Lead Article

Effects of macronutrient intake in obesity: a meta-analysis of
low-carbohydrate and low-fat diets on markers of the meta-
bolic syndrome

Anouk E.M. Willems (&, Martina Sura—de Jong, André P. van Beek, Esther Nederhof, and
Gertjan van Dijk

The metabolic syndrome (MetS) comprises cardiometabolic risk factors frequently
found in individuals with obesity. Guidelines to prevent or reverse MetS suggest lim-
iting fat intake, however, lowering carbohydrate intake has gained attention too.
The aim for this review was to determine to what extent either weight loss,
reduction in caloric intake, or changes in macronutrient intake contribute to im-
provement in markers of MetS in persons with obesity without cardiometabolic
disease. A meta-analysis was performed across a spectrum of studies applying low-
carbohydrate (LC) and low-fat (LF) diets. PubMed searches yielded 17 articles
describing 12 separate intervention studies assessing changes in MetS markers of
persons with obesity assigned to LC (<40% energy from carbohydrates) or LF
(<30% energy from fat) diets. Both diets could lead to weight loss and improve
markers of MetS. Meta-regression revealed that weight loss most efficaciously re-
duced fasting glucose levels independent of macronutrient intake at the end of the
study. Actual carbohydrate intake and actual fat intake at the end of the study, but
not the percent changes in intake of these macronutrients, improved diastolic blood
pressure and circulating triglyceride levels, without an effect of weight loss. The ho-
meostatic model assessment of insulin resistance improved with both diets,
whereas high-density lipoprotein cholesterol only improved in the LC diet, both irre-
spective of aforementioned factors. Remarkably, changes in caloric intake did not
play a primary role in altering MetS markers. Taken together, these data suggest
that, beyond the general effects of the LC and LF diet categories to improve MetS
markers, there are also specific roles for weight loss, LC and HF intake, but not re-
duced caloric intake, that improve markers of MetS irrespective of diet categoriza-
tion. On the basis of the results from this meta-analysis, guidelines to prevent MetS
may need to be re-evaluated.

Affiliation: A.E.M. Willems and G. van Dijk are with the Groningen Institute for Evolutionary Life Sciences — Neurobiology, University of
Groningen, Groningen, The Netherlands. A.EM. Willems, M. Sura—de Jong, and E. Nederhof are with the Van Hall Larenstein University of
Applied Sciences, Applied Research Centre Food and Dairy, Leeuwarden, The Netherlands. A.P. van Beek is with the Department of
Endocrinology, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands.

Correspondence: G. van Dijk, Nijenborg 7, 9747AG Groningen, The Netherlands. E-mail: gertjan.van.dijk@rug.nl.
Key words: low-fat diet, low-carbohydrate diet, macronutrients, metabolic syndrome, weight loss.

©The Author(s) 2020. Published by Oxford University Press on behalf of the International Life Sciences Institute.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (http://
creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium,
provided the original work is not altered or transformed in any way, and that the work is properly cited. For commercial re-use, please
contact journals.permissions@oup.com

doi: 10.1093/nutrit/nuaa044
Nutrition Reviews® Vol. 0(0):1-16 1

020z Jaqwiardas || uo 1senb Ag 8E€ | 06S/¥0BEBNUALINU/SE0L "0 | /I0P/3|0IIB-80UBAPE/SMSIASIUONLINU/WO9 dnoolwapese//:sdiy Woll papeojumod


http://orcid.org/0000-0003-3708-1011

INTRODUCTION

The metabolic syndrome (MetS) is a cluster of cardio-
metabolic risk factors found in individuals with obesity
and that frequently escalate in cardiometabolic diseases
like diabetes and cardiovascular disease.'> MetS is de-
fined by the International Diabetes Federation® as “a
cluster of the most dangerous heart attack risk factors:
diabetes and prediabetes, abdominal obesity, high cho-
lesterol and high blood pressure.” There are additional
metabolic and endocrine criteria that may aggravate the
condition of MetS; insulin resistance is one of the most
important causative factors.*

To prevent progression toward cardiovascular dis-
ease and/or diabetes, individuals with MetS are recom-
mended to lose weight and limit caloric intake.*
However, dietary guidelines are confusing because
reductions of saturated fat intake®” and carbohydrate
intake® have been suggested. Several thorough reviews
have been published on the short- and long-term health
consequences of low-carbohydrate (LC) and low-fat
(LF) diets. In reviews in which studies included patients
with diabetes, results were positive for both diets.” "*
However, differential dietary benefits on weight loss
and markers of MetS in persons with obesity without a
cardiometabolic diagnosis (eg, type 2 diabetes, myocar-
dial infarction, stroke) are less consistent and, therefore,
it is difficult to determine whether an LC diet can pre-
vent or reverse cardiometabolic derangements in MetS
as well as an LF diet can.'” For that reason, Mansoor
et al'® performed a meta-analysis on the long-term
effects of LC and LF diets in individuals with obesity
without cardiometabolic disease and concluded that
they experienced greater weight loss and lower plasma
triglyceride (or triacylgyceride [TAG]) levels on an LC
diet than on an LF diet, with variable effects on plasma
levels of high-density lipoprotein (HDL) and low-
density lipoprotein (LDL) cholesterol. Although their
meta-analysis was very insightful, Mansoor et al'® stated
that dietary intake diverted from the prescribed diet
and there was a wide range of macronutrient intakes.
These findings raise the question of whether these results
can be attributed to type of diet or if actual dietary macro-
nutrient composition is a better explanation for changes
in body weight and markers of MetS. Another question is
how much of the changes in markers of MetS were due to
weight loss or change in caloric intake.

