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ABSTRACT

Background: Dietary recommendations to limit red meat are based
on observational studies linking intake to cardiovascular disease
(CVD) risk together with the potential of its saturated fatty acid
(SFA) content to raise low-density lipoprotein (LDL) cholesterol.
However, the relation of white meat to CVD risk, and the effects of
dietary protein source on lipoprotein particle subfractions, have not
been extensively evaluated.

Objective: We tested whether levels of atherogenic lipids and
lipoproteins differed significantly following consumption of diets
with high red meat content compared with diets with similar amounts
of protein derived from white meat or nonmeat sources, and whether
these effects were modified by concomitant intake of high compared
with low SFAs.

Methods: Generally healthy men and women, 21-65 y, body mass
index 20-35 kg/m?, were randomly assigned to 1 of 2 parallel arms
(high or low SFA) and within each, allocated to red meat, white
meat, and nonmeat protein diets consumed for 4 wk each in random
order. The primary outcomes were LDL cholesterol, apolipoprotein
B (apoB), small + medium LDL particles, and total/high-density
lipoprotein cholesterol.

Results: Analysis included participants who completed all 3 dietary
protein assignments (61 for high SFA; 52 for low SFA). LDL
cholesterol and apoB were higher with red and white meat than
with nonmeat, independent of SFA content (P < 0.0001 for all,
except apoB: red meat compared with nonmeat [P = 0.0004]).
This was due primarily to increases in large LDL particles, whereas
small + medium LDL and total/high-density lipoprotein cholesterol
were unaffected by protein source (P = 0.10 and P = 0.51,
respectively). Primary outcomes did not differ significantly between
red and white meat. Independent of protein source, high compared
with low SFA increased LDL cholesterol (P = 0.0003), apoB
(P = 0.0002), and large LDL (P = 0.0002).

Conclusions: The findings are in keeping with recommendations
promoting diets with a high proportion of plant-based food but,

based on lipid and lipoprotein effects, do not provide evidence for
choosing white over red meat for reducing CVD risk. This trial was
registered at Clinicaltrials.gov as NCT01427855.  Am J Clin Nutr
2019;110:24-33.
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Introduction

Observational studies suggest that red meat intake is associated
with increased cardiovascular disease (CVD) risk (1, 2), whereas
no such association has been observed with regular consumption
of poultry (3). Conversely, plant protein sources and vegetarian
dietary patterns appear to be cardioprotective (4, 5), a finding
supported by a systematic review of randomized controlled trials
showing decreased LDL cholesterol (0.16 mmol/L), non-HDL
cholesterol (0.18 mmol/L), and apolipoprotein B (apoB) (0.05
g/L) when animal protein is replaced with plant protein (6).
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FIGURE 1 Study design.

Because it is well known that dietary saturated fatty acids
(SFAs) increase plasma concentrations of LDL cholesterol, it
has been generally assumed that the SFA content of red meat
contributes to its association with CVD risk (7, 8). This assump-
tion is supported by the lack of significant differences in total
cholesterol, LDL cholesterol, and HDL cholesterol in random-
ized controlled feeding trials in which lean red meat (beef, pork,
or lamb) compared with lean chicken/poultry was consumed
as part of a low-SFA diet (7-11% of total energy [E]) (7-13).
Equivalent effects of red compared with white meat on plasma
lipids and lipoproteins have also been reported in meta-analyses
of randomized controlled trials, although these results were not
assessed in relation to the SFA content of the diets (14, 15).

In summary, there has to date been no systematic evaluation of
the potential interaction of dietary protein source and SFA content
on concentrations of LDL cholesterol and related atherogenic
lipoprotein measures, including levels of lipoprotein particles.
Hence, the primary objective of the present clinical trial (Animal
and Plant Protein and Cardiovascular Health: APPROACH) was
to test for differences in lipoprotein effects of diets in which the
main source of protein is red meat compared with diets with
similar total protein content derived from white meat (poultry)
or plant protein sources, and to determine whether these effects
were modified by high compared with low SFA intake.

Methods

Study participants

Participants were recruited primarily through Internet adver-
tisements, community postings and events, and our database of
previous study participants. Eligible participants were healthy
men and women aged 21-65 yr who met the following criteria:
BMI 20-35 kg/m?; blood pressure <150/90; fasting glucose <7
mmol/L, total and LDL cholesterol <95th percentile for sex and
age; fasting triacylglycerol <5.65 mmol/L; and willingness to
refrain from use of vitamin supplements and alcoholic beverages
for the duration of the study. Exclusion criteria included: use of
tobacco or recreational drugs; use of lipid-, glucose-, or blood-
pressure-lowering medications, blood thinners, or hormones;
unwillingness to consume all key study foods; weight loss >3%
body weight in the 3 mo preceding the study onset; and history
of coronary artery disease, diabetes, or other chronic disorder. We
also excluded study participants who were enrolled in one of our
previous dietary trials related to the hypothesis being tested in
the current study. The study was approved by the Institutional
Review Board of the University of California, San Francisco
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Benioff Children’s Hospital Oakland (IRB# 2011-041), and all
participants provided written consent to take part.

