation, or blood pressure. The low-carbohydrate diet also increased adiponectin, an adipocyte
hormone that promotes insulin sensitivity and protects against atherogenesis (24). In addition, we found a
potentially novel dietary effect on Lp(a), a major independent and causal risk factor for atherosclerosis (25). A
recent review of trials ranging from 3 to 8 wk reported that “diet modestly affects Lp(a) and often in the
opposing direction to LDL-C” (26), consistent with findings from the Delta Study in 1998 (27). Nevertheless, the
prevailing view, as exemplified by a Scientific Statement from the National Lipid Association, holds that
“Lifestyle therapy, including diet and physical exercise, has no significant effect on Lp(a) concentrations,”
motivating the search for new pharmacological options (25). Lacking recognized treatment options, this

important risk factor might not be consistently monitored in the clinical setting.

These findings suggests that a dietary strategy focused on carbohydrate restriction might not raise, and could
potentially lower, CVD risk. To the extent that a low-carbohydrate diet results in greater weight loss, overall
magnitude of CVD risk reduction could be greater than suggested here. These results are broadly consistent with
small feeding trials and behavioral studies that report improvements in multiple cardiometabolic outcomes on

low-carbohydrate diets, including triglycerides, HDL cholesterol, glycemia, blood pressure, liver fat, and body



weight (28-31). Effects on these risk factors could mediate, to some degree, the associations between glycemic

load and risk of CVD events and mortality observed in a recent 20-country study (32).

In contrast to our findings, some (33, 34) but not all (35) meta-analyses of clinical trials report higher LDL
cholesterol on low-carbohydrate diets—heterogeneity that could relate to dietary composition, participant
characteristics, study duration, or other design issues. In the DIETFITS trial (36), involving 609 participants
assigned to a “healthy low-carbohydrate” or “healthy low-fat” diet (both with an emphasis on reducing intake of
processed carbohydrates), LDL cholesterol increased by 5.7 mg/dL in the low-carbohydrate group over 12 mo.
Interestingly, the association between change in saturated fat intake and LDL cholesterol was significant in the
low-fat but not the low-carbohydrate group. Even so, cases of severe LDL cholesterol elevation have been
reported on low-carbohydrate diets (37), characteristically involving individuals with genetic predisposition,
those who consumed a more restrictive diet than was used in our study, or those who had recently experienced

rapid weight loss (a cause of transient hypercholesterolemia (38).

Excluding these extreme examples, other effects of a low-carbohydrate diet might attenuate or counterbalance
any risk associated with the moderate LDL cholesterol elevation that can occur in some individuals. Even at
higher LDL cholesterol concentrations, lipid markers of insulin sensitivity, such as low triglycerides and high HDL
cholesterol, are associated with relatively low CVD risk (39-41). In a prospective cohort study, insulin-resistant
dyslipoproteinemia compared with LDL cholesterol was a stronger biomarker risk factor for early-onset coronary
heart disease in women (13). According to a modeling study, insulin resistance compared with LDL cholesterol
could account for a greater proportion of coronary artery disease risk in adults aged 20-30 y (42) (reflecting a
range included in our trial). Moreover, in the pharmacological management of risk factors, drugs for elevated
LDL cholesterol (were it to occur on a low-carbohydrate diet) are generally more effective and better tolerated
than drugs for metabolic syndrome components (were they to occur on a high-carbohydrate diet). A
Mediterranean-style low-carbohydrate diet, with an emphasis on unsaturated fats, provides a
nonpharmacological option to target both insulin-resistant dyslipoproteinemia and elevated LDL cholesterol
(43).

Our study could also have special public health relevance during the Coronavirus Disease 2019 (COVID-19)
pandemic. Obesity is among the most important risk factors for disease susceptibility and severity (44-46),
perhaps second only to advanced age. Insulin resistance might mediate this relation, in part, through effects on
numerous metabolic, immunological, and inflammatory pathways (47, 48). Thus, carbohydrate restriction could
play an ancillary role, in addition to vaccination, in promoting metabolic health and resistance to COVID-19

morbidity and mortality.

Strengths of this trial include use of a feeding protocol to enhance dietary adherence and differentiation between
groups; inclusion of diets differing substantially in carbohydrate, but without extreme restriction of any
macronutrient, potentially enhancing clinical practicality; high participant retention rate, reducing bias from
missing data; large sample size for a feeding study, providing comparatively strong power; long duration,
exceeding the time thought necessary to reach a steady state for LDL cholesterol following weight loss (38); and
control for dietary protein and body weight. Another notable design feature was a run-in phase designed to
achieve a clinically relevant, but not unrealistic, amount of weight loss, considering that weight reduction is the

first-line approach for CVD risk reduction in individuals with overweight or obesity.



The main limitation is generalizability. Our cohort comprised young to middle-aged, relatively healthy adults
with low LDL cholesterol. We do not know how our findings would apply to other populations, especially older,
higher-risk groups, or individuals consuming more restrictive diets (e.g., a ketogenic diet, with

carbohydrate <10% of total energy). Furthermore, even within the macronutrient targets in our study, diets can
differ in myriad ways, such as the ratio of saturated to unsaturated fatty acids, amounts of MUFAs and PUFAs,
fiber type and amount, food processing, glycemic index, and micronutrient content. Therefore, the effects
observed here might not occur on all diets with similar macronutrients. However, we aimed to employ healthful,
palatable, and pragmatic representations of each diet type, with relevance to clinical translation. Another
limitation is risk of false discovery. However, for the key findings involving LPIR and Lp(a), the low- compared
with high-carbohydrate diet comparisons would remain statistically significant after conservative Bonferroni
adjustment for all 20 outcomes considered in this study. Outcomes with less robust P values (notably
adiponectin, HDL cholesterol, and large HDL-P) should be interpreted cautiously, although consistent data from
prior studies can enhance confidence in the findings for HDL cholesterol and HDL-P (28, 29, 33). In contrast, the
informative negative outcomes involving LDL cholesterol and LDL-P are clearly nonsignificant, although we lack

power to rule out a small diet effect.

In conclusion, we found that carbohydrate restriction had benefits for insulin-resistant dyslipoproteinemia and
Lp(a), without adverse effects on LDL cholesterol or inflammation. This finding, together with preliminary data
on body weight, glycemia, and other cardiometabolic risk factors, suggests that low-carbohydrate diets can have
novel benefits for preventing both diabetes and CVD in an era with highly prevalent obesity and insulin
resistance. Multicentered trials powered for hard outcomes, comparable to the Women's Health Initiative clinical

trial and Look Ahead Study, which utilized low-fat diets, are needed to test this possibility.
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