To answer these questions, the variations in the
Mansoor et al'® study characteristics were used, and a
meta-analysis on the existing LC and LF studies that
provided the actual macronutrient compositions as well
as caloric intake was performed, and their efficacy to in-
duce weight loss and changes in markers of MetS in
persons with obesity without cardiometabolic disease

was assessed. Then meta-regression analyses were per-
formed to assess whether the actual macronutrient
composition, caloric intake, and/or weight loss could
explain changes in markers of MetS.

METHODS

Search strategy

A search of PubMed was conducted in December 2018
and updated in April 2020. The search was limited to
articles published in English about studies performed in
humans, without restriction of publication date, using
the following search terms: “low carbohydrate diet” in-
sulin cardiovascular human; Atkins insulin cardiovas-
cular human; “low carbohydrate” diet insulin
cardiovascular human; “low fat diet” insulin cardiovas-
cular human; and “low fat” diet insulin cardiovascular
human. Relevant articles emerging from the search
were studied and reference lists were screened for
articles that met the inclusion criteria.

Inclusion and exclusion criteria

Studies had to meet the following criteria to be in-
cluded: (1) the design of the study was a randomized in-
tervention; (2) study designs according to national or
international guidelines and practices were used; (3)
study participants were adults, defined as at least
18 years old; (4) average body mass index (BMI) of the
included participants was greater than 30kg/m?* (5)
study participants had neither diabetes nor cardiovascu-
lar disease; (6) the study investigated both an LC and an
LF dietary intervention; (7) minimum duration of the
dietary intervention was 6 months, including follow-up;
(8) study reported body weight loss and at least 2
markers of MetS at 6 and/or 12 months; (9) studies
reported data on caloric intake and carbohydrate and
fat intake at 6 and/or 12 months; and (10) studies were
excluded when pharmaceutical intervention or specific
testing of supplements was noted. An LC diet was de-
fined as prescribed intake of carbohydrates less than
40% (200 g carbohydrates per 2000 kcal) of the total en-
ergy intake to include a range of LC diets, and an LF
diet was defined as prescribed fat intake less than 30%
of total energy intake (67 g fat per 2000 kcal). The crite-
ria for the diagnosis of MetS, according to the
International Diabetes Federation, are central obesity
(assessed by waist circumference > 94 cm for European
men and >80 cm European women; circumference
may vary with different ethnicities) and at least 2 of the
following 4 factors:(1) elevated TAG level (> 150 mg/dL
or > 1.7mmol/L); (2) reduced HDL cholesterol level
(men: <40mg/dL or <1.03 mmol/L; women: <50 mg/dL
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or < 1.29mmol/L); (3) increased blood pressure (sys-
tolic blood pressure [SBP] >130mmHg or diastolic
blood pressure [DBP] >85mmHg), and (4) increased
fasting plasma glucose level (>100mg/dL or
>5.6mmol/L).* Energy-restricted and ad libitum diets
were included. Several popular weight loss diets also
could be included in this review if they met the afore-
mentioned criteria for macronutrient composition. For
example, in the Atkins diet, carbohydrate intake is re-
duced to <20g/d for the first 8 weeks, after which car-
bohydrate intake is gradually increased until a balance
between carbohydrate intake and weight maintenance
is found.'” A Weight Watchers diet is a low-calorie, LF
diet; and the Ornish diet is an LF diet (fat intake
< 10%).'%"°

Studies were initially screened on the basis of title
and abstract content. Relevant studies were assessed in
full text and included if they fulfilled the inclusion crite-
ria. For the articles that passed full-text screening, data
were extracted for one LC diet and one LF diet per
study. One investigator performed the searches and the
screening and extracted the data. Another investigator
checked whether the selected articles fulfilled criteria
and if the data were extracted correctly.

Data extraction

From the included articles, information about study de-
sign was extracted, including participant characteristics,
sex, age, BMI, number of participants per intervention,
duration and location of the intervention, and dietary
intake assessment. For each dietary intervention,
changes from baseline were extracted for body weight,
SBP and DBP, and plasma levels of TAGs, HDL choles-
terol, and fasting glucose for all time points exceeding
6 months. Homeostatic model assessment of insulin re-
sistance (HOMA-IR) values were calculated for all stud-
ies that reported fasting glucose and fasting insulin
values using the HOMA calculator, version 2. All values
were converted to SI units, except HOMA-IR, which is
an arbitrary unit. Where results are presented graphi-
cally, data were extracted as precisely as possible. When
available, only data from participants who completed
the study were extracted; otherwise, data from the
intention-to-treat principle were extracted.

Food intake data were extracted as energy percent-
age (en%) for carbohydrate, protein, fat, and saturated
fat (SFA) intakes, as kilocalories for caloric intake, and
as grams per day for fiber intake. Data were extracted at
baseline and at 6 and 12 months, as actual intake and as
change from baseline intake. This allowed us to analyze
the change of, as well as the final macronutrient intake
of, a given participant. No requests for additional data
were made of authors of studies included in this review.
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Quality assessment

Methodological quality was evaluated using the
Cochrane Risk of bias assessment.”’ The following bias
categories were assessed: (1) selection bias (random se-
quence generation); (2) allocation concealment; (3) per-
formance bias (blinding of the outcome assessments);
(4) attrition bias (incomplete outcome data); and (5)
reporting bias (selective outcome reporting). The blind-
ing of participants and personnel was not assessed, be-
cause blinding is not possible in these dietary
interventions. Publication bias was evaluated using fun-
nel plots and the Egger regression test for body weight
loss in both diets after 6 and 12 months.”!