Study design, randomization, and masking

Participants were randomly assigned to 1 of 2 parallel arms
(high or low SFA), and within each arm the effects of food source
of protein (red meat, white poultry meat, nonmeat) were tested in
a 3-period randomized crossover design (Figure 1). Participants
first consumed a 2-wk baseline diet to test their compliance to
a controlled dietary protocol before being randomly assigned to
either a low-SFA (~7% total energy, E) or high-SFA (~14% E)
group. Within each SFA group, the 3 experimental diets tested
the effects of substituting red meat for white meat or nonmeat
sources of protein, which constituted ~12% E. The diets were
assigned in random order and consumed for 4 wk each, separated
by a 2—7-wk washout period during which participants consumed
their habitual diet (Figure 1). The flexible washout period allowed
breaks in the dietary protocol to coincide with longer holidays
and vacations. A uniform random-number generator, generated
by the study statistician, was used to determine block sizes of 2,
4, 6, or 8 subjects, and the SFA level and sequence of the red
meat, white meat, and nonmeat protein sources within the block.
Randomized diet codes were kept in sealed numbered envelopes
until assigned to study participants by the study coordinator
during the second week of the baseline diet. For the last 8%
of enrolled subjects, a new set of randomization envelopes was
prepared to reflect the remaining available study foods in order
to maximize the use of available study diets. Study participants
were blinded to assignment of high compared with low SFA, but
the nature of red meat, white meat, and nonmeat foods precluded
blind assignment to the order of dietary protein sources. Although
principal investigators and laboratory staff were blinded to diet
order, the staff personnel responsible for provision of research
diets and monitoring of compliance were not. For the duration of
the study, including washout periods, participants met with clinic
staff weekly to pick up study foods, receive dietary counseling,
and be weighed. Participants were required to remain weight-
stable (£3% baseline weight) and maintain their baseline activity
level as measured with a triaxial accelerometer (Actigraph GT3X,
Actigraph) and weekly activity logs.

On 2 consecutive days at the end of the baseline diet and after
each experimental diet, venous blood samples were collected
after a 12—14-h overnight fast, for duplicate analysis of plasma
lipids, lipoprotein particle subfractions, apolipoproteins, and
glucose. Measurements of body weight, blood pressure, hip
and waist circumference, percentage body fat by bioimpedance
scale (Tanita TBF-551), and endothelial function measured by
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finger reactive hyperemia peripheral arterial tonography index
(EndoPat2000, Itamar Medical) were also obtained at the end of
each dietary period. Participant enrollment is shown in Figure 2.

Dietary provision

The nutrient composition of the baseline diet (Table 1)
reflected that of the typical American diet (16). The moderately
high total protein and fat content of the experimental diets was
required to achieve the desired variations in protein and SFA
composition within and across study arms while remaining in
ranges compatible with dietary recommendations that were in
place at the time of study onset (17). The high- and low-SFA
diets were designed to maximize differences in both SFA content
across study arms (~7% E difference) and dietary protein source
within study arms (~12% E difference). The macronutrient
composition of the high- and low-SFA diets was based upon our
previous study showing changes in lipoprotein concentrations
when SFA was increased from 9 to 15% E in exchange for
monounsaturated fatty acids (18). Differences in SFA content
between the high- and low-SFA arms were achieved primarily
by using high-fat dairy products and butter, with only 2-3% E
from SFAs derived from lean red or white meat. For the nonmeat
diets, 2-3% E from SFAs was derived from tropical oils and
fats, with the remainder provided by high-fat dairy products.
The percentage energy contributed by the test protein sources
was based upon earlier work showing a preferential increase
in smaller LDL particles when high SFAs were consumed in a
diet providing ~12% E from beef (19), but no change in small
LDL when moderate amounts of beef (6.5% E) were consumed
as part of a mixed protein diet (18). In the present study, food
sources of protein were varied by providing ~12% E from
either: lean cuts of red meat (11% E from beef, 1% E from
pork); lean white meat (8% E from chicken; 4% E from turkey);
or nonmeat sources (legumes, nuts, grains, isoflavone-free soy
products). For all experimental diets, the remaining protein
(~13% E) was derived from eggs, dairy, and vegetable sources
(Supplemental Table 1; sample menus Supplemental Table 2).
The study was not designed to test effects of fish and seafood,
which were excluded from all the diets. Grain- rather than grass-
finished beef sources were used in the preparation of red meat
diets because grain-finished beef currently represents 96% of
the total US beef market (20). Processed meats were excluded
from the diets to avoid the potential confounding effects of
added chemicals on the metabolic variables of interest. Dietary
carbohydrates were provided in the form of complex starches and
simple sugars in a 60:40 ratio, with total carbohydrate content
held constant across experimental diets.