Statistical analysis

Mean difference from baseline was computed for every
marker for each diet. Meta-analysis was performed for
all markers. Summary weighted mean difference from
baseline and 95%CIs were calculated using the random
effects model, unless variance between studies was less
than zero, in which case the fixed-effects model was
used. Meta-regression analyses were conducted with
body weight loss and change in caloric intake as moder-
ators. The effect of these moderators was investigated
on all markers of MetS, separately for each diet, after
both 6 and 12 months. Meta-regression analyses, irre-
spective of diet type, also were conducted on the rela-
tion between body weight change and changes in
caloric intake, changes in en% of macronutrient and
SFA intakes, and changes (grams per day) of fiber in-
take; and between body weight change and actual calo-
ric intake, actual en% of macronutrient and SFA
intakes, and actual fiber intake (grams per day) after 6
and 12 months. Significance for these meta-regression
analyses was detected using the false-discovery rate for
multiple comparisons as described by Benjamini and
Hochberg.>” The false-discovery rate was set at 5%. The
meta-analysis and meta-regression analysis were con-
ducted using the Meta-Essentials tool developed by
Suurmond et al.*?

Linear stepwise meta-regression modeling (step-
wise criteria: probability of F: entry <0.05, removal
>0.10) was used to explore which independent variables
best predicted changes in markers of MetS (all corrected
for weight of the study). For analysis of actual intakes,
the independent variables were body weight change,
change of caloric intake, diet type (categorical variable,
LC [defined as 0] vs LF [defined as 1]), and one of the
following combinations, measured as en%: actual car-
bohydrate intake and actual fat intake; actual carbohy-
drate intake and actual protein intake; and actual fat
intake and actual protein intake. For analysis of changes
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Records identified through database searching (n=266)
“Low carbohydrate diet” insulin cardiovascular human n=49
“Low carbohydrate” diet insulin cardiovascular human n=98

Atkins insulin cardiovascular human n=16
“Low fat diet” insulin cardiovascular human n=85
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Figure 1 Preferred Reporting Items for Systematic Review and Meta-Analyses flow diagram of study selection process.

in intake from baseline, the independent variables were
body weight change, change of caloric intake, and one
of the following combinations, measured as en%:
change from baseline in carbohydrate intake and
change from baseline in fat intake; change from baseline
in carbohydrate intake and change from baseline in
protein intake; and change from baseline in fat intake
and change from baseline in protein intake.

When carbohydrate was significantly related to one
of the outcomes, a post hoc regression analysis was per-
formed with fiber intake (grams per day) and the ratio
of fiber intake (grams per day) to total carbohydrate in-
take (grams per day) as independent variables to deter-
mine whether one of these outcomes was related to the
change in metabolic marker. When fat was significantly
related to one of the outcomes, a post hoc regression
analysis was performed with SFA intake (en%) and the
ratio of SFA intake (en%) to total fat intake (en%) as in-
dependent variables to determine whether one of these
outcomes was related to the change in metabolic
marker. These post hoc analyses were performed for the
absolute intakes and the changes in intakes. A false-
discovery rate of 5% was used for detection of statistical
significance. Linear regression modeling was performed
in SPSS, version 25.

RESULTS
Studies

On the basis of the aforementioned criteria, 17 articles
were included for the analyses, out of a search result of
267 articles (Figurel). These articles included five
follow-up studies that reported on already included
cohorts, leaving a total of 12 separate studies. These
studies used LC and Atkins diets and compared them
with LF, Ornish, and Weight Watchers diets. The dura-
tion of the studies varied between 6 and 24 months.

Because only one study had data at 18 months and one
had data at 24 months, these time points were not taken
into consideration for the meta-analysis; only the 6-
and 12-month time points were used. Seven studies
used food records from multiple days, four studies used
24-hour dietary recalls, and one study used a food fre-
quency questionnaire. Seven of these studies applied an
energy-reduced regimen rather than an ad libitum regi-
men. A summary of the experimental details of the
studies is provided in Table 1'>'****® and a summary
of the diets used is listed in Table2.'®'***3®
Table 3'®'%?*73% lists the changes in cardiometabolic
and endocrine markers of participants compared with
their baseline levels. In particular, reported macronutri-
ent intake varied markedly between studies (Table 2).
Despite the LC diet being prescribed as < 40 en% from
carbohydrates, actual carbohydrate intakes ranged from
8 to 45 at 6 months and from 9 to 43 en% at 12 months.
Similarly, despite the LF diet being described as < 30
en% fat intake, actual fat intakes ranged from 24 to 36
en% at 6 months and from 24 to 31 en% at 12 months.

Risk of bias of included studies

All studies had a low risk of bias. One bias was unclear,
but it is not expected that this bias influenced the out-
come of the interventions (Table 4).

Risk of publication bias

No evidence for publication bias was found for body
weight change for either diet at 6 or 12 months (Figure
S1 in the Supporting Information online).
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Table 2 Dietary characteristics of each study at baseline and after 6 and 12 months