Diets and menus were developed and prepared in collaboration
with the Bionutrition Unit of the University of California, San
Francisco-based Clinical and Translational Studies Institute.
Four-day rotating menus were developed for all diets, and
made available at 5 energy levels (6275, 8365, 10,460, 12,550,
14,645 kJ) with provision of 1045 kJ snacks reflecting the
nutrient composition of the experimental diets for individuals
whose needs fell between energy levels. With the exception
of fresh produce (fruits and vegetables), which participants
purchased for themselves to ensure freshness at the time of
consumption, all menu items (standardized entrees, side dishes,
caloric beverages, snacks) were provided for the duration of the

study. Abstention from alcohol was required for the duration of
the study, including washout periods. Participants came to the
outpatient Cholesterol Research Center (Berkeley, CA) weekly to
meet with staff nutritionists, pick up study foods, and be weighed.
Energy intake was adjusted if changes in body weight exceeded
+3% of baseline weight. The nutrient content of the diets was
first assessed using the Nutrition Data System for Research
software (NDS2010; Nutrition Coordinating Center, University
of Minnesota), and validated by compositional analysis (Covance
Laboratories).

Dietary compliance was assessed by measuring 24-h urinary
urea nitrogen and creatinine concentrations (Quest Diagnostics)
during the second week of the baseline diet and during the third
week of each experimental diet. The urea nitrogen to creatinine
ratio was used to assess dietary protein intake (21, 22) during
each dietary period. As an additional measure of control of
dietary intake, menu checklists, grocery receipts, and reported
deviations from dietary instructions were collected weekly by
staff nutritionists and used to assign compliance scores (1-5 point
scale, where 5 = high compliance) to all study participants.

Laboratory measurements

Fasting plasma triglycerides, total cholesterol, HDL choles-
terol, and plasma glucose were measured by enzymatic endpoint
analysis using enzyme reagent kits (Ciba-Corning Diagnostics
Corporation) on a clinical chemistry analyzer (Liasys 330,
AMS Diagnostics). LDL cholesterol was calculated using the
Friedewald equation (23). These measurements are standardized
through the CDC-NHLBI lipid standardization program. ApoB
and apolipoprotein A-I (apoA-I) were analyzed by immuno-
turbidimetric assays (Bacton Assay Systems; AMS Liasys 330
analyzer). Lipoprotein particle concentrations and LDL peak
diameter were measured by ion mobility, as previously described
(24, 25).

Outcomes

The primary outcomes were LDL cholesterol, apoB,
small + medium LDL (sum of small LDL and medium LDL
particle concentrations, previously shown to be associated with
the greatest CVD risk among LDL subfractions (26)), and
total/HDL cholesterol ratio. These measurements were obtained
on the last 2 consecutive days of the baseline diet and each of
the 3 dietary protein sequences. Secondary outcomes included
HDL cholesterol, non-HDL cholesterol, apoA-I, large HDL2b,
small HDL2a + 3, and endothelial function measured as reactive
hyperemia peripheral arterial tonography index. Other secondary
outcomes, to be reported separately, were homeostatic model
assessment of insulin resistance, inflammatory markers (C-
reactive protein, TNF-«, IL-6, MCP-1), and apolipoprotein A-II
(apoA-II).

Statistical analyses

Our primary hypothesis was that on a high-SFA diet, red
meat relative to other sources of protein would increase serum
concentrations of LDL cholesterol, apoB, small and medium
LDL particles, and the ratio of total/HDL cholesterol. An N of
90 participants per group in a crossover design was estimated to



Diet protein source and atherogenic lipoproteins 27

379 Assessed for eligibility

182 Excluded

» o 76 Not meeting inclusion criteria
« 106 Declined to participate

197 Started run-in diet

20 Excluded

+ 11 Not interested/unable to contact

+ 5 Time conflict

¢ 2 Unable to adhare to diet

+ 2 Developad exclusionary condition

A 4

177 Randomly assigned

A 4

90 Allocated o low saturated (at arm

« 15 Did not begin loy saturated fat intervention:
Not interestedf/unable to contact