Reference Diet Energy No. Time  Energy  Carbohydrate Fat intake Protein Saturated fatty Fiber
intake (mo) intake (kcal) intake (en%) (en%)  intake (en%) acids (en%) intake (g)
Bazzano etal (2014)*'  LC adlib 70 BL 1998(740) 48.1(88) 325(7.2) 17.3(5.0) 10.5 (3.4) 18.5 (8.7)
Hu et al (2015)*? 54 6 1324(537) 275(12.1) 43.4(11.8) 263 (5.6) 13.4 (4.5) 15.1 (7.5)
54 12 1448 (610)  34(139) 407 (10.6) 23.6 (7.4) 134 (4.8) 15.1 (8.7)
LF adlibb 69 BL 2034 (702) 46 (7.8) 347 (66) 176(5.2) 11.6 (2.9) 16.7 (6.6)
50 6  1481(483)  524(89) 279(73) 183 (5.0) 8.4 (2.9) 16.4 (8.1)
49 12 1527 (522) 54 (9.6) 29.8(8.8) 186 (5.8) 9.0 3.2) 156 (7.7)
Brehm et al (2003)*3 LC adlib 22 BL 1608 (577) 47 37 16 124 12.03
2 6 1302 30 46 23 17.4 8.4
LF  ER 20 BL 1707 (465) 47 38 15 123 12.48
20 6 1247 53 29 18 1.1 12.35
Dansinger et al (2005)** LC adlib 39 BL 1898 516 36.2 18,5 123 16.0
15 6 1846 42.1 383 18.2 124 13.0
17 12 1886 413 376 18.7 13.0 15.0
LF adlib 39 BL 1947 497 34.1 183 11.8 14.0
15 6 1711 56.8 28.0 177 9.7 14.5
17 12 1819 49,1 31.0 17.2 10.1 15.0
Ebbeling et al (2007)>*® LC adlib 36 BL 2050 48 34 18 1.4 16.6
32 6 1630 39 39 22 1.3 214
29 12 1680 41 38 21 12,6 186
LF adlibb 37 BL 2050 46 35 19 12,5 15.2
34 6 1580 55 24 21 8.0 179
26 12 1550 545 24 215 7.8 109
Frisch et al (2009)>° LC ER 100 BL 2140 (696) 44.8(86) 352(8.1) 16.8(3.6)
100 6  1742(624) 409(10.1) 365(9.5) 193 (4.7)
100 12 1866(710)  435(9.9)  342(87) 189 (44)
LF  ER 100 BL 2192 (668) 47.1(7.9) 337(69) 16.0(3.9)
100 6 1783(597)  495(7.6) 297 (65) 17.7 (4.0)
100 12 1854 (624) 50.1(82) 302(70) 167 (3.1)
Gardner etal (2007)' LC adlib 77 BL 1888(512) 456(10.5) 36.2(7.8) 16.6 (4.1) 12,6 (5.3) 17.4 (6.6)
71 6 1538(401) 29.5(145) 47(119) 224 (6.3) 16.4 (6.5) 14.0 (6.3)
68 12 1599 (494)  345(144) 443(125) 206 (5.3) 15.3 (7.5) 15.2 (6.6)
LF adlibb 76 BL 1850(541)  47.9(8.6) 351(7) 163 (3.1) 12.1 (5.0) 16.6 (6.6)
67 6 1553(530) 53.4(134) 283(107) 18.1(4.8) 9.4 (5.9) 19.3 (11.1)
56 12 1505(437) 524(12.3) 29.8(105) 183 (4.0) 10.1 (7.5) 19.3 (9.4)
Haufe et al (2011)*” 2 LC ER 80 BL 2180 451 343 20.6° 14.0
52 6 1580 29.8 434 26.7° 1.1
LF  ER 83 BL 2190 449 382 16.9° 144
50 6 1750 515 27.7 20.8° 5.9
McAuley et al (2005°® LC adlib 31 BL 2006 (448) 44 (6) 34 (6) 18 (4) 14 (3) 10 (3)
McAuley et al (2006)** 31 6 1623 (434) 26 (11) 47 (8) 24 (6) 19 (4) 9(3)
22 12 1781 (473) 33(11) 41 (8) 21 (6) 16 (4) 18 (6)
LF adlib 32 BL 1812 (406) 45 (7) 31 (6) 18 (3) 12 3) 11 3)
32 6 1460 (294) 45 (7) 28 (7) 21(3) 10 (4) 13(3)
21 12 1474 (301) 45 (9) 29 (9) 22 (4) 11 (3) 18 (6)
Sacks et al (2009)% LC ER 201 BL 1979 (599) 44 (7) 38 (6) 18 (3) 12 (2)
6 1624 (484) 43 (6.7) 343(7.8)  22.6 (4.4) 9.0 (2.6)
LF  ER 204 BL 2015 (505) 44 (8) 38 (6) 18 (4) 12 3)
6 1636(484) 575(11.1)  262(8)  17.6(3.4) 7.5 (3.2)
Tay et al (2008)* LC ER 33 6 1603(1046) 7.6 (29) 559 (34)  33.3(0.5) 204 (0.5)
Brinkworth et al (2009)%’ 33 12 1643 (213) 89 (46)  549(46) 32.3(04) 20.4 (0.5)
Wycherly et al 20102 LF  ER 36 6 1529(1044) 449(36) 268(42)  229(0.3) 6.1(0.2)
36 12 1624(300) 464 (36) 264(42) 21.8(04) 6.2 (0.2)
Thomson et al (2010)*° LC  ER 19  BL 2043(1036) 55.1(11.3) 253 (155) 16.8 (6.4)
13 6 1523(705) 454 (21.8) 33.6(143) 222(10.7)
LF  ER 21 BL 1826(462) 57.6(335) 322(221) 186(11.2)
19 6 1517(678) 60.5(25.0) 249(174) 17.8(9.1)
Truby et al (2006)* LC adlib 44 BL 2281 (641) 40 38 16
Morgan et al (2009)'® 8 6 1630 (364) 18 51 26
LF  ER 53 BL 2318(743) 43 37 16
16 6 1650 (499) 40 36 20

Data are reported as mean (SD) unless otherwise indicated.

@ Estimation of values.

P When protein intake was not specified it was calculated by deducting carbohydrate and fat intake from 100%. Alcohol intake was not

specified in this study.