Time conflist

Unable to adhere to run-in ciet
Deaveloped exclusicnary concition
Unrelated illness

Maoved out of area

+ 75 Began low saturated fat intervention

v

e 0 0 0 0
220NN

24 Excludad

+ 3 Lost to follovr-up:
+ 2 Not inlerested/unable to contact
+1 Moved out of area

« 21 Discontinued Intervention:

+ 9 Tima conflict

+ 8 Unable to adhere to diet

+ 2 Developed exclusionary congition
« 2 Not vreight stable

v
51 Analyzed

FIGURE 2 Participant enrollment.

provide 80% power (o = 0.0125) to yield detectable differences,
as the percentage change from a low-SFA diet, of 5.3% for LDL
cholesterol, 4.6% for apoB, 14.3% for small + medium LDL,
and 4.8% for total/HDL cholesterol. Based on earlier results
(18, 19), these differences were estimated to be adequate to
detect the expected changes between protein sources within the
high-SFA group. As described in Supplemental Methods, power
calculations were revised as a consequence of unanticipated
reduction in sample size due to loss of availability of the
expected number of experimental diets in the final year of
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the study. Treatment differences were determined by ANOVA
for a parallel arm, 3-treatment crossover design (JMP, version
13.2.0, SAS Inc.), followed by post hoc pairwise comparisons,
adjusted by the Bonferroni method for 3 group comparisons.
Significance was determined for sequence, period, carry-forward,
and treatment effects. The study was designed for a per-protocol
analysis, with statistics restricted to participants who completed
all 3 dietary protein sequences. As this was a low-risk study,
there was no data monitoring committee created to oversee the
study.
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TABLE 1 Composition of baseline and experimental diets, based on compositional analysis of 10,460 kJ 4-d rotating menus

High-SFA Low-SFA
Baseline diet Red meat ‘White meat Nonmeat Red meat White meat Nonmeat
Carbohydrate, % E 49 41 42 41 39 46 41
Protein, % E 14 24 24 24 26 23 25
Red meat! Mixed? 11.5 0 0 12.5 0 0
White meat! — 0 115 0 0 11.0 0
Vegetable protein' — 3.8 3.8 15.4 4.1 3.7 16
Dairy! — 6.7 6.7 6.7 7.3 6.5 7
Eggs' — 2 2 1.9 2.1 1.8 2
Fat, % E 37 35 34 35 35 31 34
Saturated fat 13! 13 14 14 8 7 7
Monounsaturated fat 15! 12 13 12 21 18 20
Polyunsaturated fat 6! 5 5 6 5 6 5
Cholesterol, mg/d 336 403 473 297 353 424 275
Fiber!, g/d 35 35 33 36 34 36 41

I'Calculated values (Nutrition Data System for Research; University of Minnesota) include adjustments based on compositional analysis of daily menus.

% E, percentage of energy.
2The baseline diet provided a mixture of all dietary protein sources.

Results

This controlled, randomized, dietary intervention trial was
conducted in an outpatient setting (San Francisco Bay Area,
California) between March 26, 2012 and October 27, 2016.
The flow of participants through the various phases of the
study is illustrated in Figure 2. A total of 62 participants
completed the high-SFA arm (27 men, 35 women), and 51
participants completed the low-SFA arm (17 men, 34 women).
The baseline characteristics of individuals assigned to the high-
and low-SFA diets did not differ significantly between groups
(Table 2). Based on current guidelines defining overweight
and obesity (27), the majority of participants were either of
normal BMI (42%) or overweight (42%), with 16% of the
study population being obese. On average, participants were
normotensive and displayed plasma glucose and lipid concen-
trations within normal ranges. Over the course of the study,
there were no significant changes in body weight across protein
diets in either the low-SFA groups (red meat, —0.36 + 1.28
kg; white meat, —0.29 + 1.67 kg; nonmeat, 0.09 £+ 1.17 kg;
P = 0.59) or high-SFA groups (red meat, —0.16 £ 1.28 kg;
white meat, —0.36 £ 1.32 kg; nonmeat, 0.15 £+ 1.37 kg;
P =0.10).

As expected, the ratio of 24-h urinary urea nitrogen to
creatinine excretion increased significantly from the baseline diet
to the higher-protein intervention diets (P < 0.0001 for each
protein source) in both the high- and low-SFA arms of the study.
The urinary nitrogen/creatinine ratio did not differ significantly
between diets in either the high SFA arm (mean & SE [mg/g per
24 h]: red meat, 9062 &+ 292; white meat, 10,034 + 341; nonmeat,
10,193 4= 457; P = 0.46) or low-SFA arm (mean =+ SE: red meat,
9330 =+ 391; white meat, 10,859 + 1347; nonmeat, 10,161 = 515;
P =0.07).