Abbreviations: ad lib, ad libitum energy intake; BL, baseline; en%, percentage of energy; ER, restricted energy intake; LC, low-carbohy-

drate diet; LF, low-fat diet.
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Table 4 Risk of bias assessed using the Cochrane Risk of Bias tool

Reference Selection bias Attrition bias Reporting bias Overall
Randomization Allocation Blinding outcome Incomplete Selective
assessment outcome data reporting

Bazzano et al (2014)*' Low Low Low Low Low Low
Hu et al (2015)*
Brehm et al (2003)* Low Low Low Low Low Low
Dansinger et al (2005)>* Low Low Low Low Low Low
Ebbeling et al (2007)** Low Low Low Low Low Low
Frisch et al (2009)% Low Low Low Low Low Low
Gardner et al (2007)"® Low Low Low Low Low Low
Haufe et al (2011)*” # Low Unclear Low Low Low Low
McAuley et al (2005)% Low Low Low Low Low Low
McAuley et al (2006)**
Sacks et al (2009)% Low Low Low Low Low Low
Tay et al (2008)% Low Low Low Low Low Low
Brinkworth et al (2009)*’
Wycherly et al (2010)*
Thomson et al (2010)*° Low Low Low Low Low Low
Truby et al (2006)* Low Low Low Low Low Low

Morgan et al (2009)'®

Body weight, caloric and macronutrient intake, and
markers of MetS per diet type

Data from 732 participants were available for LC diets
after 6months and from 553 participants after
12 months. For LF diets, data from 725 and 543 partici-
pants were available after 6 and 12 months, respectively.
In all studies the mean BMI was >30, showing that, on
average, the participants had obesity. Eleven studies
reported baseline dietary intake, all 12 studies reported
dietary intake after 6 months, and 7 of these 12 studies
also reported dietary intake after 12 months. Baseline
caloric and macronutrient intakes were equal in both
diet types (Figure 2).

Both the LC and LF diet types significantly reduced
caloric intake at 6 months (LC: P < 0.001; LF: P < 0.001)
and 12 months (LC: P<0.01; LF: P<0.001). In addi-
tion, comparable significant reductions in body weight
were found in either diet at 6 (LC: P<0.001; LF:
P <0.001) and 12 months (LC: P < 0.001; LF: P <0.001;
Table S1 in the Supporting Information online). LC
diets, at 6 and 12 months, significantly increased en%
fat intake (P < 0.01 and P=0.01, respectively) and en%
protein intake (P < 0.001 and P <0.01, respectively),
significantly reduced en% carbohydrate intake
(P<0.001 and P <0.01, respectively), and significantly
increased en% SFA intake (P=0.03), but only after
12 months. There was no change in fiber intake at either
6 or 12 months.

LF diet types, at 6 and 12 months, significantly re-
duced en% fat intake (P < 0.001 and P < 0.001, respec-
tively) and significantly increased en% carbohydrate
intake after 6 months (P=0.04); en% protein intake

was increased (P < 0.01 and P=0.02, respectively), and
en% SFA intake was significantly decreased (P < 0.001
and P<0.001, respectively). Fiber intake was not
changed after 6 or 12 months (Figure 2). Results of the
meta-analysis of dietary effects on the various markers
of MetS are listed in Table S1 in the Supporting
Information online.

Meta-regression per diet type revealed that changes
in caloric intake were not correlated with any changes
in markers of MetS in either diet type at 6 and
12 months. In the LC diet type, body weight loss was
positively correlated with reductions in glucose levels
(P=0.03) at 6 months and with reductions in SBP
(P=0.03) and TAG (P=0.04) at 12 months. In the LF
diet type, body weight loss was positively correlated
with reductions in SBP (P=0.01), DBP (P < 0.01), TAG
(P<0.01), and glucose levels (P=0.04) at 6 months,
and with reductions in SBP (P < 0.01), DBP (P < 0.01),
and glucose levels (P =0.02) at 12 months (Table S2 in
the Supporting Information online).

Focus on actual macronutrient and caloric intake vs
body weight loss irrespective of diet type

Instead of treating the LC and LF diets separately, the
variation in caloric and macronutrient intakes could be
viewed as a continuum. In a linear regression analysis
across all studies irrespective of diet type, no correlation
of change in body weight was found with change in ca-
loric intake or actual caloric intake at 6 (Figure 3A) or
12months. Actual carbohydrate intake had negative
correlations with change in body weight (6 months:
B=10.093, R*=0.321; 12 months: B=0.156,
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Figure 2 Intake in the LC and LF groups at different time points. (A) Caloric intake (kcal); (B) carbohydrate intake (en%); (C) fat intake
(en%); (D) protein intake (en%); (E) saturated fatty acid intake (en%); and (F) fiber intake (grams per day). Different letters (a, b, ¢, and d)
show significant differences among diets and time points. Abbreviations: en%, energy percentage; LC, low-carbohydrate diet; LF, low-fat diet.
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Figure 3 Bubble plot of body weight change moderator analysis. The size of the bubbles represents the precision of the effect size; larger
bubbles indicate greater precision. Blue bubbles represent the meta-analysis outcome for body weight vs actual intake in the LC group.
Yellow bubbles represent the meta-analysis outcome for body weight vs actual intake in the LF group. The regression line fitted to the raw
data shows the slope of the relation between the body weight change and (A) caloric intake (kcal) after 6 months; (B) actual carbohydrate in-
take after 6 months (en%); (C) actual fat intake after 6 months (en%); and (D) actual protein intake after 6 months (en%). Abbreviations: en%,

energy percentage; LC, low-carbohydrate diet; LF, low-fat diet.