There were significant effects of both dietary protein source
and SFA content on total cholesterol, LDL cholesterol, non-
HDL cholesterol, and apoB concentrations, whereas the ratio
of total/HDL cholesterol was unaffected by these dietary
modifications (Table 3). Moreover, there were no significant
interactions between protein source and SFA level on these

lipid and lipoprotein measurements. Pairwise comparisons across
dietary protein sources showed that concentrations of total
cholesterol (P < 0.0001), LDL cholesterol (P < 0.0001), and
non-HDL cholesterol (P < 0.001) were significantly higher
after either the red meat or white meat diet than after the
nonmeat diet (Supplemental Table 3). There was a relatively
small effect of protein source on HDL cholesterol (P = 0.004,
Table 3) with concentrations slightly higher on the red and white
meat diets, particularly in the high-SFA arm. Apolipoprotein
responses reflected lipid changes, with significantly higher
plasma apoB (P < 0.001) and apoAl (P < 0.05) following
the red and white meat compared with nonmeat diets. The
cholesterol-raising effect of the meat diets was associated with
increases in large LDL (P < 0.001), whereas small + medium
LDL and LDL peak particle diameter were unaffected by
dietary protein source (Table 4; Supplemental Table 3). Lipid,
lipoprotein, and apolipoprotein concentrations, together with
concentrations of large, medium, and small LDL particles, did
not differ significantly between the red meat and white meat diets
(Supplemental Table 3).

Independent of dietary protein source, diets high in SFA
resulted in higher plasma total cholesterol, LDL cholesterol and
non-HDL cholesterol concentrations than diets low in SFA (all
P < 0.001, Table 3). This was accompanied by higher apoB
concentrations (P = 0.0004) and an increase in apoB/apoA-
1 with high SFA intake (P < 0.05). The increased LDL
cholesterol and apoB with high SFA were associated with higher
concentrations of large LDL particles (P < 0.001), whereas
small- and medium-sized LDL particles were unaffected by high
compared with low SFA intake. Concentrations of very-low-
density lipoprotein particles, intermediate-density lipoproteins,
and HDL particle subfractions were unaffected by either dietary
protein source or SFA content.

Notably, with the exception of LDL peak particle diameter,
which responded differently to SFA when combined with white
meat compared with other protein sources, and very small
LDL, which responded differently to SFA when combined with
nonmeat compared with animal protein sources, there were no
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TABLE 2 Participant characteristics after the baseline diet!

High-SFA (n = 62) Low-SFA (n = 51)

Male/female, n
Self-reported race, n (%)

White

Asian

African American

Other (unknown, > 1 race)
Age,y
BMI, kg/m?
Body fat, %
Waist circumference, cm
Systolic blood pressure, mm Hg
Diastolic blood pressure, mm Hg
Triglycerides, mmol/L
Cholesterol, mmol/L

Total

LDL

HDL

Non-HDL
Apolipoprotein A-I, g/L
Apolipoprotein B, g/L
Total/HDL cholesterol
Very-low-density lipoprotein, nmol/L

Total

Large

Medium

Small
Intermediate-density lipoprotein, nmol/L
LDL, nmol/L

Total

Large

Medium

Small

Very small
HDL, nmol/L

Total

Large

Small
LDL peak particle diameter, A

27135 17/34
34 (55%) 28 (55%)
9 (15%) 13 (25%)
10 (16%) 4 (8%)
9 (15%) 6 (12%)
45 + 12 42 4+ 13
259 + 3.8 26.0 + 3.8
30.1 + 10.1 304 + 9.4
90 £ 11 89 +9
110 £ 10 109 + 13
70 £ 7 68 + 8
1.01 + 0.54 0.88 & 0.34
4.50 + 0.80 453 4 0.88
2.69 + 0.70 2.68 + 0.69
1.35 & 0.31 145 4 039
3.16 + 0.85 3.08 + 0.80
1.31 £ 0.20 1.36 + 0.21
0.75 + 0.21 0.74 £ 0.21
3.50 £ 1.01 327 £ 0.83
93.8 + 44.9 852 + 414
124 + 94 10.6 + 7.0
38.5 £ 21.6 33.8 & 18.3
42.8 £ 159 40.9 + 18.1
116 + 39 112 + 46
1025 + 280 1037 + 340
588 + 151 614 + 183
162 £ 75 155 + 88
122 + 79 119 + 95
153 + 92 149 + 75

18,907 £ 3860 19,145 £ 4219

5234 £ 1759 5489 £ 1542
13,673 £ 2572 13,656 £ 3066
223 £ 6 225 £ 6

Values are means =+ SDs.

significant interactions between dietary protein source and SFA
level for any of the lipoprotein particle biomarkers. There were
no significant sequence or carry-forward effects for any of the
lipid or lipoprotein variables (data not shown), but there was a
significant period effect for total cholesterol, HDL cholesterol,
and apoA-1 (P < 0.05), for which adjustment was made in the
ANOVA.