R*=0.485), with a 1 kg lowering of body weight related
to a 10.8 en% decrease in carbohydrate intake (P < 0.01;
Figure 3B) at 6months and a 6.4 en% decrease at
12months (P<0.01). Actual fat intake had positive
correlations with change in body weight (6 months:
B=-0.118, R*=0.237; 12months: B=-0.162,
R*=0.238), with a 1 kg lowering of body weight related
with an 8.5 en% increase in fat intake (P <0.01;
Figure 3C) at 6months and a 6.2 en% increase at
12months (P<0.01). Actual protein intake also had
positive correlations with change in body weight
(6 months: B=-0.345, R* = 0.368; 12 months: B=-0.441,
R*=0.390), with a 2.9 en% increase in protein intake
(P <0.01; Figure 3D) at 6 months and a 2.3 en% in-
crease at 12 months (P < 0.001) related with a 1kg low-
ering of body weight. Similar to actual fat intake, actual
SFA intake was also positively correlated with change in
body weight (6months: B=-0.262, R>=0.187,
P=0.2; 12months: B=-0.33914, R*>=0.197,
P <0.01). Actual fiber intake was not correlated with
change in body weight. Neither percent changes in
macronutrient and SFA intake from baseline nor the

10

absolute change in fiber intake were correlated with
body weight loss at 6 and 12 months.

Meta-regression of markers of MetS across all studies
irrespective of diet type

Meta-regression of markers of MetS was performed
with available data from the 6 month time point, be-
cause the 12-month time point did not contain enough
data. Actual fat intake (B=-0.135; R*=0.341) and ac-
tual carbohydrate intake (B =0.093; R*=10.316), respec-
tively, had negative and positive correlations with
change in DBP, with every 1 mmHg lowering in DBP
related to a 7.4% increase in fat intake (P < 0.01) and
with 10.8% reduction in carbohydrate intake (P < 0.01;
Table 5). Additional analysis showed no relation be-
tween the ratio of SFA or fiber intake and DBP. Actual
fat intake (B=-0.018; R>=0.590) and actual carbohy-
drate intake (B=0.012; R*>=0.582), respectively, had
negative and positive correlations with change in TAG,
albeit small, with every 1 mmol/L lowering in TAG lev-
els related with 55.6% increase in actual fat intake
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Table 5 Stepwise linear meta-regression modeling with actual macronutrient intakes at 6 months

Model Individual variable B SE r df F p

DBP

1%¢ Constant 2.389 1.426 0.341 18 10.833 0.004
Actual fat intake —0.135 0.041

2° Constant —6.322 1.367 0.316 18 9.768 0.006
Actual carbohydrate intake 0.093 0.030

Triglyceride

1%¢ Constant 0.427 0.118 0.590 18 28.342 0.000
Actual fat intake —0.018 0.003

2° Constant —0.736 0.109 0.582 18 27.411 0.000
Actual carbohydrate intake 0.012 0.002

3¢ Constant 0.093 0.094 0.441 16 12.853 0.003
Actual SFA intake —0.030 0.008

4 Constant —0.922 0.247 0.481 10 9.355 0.016
Actual fiber intake 0.049 0.016

HDL cholesterol

12be Constant 0.076 0.023 0.317 20 10.751 0.004
LF diet (with LC as referent) -0.118 0.036

23be Constant 0.191 0.049 0.472 19 10.386 0.001
LF diet (with LC as referent) —0.116 0.032
A Caloric intake 0.000 0.000

3%cd Constant —0.068 0.086 0.397 19 7914 0.003
A Caloric intake 0.000 0.000
Actual fat intake 0.007 0.002

4bd Constant —0.197 0.133 0.362 19 6.956 0.005
Actual protein intake —0.020 0.007
A Caloric intake 0.000 0.000

5¢ Constant —0.146 0.052 0.512 18 18.804 0.001
Actual SFA intake 0.018 0.004

Glucose level

12be Constant 0.168 0.099 0.360 20 12.796 0.002
A Body weight 0.065 0.018

Stepwise regression analysis reveals at each model the strongest correlate (independent variable) to the dependent variable of interest

(eg, DBP).

®Entered independent variables: diet type (LF diet with LC diet as referent), A body weight, A caloric intake, actual carbohydrate in-

take, and actual fat intake.

PEntered independent variables: diet type (LF diet with LC diet as referent), A body weight, A caloric intake, actual carbohydrate in-

take, and actual protein intake.

“Entered independent variables: diet type (LF diet with LC diet as referent), A body weight, A caloric intake, actual fat intake, and ac-

tual protein intake.
9Diet type was excluded as an individual variable.

“Entered independent variables: actual ratio of SFA to total fat, and actual SFA intake.
‘Entered independent variables: actual ratio of fiber to carbohydrate intake, and actual fiber intake.
Abbreviations: A, change in; DBP, diastolic blood pressure; HDL, high-density lipoprotein; LC, low-cholesterol diet; LF, low-fat diet; SFA,

saturated fat

(P <0.001) and with 83.3% reduction in actual carbohy-
drate intake (P <0.001). SFA (P<0.01) and fiber
(P=0.02) intakes were related to TAG, in line with fat
and carbohydrate intake. Studies reporting fiber intake
(n=5) no longer showed a significant decrease in TAG
levels in the LF diet, whereas there was a decrease in
TAG levels in the meta-analysis of all studies. In the
studies reporting SFA intake (n = 8), there was a similar
decrease in TAG levels compared with the meta-
analysis results from all studies (data not shown).

For HDL cholesterol, actual intake of macronu-
trients appeared not to be of importance. Instead, type
of diet was the most important factor, with the LF diet
category associated with significantly lower HDL cho-
lesterol levels compared with the LC diet category (a
difference of 0.116-0.118 mmol/L; 0.004 < P < 0.001,

Nutrition Reviews® Vol. 0(0):1-16

depending on the model used). Exclusion of diet type
resulted in models in which change in caloric intake in
conjunction with actual fat intake or actual carbohy-
drate only marginally explained difference in HDL cho-
lesterol (Table5). Additional analysis also showed a
correlation of SFA with HDL cholesterol, albeit small.
There was no difference in meta-analysis outcome be-
tween the studies that reported SFA and all studies
combined (data not shown).

Finally, change in body weight had a positive corre-
lation with blood glucose levels (B =0.065; R*>=10.360),
meaning that every 1 mmol/L lowering of blood glucose
was related to a 15.4kg reduction in body weight.
Analyses with changes in macronutrient intakes instead
of actual intake yielded similar results, as mentioned
(Table S3 in the Supporting Information online).
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Figure 4 Graphical summary of the meta-analysis and meta-regression at 6 months. In the blocks on the side, the requirements for each
diet are seen in the upper half; actual intakes at 6 months are shown in the lower half. In the upper half of the figure is shown that both diets
have significant effects on the markers of MetS. The numbers represent the outcomes of the meta-analysis per diet. In the lower half of the
figure, the effect of actual macronutrient intake on markers of MetS and the effect of body weight on glucose levels are shown. The numbers
represent the change in marker, per en% intake of macronutrient or, in the case of glucose, per kilogram of body weight. For instance, a diet
consisting of 50 en% carbohydrates, 30 en% fat, and 20 en% protein results in a body weight change after 6 months of (0.093 x 50 — 0.118
X 30 - 0.345 X 20) - 5.8kg. Abbreviations: carb, carbohydrate intake; DBP, diastolic blood pressure; El, energy intake; en%, percentage of
energy; glucose, fasting glucose levels; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin resistance; LC, low-

carbohydrate diet; LF, low-fat diet; prot, protein intake; SBP, systolic blood pressure; TAG, plasma triglyceride levels.

DISCUSSION

The aim of this meta-analysis was to unravel the poten-
tial roles of changes in caloric and macronutrient intake
across the spectrum of studies using LC and LF diets to
explain alterations in weight loss and changes in
markers of MetS in participants with obesity without
cardiometabolic disease. The most important outcome
of this analysis was that final, but not changes in, mac-
ronutrient intake explained reductions in markers of
MetS much better than did LC vs LF dietary characteri-
zation per se, and these improvements did not necessar-
ily depend on weight loss. Furthermore, the effect of
carbohydrate intake on markers of MetS generally mir-
rored those observed for effects of fat and protein in-
take, irrespective of diet type. However, an increase in
protein intake appeared to be most relevant for reduc-
ing body weight, whereas increased fat intake and re-
duced carbohydrate intake appeared to be most relevant
for improving markers of MetS. Interestingly, caloric

12

intake was not related to changes in body weight or
markers of MetS.

An issue that became clear from this analysis is that
the different MetS indices were not uniformly altered
by the various changes in dietary components and/or
weight loss (Figure4). For instance, glucose was only
lowered by body weight loss. DBP was affected by body
weight loss and by macronutrient composition.
Reduction in SBP, however, was only correlated with
body weight loss when both diets types were analyzed
separately. TAG levels also appeared to be influenced
differentially by the two diet types (ie, body weight loss
in the LF diet category appeared to improve TAG levels,
whereas in the LC diet category, both body weight loss
and macronutrient composition were correlated with
improvement of TAG levels). Mechanistically, such an
effect may be explained by reduced hepatic TAG
production in response to body weight loss, which is
then accentuated by decreased carbohydrate substrate
delivery.” !
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Another example refers to the influences on HDL,
which was selectively increased by the LC diet category,
but there also was a relation between HDL cholesterol
increase and lower carbohydrate and higher fat intake
irrespective of diet type. Increases in HDL cholesterol
levels may be explained by reduced TAG production
and by the actions of cholesterol ester transfer-
ase."””*%*? Downregulation of hepatic scavenger recep-
tor B1 may play a role because this receptor binds HDL
cholesterol and facilitates cholesterol transport to the
liver, which may be modulated by dietary fats.*>*" In
their study, Foster et al,*’ indeed, found an increase in
HDL cholesterol after TAG levels returned to baseline.
In turn, increased HDL cholesterol levels may defend
against cardiac events and insulin resistance.***
HOMA-IR (a proxy for insulin resistance®®), however,
was improved by LC and by LF diet types, apparently
without any additional role for body weight and/or
macronutrient composition, in the present meta-
analysis.

Thus, these results can be summarized (Figure 4) as
indicating that (1) both LF and LC diets are capable of
inducing weight loss and improving MetS markers, (2)
the resulting weight loss contributes to a reduction in
glucose, and (3) lower carbohydrate intake and higher
fat and protein intake reduce markers of MetS indepen-
dent of weight loss. It can then be concluded that com-
bined weight loss and changed macronutrient
composition are most efficacious in reducing markers
of MetS. Important for consideration of these results is
that the actual macronutrient compositions were gener-
ally better at explaining improvements and variations in
markers of MetS, than the changes in dietary macronu-
trient composition from baseline to end point.

The mechanisms by which the two main diet types
reduce body weight and markers of MetS remain a mat-
ter of debate. Changes in body weight and changes in
MetS indices were not explained by caloric intake. It is
uncertain whether body weight loss is due to an in-
crease in energy expenditure; only six studies measured
physical activity, of which one showed an increase of ac-
tivity over time that was similar in both diet groups.
Alterations in macronutrient intake can also influence
satiety. The increased fat intake of an LC diet can lead
to stimulation of secretion of postprandial peptide YY,
which is also known to reduce appetite and/or increase
satiety.””*” Increased protein intake is associated with
greater weight loss,*® possibly due to the increased sati-
ety effect of protein, among others, as a consequence of
increased amino acid sensing by specific receptors in
the gastrointestinal tract.*** In this meta-analysis,
there was an increase in protein intake in both diets, al-
beit smaller in the LF diets compared with the LC diets,
but this apparently did not contribute to alterations in
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caloric intake that could explain alterations in markers
of MetS.