Finally, there were no significant effects of protein source
or SFA level on blood pressure, plasma glucose, or endothelial
reactivity as assessed by endothelial peripheral arterial tone,
EndoPAT (Supplemental Table 4).

Discussion

We have shown here that, compared with nonmeat as the
major protein source, diets containing high amounts of either red
or white meat, and without differences in other macronutrients,
result in higher concentrations of LDL cholesterol and apoB,
and that these effects are primarily attributable to increases in
large, cholesterol-rich LDL particles. Notably, the effects of

red and white meat were similar and were observed with diets
containing either low or high levels of SFAs. As expected, the
higher SFA level, provided primarily by full-fat dairy products
and butter, resulted in higher LDL cholesterol and apoB, and,
as demonstrated previously in healthy subjects (18, 28, 29),
increases in large but not medium or small LDL particles. There
were no interactions between protein source and dietary SFA
level on these responses, such that the effects were additive; i.e.,
the highest concentrations of LDL cholesterol, apoB, and large
LDL particles resulted from the combination of high SFA intake
with either red or white meat as the major protein source.

The present findings are consistent with previous studies
indicating that intake of neither lean red meat nor poultry results
in increases in plasma lipid concentrations in the context of a
diet low in SFA (7-13, 15), and with earlier studies of primarily
plant-based, lacto-ovo-vegetarian, or vegan dietary patterns
reporting significantly lower total, LDL-, and HDL cholesterol
concentrations than diets including animal protein (30). However,
the present study is the first to show that both categories of meat
protein result in LDL concentrations that are higher than those
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TABLE 3 Plasma lipid concentrations after 4 wk of diets varying in dietary protein source and saturated fat content

High-SFA Low-SFA P value
Red meat ‘White meat Nonmeat Red meat White meat Nonmeat Protein SFA Interaction
Total cholesterol, 442 + 093 439 £ 0.83 422 +0.83 4.11 £ 0.78 4.14 £ 0.80 3.98 + 0.80 <0.0001 0.0002 0.69
mmol/L
LDL cholesterol, 2.64 £ 0.80 2.61 £ 0.72 246 £ 0.70 2.35 + 0.59 2.38 £ 0.65 2.22 4+ 0.65 <0.0001 0.0003 0.63
mmol/L
HDL cholesterol, 1.34 £ 031 134 £ 031 129 +£ 031 140 + 036 142 £ 0.39 140 + 041 0.004 0.07 0.24
mmol/L
Non-HDL cholesterol, 3.08 £ 093 3.05+ 085 292+ 0.85 272 +0.70 2.74 £ 0.72 2.59 + 0.75 <0.0001 0.0003 0.83
mmol/L
Triglycerides, mmol/L 095 £ 047 096 £ 049 099 £ 049 0.80 & 0.33 0.78 £ 0.34 0.80 £+ 0.33 0.32 0.39 0.40
apoA-I, g/l 1.31 £0.18 130 £ 0.18 1.28 &£ 0.18 1.33 &+ 021 1.33 + 0.23 1.31 £ 0.23 0.01 0.32 0.62
apoB, g/L 0.73 £ 0.23 0.74 £ 022 0.70 £ 0.21 0.67 &= 0.18 0.67 £ 0.19 0.63 £+ 0.18 <0.0001 0.0002 0.99
apoB/apoA-1 0.57 £ 0.20 0.58 £ 0.21 0.57 £ 0.21 0.51 £ 0.15 0.52 £ 0.17 049 £+ 0.16 0.02 0.01 0.72
Total/HDL cholesterol 341 £ 097 341 £096 341 £1.0 3.07 +£0.72 3.08 £ 0.78 3.01 &+ 0.79 0.51 0.15 0.60
LDL cholesterol/apoB 3.61 £ 039 357 £ 041 351 £0.38 3.57 £ 032 3.60 £ 037 3.52 + 0.38 0.09 0.44 0.52

!'Values are means + SD, n = 113. Data were analyzed by ANOVA for a 3-treatment crossover design, adjusted for dietary period. apoA-I, apolipoprotein

A-I; apoB, apolipoprotein B.

resulting from vegetable protein sources in otherwise comparable
diets, and that these effects are independent of dietary SFA level.