A correlation between weight loss and reduction of
markers of MetS is in line with a plethora of weight loss
studies indicating improvement of MetS indices by
body-fat reduction, a factor contributing mostly to
weight loss. Favorable alterations of adipokines (eg, lep-
tin, adiponectin, resistin) have been mentioned as di-
rectly  affecting  autonomic,  metabolic, and
inflammatory pathways known to underlie reduced
MetS indices.”" Furthermore, a reduction in visceral fat
content often leads to reduced ectopic fat accumulation
in organs like heart, pancreas, and skeletal muscle,
which improves cardiometabolic functioning, as
well.”>>?

One of the findings of this meta-analysis is that a
higher intake of SFA was related to body weight loss
and beneficial changes in markers of MetS, whereas the
ratio of SFA to total fat intake was not. This is counter-
intuitive because most studies recommended limiting
SFA intake to <10 en%, as has been done since the pub-
lication of the Seven Nations Study, in which a higher
SFA intake was related to a higher risk for cardiovascu-
lar disease.”* However, since then, several studies have
shown that lower SFA intake is not related to a lower
risk of cardiovascular disease.”>*® This is in accordance
with the proposed mechanism that the presence of
hypermetabolism (eg, in people with obesity) promot-
ing fat oxidation (ie, fasting or increasing fat intake at
the expense of carbohydrate intake) may improve car-
diovascular function.”” No relation among fiber intake,
body weight, and markers of MetS was found.

Limitations

Although this meta-analysis revealed several interesting
insights, there are also several limitations. One of the
factors that was not investigated in this meta-analysis
but that could be of influence on changes in MetS
markers is waist circumference, indicative of the
amount of visceral fat. Because visceral fat is important
for the development of MetS, as shown by the first crite-
rion of having central obesity,” it is recommended that
future studies also look at changes in central obesity.
Unfortunately, in this meta-analysis, only half of the
studies specified change in waist circumference and
even fewer specified change in fat percentage, making it
difficult to draw conclusions.

Another concern in this meta-analysis is that differ-
ent methods of food intake assessment were used.
Because all but one study used intake from several days
to assess average food intake, either by 24-hour recall or
food records, it is unlikely that one study will influence
the food intake data substantially, or that one method
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influenced the data substantially. In addition, the one
study that used the food frequency questionnaire
reported very similar intakes as the other studies, mak-
ing it unlikely that this study had a large influence on
the data analysis. All in all, due to the similar methodol-
ogy used, it is believed that the method of food intake
assessment did not substantially influence the data.

Not all studies reported SFA intake, and few
reported unsaturated or polyunsaturated fatty acid in-
take or n-3 vs n-6 ratios. These could be additional
mechanisms that affect several metabolic pathways, in-
cluding cholesterol metabolism,’® intracellular lipid fat
trafficking,” and cardiovascular functioning.®® Types
and sources of carbohydrates (simple or complex carbo-
hydrates, carbohydrates from fruits and vegetables vs
grains) also may differentially influence markers of
MetS.°" Only half of the studies reported fiber intake
and no relation to weight loss or markers of MetS was
found, which could also be due to the little variation in
intake, because there was no change in intake.

Another limitation is that few data have been pub-
lished on trials lasting longer than 12 months. One indi-
cation of a habitual, and thus chronic, dietary effect was
shown in a Korean study in which individuals with a
high fat intake or an LC intake had lower occurrence of
markers of MetS.>86%63 Unfortunately, there are rela-
tively few longitudinal data (beyond the time frames
that were studied) supporting these claims. This may be
due to loss of adherence to diets.'® Last, only one search
engine was used to find articles. However, in this analy-
sis, many of the same articles were found as in previ-
ously published reviews with a similar subject."*'® Also,
no additional request for data was made to the authors
of included studies.

Conclusions and recommendations

Study results suggest reducing carbohydrate intake and
increasing fat and protein intake (at least in the range
found in the studies analyzed in this review) are benefi-
cial for improving markers of MetS in obese persons
without cardiovascular disease and type 2 diabetes. On
the basis of the results of this meta-analysis, guidelines
to prevent MetS may need to be reevaluated. It is clear
that more long-term studies are needed with high levels
of dietary adherence focused on the effects of macronu-
trient intake on weight loss and improvement of
markers of MetS. Dietary adherence may depend on
diet type, which could influence study outcomes consid-
erably with respect to improvements of markers of
MetS. To increase dietary adherence or prevent uneven
drop-out, carbohydrate or fat preference of participants
can be taken into account and evenly distributed among
groups.
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It may also be of interest to assess mood effects
during dietary interventions, because changes in mood
may interfere with dietary adherence in the setting of
these studies.”” Also, the age of the participants may be
of interest because the geometric framework hypothesis
suggests that at different ages, different nutrients are re-
quired.®* Besides fat quality, the future studies may fo-
cus on the role of dietary fiber, which has been
generally underappreciated in the comparison between
LF and LC diets. The rapidly expanding microbiome
field will undoubtedly shed light on the roles of con-
sumption of fiber type® and fat quality® but also pro-
tein intake®” in cardiometabolic health of the host in
relation to the efficacy of LF and LC diet types.
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Figure S1 Funnel plots with 95%CIs for publication
bias of body weight change, separately for each diet
at 6 and 12 months. The plots are weighted mean dif-
ferences from individual studies (horizontal axis)
against the standard error of the weighted mean differ-
ence (vertical axis). The solid vertical line represents the
summary estimate of the weighted mean difference
from baseline, derived using random-effects meta-anal-
ysis. (A) Body weight change in the LC group at 6
months; (B) body weight change in the LF group at 6
months; (C) body weight change in the LC group at 12
months; (D) body weight change in the LF group at 12
months. LC, low-carbohydrate diet; LF, low-fat diet.

Table S1 Meta-analysis outcomes in LC and LF
diets after 6 and 12 months

Table S2 Meta-regression analysis with change in
body weight or change in caloric intake as moderator,
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