The present findings contrast with those of a previous report
from our laboratory showing that in conjunction with a diet high
in beef protein (11% E), consumption of high compared with
low SFA resulted in significantly increased concentrations of
medium-sized LDL, with a lesser but significant increase in small
LDL (19). The basis for the differing results in the earlier study
is not known, though factors to consider include a smaller study
population (n = 40), the provision of a smaller proportion of
the foods in the experimental diets, and differences in dietary
macronutrient composition, including lower carbohydrate intake
(31% E) with a higher proportion of simple sugars, and slightly
higher SFA intake (15% E). In another recent study in 53
individuals selected for a predominance of small LDL (LDL
subclass phenotype B), consumption of a moderate-carbohydrate
(39% E) very high-SFA diet (18% E) in conjunction with mixed

protein sources also resulted in increases in medium- and small-
sized LDL, with no significant increase in larger LDL (31).
Thus, features of diet composition, including SFA level, as
well as characteristics of the study population, may modify
the lipoprotein response to variation in protein source and SFA
intake.

Given the emphasis placed on lowering LDL cholesterol
concentrations in dietary guidelines for reducing risk of CVD
in the general population (32, 33), the present findings may
have implications for the development of future dietary rec-
ommendations. Based on the predicted effects on CVD risk
of lowering LDL cholesterol as well as apoB, substitution of
vegetable sources of protein for meat, either red or white, together
with substitution of unsaturated for SFAs, would be considered to
yield some benefit. This inference is consistent with the current
US Dietary Guidelines recommendations for dietary patterns
including high amounts of vegetables and fruits, and low levels

TABLE 4 Total mass concentrations of plasma lipoprotein subfractions after 4 wk of diets varying in dietary protein source and saturated fat content!

High-SFA Low-SFA P value
Red meat White meat Nonmeat Red meat White meat Nonmeat Protein SFA Interaction

Very-low-density lipoprotein, nmol/L

Total 829 £ 41.1 85.0 = 41.3 86.6 £ 41.4 72.8 + 37.6 71.0 + 37.8 72.6 + 38.8 0.64 0.24 0.54

Large 10.5 + 7.1 1.1 £ 7.8 11.7 + 8.6 8.9 £ 6.7 82 + 62 8.7 £ 63 0.20 0.48 0.14

Medium 33.8 + 19.1 353 + 19.6 36.6 + 20.3 29.1 + 16.5 28.1 + 16.8 292 +£17.2 0.22 0.34 0.31

Small 38.7 + 16.9 39.2 + 16.1 384 + 14.8 34.8 + 16.4 347 £ 16.2 34.6 + 16.6 0.90 0.18 0.92
Intermediate-density lipoprotein, nmol/L 112 + 52 111 + 41 108 + 48 103 + 53 99 + 44 97 + 41 0.36 0.12 0.93
LDL, nmol/L

Total 1019 + 298 1021 + 262 955 + 273 940 + 295 946 + 307 911 + 292 0.004 0.005 0.37

Large 590 £ 164 593 + 161 547 + 136 561 £+ 171 546 + 176 519 + 179 <0.0001 0.0002 0.57

Medium 161 + 83 158 £ 72 148 + 70 142 + 72 145 £ 78 138 + 63 0.04 0.33 0.40

Small 123 + 83 120 £ 75 115 £ 76 105 £ 74 112 £ 73 107 + 62 0.28 0.28 0.24

Small 4+ medium 284 £+ 159 278 £+ 137 263 £+ 140 247 £ 142 257 £+ 147 245 £ 118 0.10 0.27 0.28

Very small 145 + 68 149 + 72 144 + 72 132 + 55 142 £+ 59 147 £ 83 0.05 0.76 0.04
HDL, nmol/L

Total 18,881 + 3334 18,891 + 3741 18,313 + 3554 19,016 + 4144 18,800 + 4632 18,969 + 4661 0.27 0.99 0.12

Large 5241 £ 1532 5318 £ 1651 5119 + 1558 5415 £ 1572 5568 + 1871 5551 + 1912 0.18 0.80 0.12

Small 13,641 £ 2360 13,573 £ 2553 13,194 + 2457 13,601 £ 2918 13,232 + 3206 13,417 £ 3161 0.07 0.88 0.13
LDL peak particle diameter, A 223 £ 6 223+ 6 224 £ 6 22245 224 +5 223 £5 0.17 0.01 0.004

Values are means = SD, n = 113. Data were analyzed by ANOVA for a 3-treatment crossover design, adjusted for dietary period.
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of SFAs (32). However, the present findings also bring into
consideration the fact that differing apoB-containing lipoproteins
have differing relations to CVD risk. In particular, as summarized
elsewhere (34, 35), large LDL particles, measured by several
different methodologies, have not been associated with CVD
in multiple population cohorts in contrast to the associations
observed for concentrations of medium, small, and/or very small
LDL (26, 36-38). Although these selective relations have been
challenged, in large part due to the effects of adjustment for
multiple covariates (38), it is noteworthy that several studies
have demonstrated their persistence after adjustment for LDL
cholesterol and other lipids (36—38). Thus, the estimated impact
of red meat, white meat, and dairy-derived SFA on CVD risk
as reflected by their effects on LDL cholesterol and apoB
concentrations may be attenuated by the lack of their effects
on smaller LDL particles that are most strongly associated with
CVD.

Although it is possible that the results of the present study
were contingent on higher protein than is typical of US dietary
intake (16), the amount provided (25% E) falls within the
acceptable macronutrient distribution range for protein (10-35%
E) established by the Institute of Medicine (39). The percentages
of total protein derived from animal (48% E), dairy (28% E),
and plant protein (16% E) in the red and white meat diets
were also representative of what is habitually consumed by US
adults (40). From the present study, we cannot determine whether
inclusion of both red and white meat in the diet would have
additive effects on plasma lipids. Likewise, it remains unclear
to what extent the lipid-lowering effects of the nonmeat diet
can be ascribed to components inherent to plant-based foods
(e.g., plant-derived phytochemicals, micronutrients, differences
in amount and type of dietary fiber) compared with the removal
of red and white meat. Based on the Katan equation (http://ww
w.katancalculator.nl/), the lower dietary cholesterol content of
the nonmeat than of animal protein diets would be predicted to
reduce total and LDL cholesterol by 0.0021 and 0.0018 mmol/L,
respectively, suggesting that the cholesterol-lowering effect of
the nonmeat diets cannot be attributed solely to differences in
dietary cholesterol across diets. Nevertheless, the present findings
provide robust evidence for the equivalent effect of red and white
meat on both standard and more detailed plasma lipoprotein
measures, and the absence of an interaction of these effects with
intake of SFAs in healthy individuals.

Our results indicate that current advice to restrict red meat and
not white meat should not be based on their plasma lipid effects.
Indeed, other effects of unprocessed red meat consumption
could contribute to adverse effects on CVD risk (41, 42). In
this regard, while we found no significant effects of dietary
protein source on blood pressure, fasting glucose, or endothelial
reactivity, we have reported separately that the red meat
dietary intervention resulted in significant increases in plasma
concentrations of trimethylamine-N-oxide (43), a metabolite
derived from intestinal bacterial metabolism of carnitine (44) that
has been linked to incidence of CVD (44, 45). Moreover, recent
meta-analyses of prospective cohort studies reported increased
CVD incidence associated with processed red meat (3, 46)
suggesting that preservatives such as sodium, nitrates, and their
by-products may contribute to the association between total red
meat intake and CVD risk. Dietary intake of heme iron, abundant
in red meat, has also been associated with increased CVD risk

(47), likely through mechanisms involving lipid peroxidation and
inflammation.

Among the strengths of the present study are its provision of all
experimental foods except fresh produce, the documentation of
excellent compliance by both laboratory and clinical criteria, and
the inclusion of a diverse study population. Limitations include its
short-term nature, the omission from the experimental design of
fish (in order to avoid potential confounding effects on lipoprotein
metabolism of long-chain w-3 fatty acids) and grass-finished beef
products, and the provision of SFAs primarily from dairy sources
(in order to provide standardization across the different protein
sources). Finally, because animal protein sources in the present
study were restricted to lean cuts and were matched for saturated
fat content (2.6% total E derived from red meat SFA; 2.5% total E
derived from white meat SFA), we cannot extrapolate our findings
to the lipid and lipoprotein effects of higher-fat red meat products
in comparison with generally leaner white meats.

The results of the present study support current dietary
recommendations to adopt dietary patterns with high vegetable
content, but do not provide evidence for choosing white over red
meat for reducing CVD risk on the basis of plasma lipid and
lipoprotein effects. Moreover, the weaker association with CVD
risk of large LDL than of small LDL (26, 36-38) suggests that the
impact of high intakes of red and white meat, as well as SFA from
dairy sources, which selectively raised large LDL subfractions,
may be overestimated by reliance on LDL cholesterol, as is
the case in current dietary guidelines. Future studies should
test the effects of SFA content and dietary protein source on
atherogenic lipoprotein indices as well as clinical CVD outcomes
in individuals with hyperlipidemia.
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