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Abstract

A randomised, cross-over, controlled-feeding study was conducted to evaluate the cholesterol-lowering effects of diets containing pista-

chios as a strategy for increasing total fat (TF) levels v. a control (step I) lower-fat diet. Ex vivo techniques were used to evaluate the

effects of pistachio consumption on lipoprotein subclasses and functionality in individuals (n 28) with elevated LDL levels ($2·86mmol/l).

The following test diets (SFA approximately 8 % and cholesterol ,300 mg/d) were used: a control diet (25 % TF); a diet comprising one

serving of pistachios per d (1PD; 30 % TF); a diet comprising two servings of pistachios per d (2PD; 34 % TF). A significant decrease in

small and dense LDL (sdLDL) levels was observed following the 2PD dietary treatment v. the 1PD dietary treatment (P¼0·03) and

following the 2PD dietary treatment v. the control treatment (P¼0·001). Furthermore, reductions in sdLDL levels were correlated with

reductions in TAG levels (r 0·424, P¼0·025) following the 2PD dietary treatment v. the control treatment. In addition, inclusion of

pistachios increased the levels of functional a-1 (P¼0·073) and a-2 (P¼0·056) HDL particles. However, ATP-binding cassette transporter

A1-mediated serum cholesterol efflux capacity (P¼0·016) and global serum cholesterol efflux capacity (P¼0·076) were only improved

following the 2PD dietary treatment v. the 1PD dietary treatment when baseline C-reactive protein status was low (,103mg/l). Moreover,

a significant decrease in the TAG:HDL ratio was observed following the 2PD dietary treatment v. the control treatment (P¼0·036). There

was a significant increase in b-sitosterol levels (P,0·0001) with the inclusion of pistachios, confirming adherence to the study protocol.

In conclusion, the inclusion of pistachios in a moderate-fat diet favourably affects the cardiometabolic profile in individuals with an

increased risk of CVD.

Key words: Pistachios: Small and dense LDL: HDL subclasses: Insulin resistance: Cardiometabolic disease:

C-reactive protein: Plant sterols

Cardiometabolic syndrome increases the risk of developing

CVD and type 2 diabetes mellitus(1). Epidemiological and

clinical studies have demonstrated the beneficial effects of

tree nut and peanut consumption on the risk of CVD and

its co-morbidities(2–4). Investigations of two independent

cohorts of 76 464 women and 42 498 men have shown a

20 % reduction in total mortality in individuals who con-

sumed nuts seven or more times a week v. those who did

not consume nuts(5). Reductions in CVD mortality (225 %)

and death due to heart disease (229 %) have also been

reported for individuals who consumed nuts five times a

week v. those who did not consume nuts(5). In addition,

Jaceldo-Siegl et al.(4) demonstrated a significant inverse

association (P,0·01) of high tree nut consumption with the

prevalence of obesity in a group of 803 adults; a 46 % reduction

in the prevalence of obesity was observed in high-tree nut

consumers v. low-tree nut consumers.

Pistachios are a source of monounsaturated and poly-

unsaturated fats, as well as bioactive compounds, including

plant sterols(6). The report of the 2010 Dietary Guidelines

Advisory Committee states that plant sterols may contribute

to the cholesterol-lowering effect reported for plant-based

diets; the sterols compete with dietary cholesterol for absorp-

tion within the intestinal lumen(7). Subsequently, endogenous
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Abbreviations: 1PD, one serving of pistachios per d; 2PD, two servings of pistachios per d; ABCA1, ATP-binding cassette transporter A1; CRP, C-reactive
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British Journal of Nutrition (2014), 112, 744–752 doi:10.1017/S0007114514001561
q The Authors 2014

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114514001561  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114514001561


cholesterol synthesis is increased, which in turn up-regulates

LDL receptor expression and LDL removal from the circula-

tion, resulting in a decrease in LDL levels(8).

In contrast to low-fat diets, moderate-fat diets that include

nuts and other plant-based foods reduce LDL levels and

typically increase HDL levels(9,10); additive effects have been

observed with the inclusion of legumes, seeds, grains and

nuts(10). However, questions remain regarding the mechanistic

effects of the bioactive components of tree nuts and peanuts

on the emerging markers of CVD risk. Mechanisms by which

bioactive components in pistachios affect these emerging

markers are also not known.

In individuals with insulin resistance, there is increased

synthesis of VLDL, which results in increased TAG levels(11)

and decreased HDL levels(12). The TAG:HDL ratio, a surrogate

marker of insulin resistance, has been shown to predict an

increased risk of hypertension and type 2 diabetes, as well

as all-cause mortality in women with myocardial ischae-

mia(13–15). In addition, decreased insulin sensitivity adversely

affects LDL and HDL particle size. In a study carried out by

Garvey et al.(16), insulin resistance was found to be signifi-

cantly associated with a decrease in LDL and HDL particle

size, as well as increases in the levels of small and dense

LDL (sdLDL) and small HDL particles, and a reduction in the

levels of large LDL particles. In a study carried out by Irving

et al.(17) in non-diabetic subjects, low insulin sensitivity, cardi-

orespiratory fitness and truncal fat mass were all found to be

associated with increases in the number of sdLDL and small

HDL particles, as well as decreases in average LDL and HDL

particle size; TAG was also found to be a strong predictor of

lipoprotein levels and size. The effects of diet on lipoprotein

particle size are important as sdLDL and the HDL subclasses

have been shown to predict CVD risk better than LDL and

HDL levels alone(18–21).

Elevated levels of sdLDL are associated with an increased

risk of coronary artery disease(22). sdLDL particles are highly

atherogenic primarily due to their increased susceptibility to

oxidation and their ease of entry into the arterial wall(23).

HDL are also heterogeneous and their subclasses are differen-

tially associated with CVD risk(24–26). Results obtained in the

Framingham Offspring Study have demonstrated that low

a-1 and a-2 HDL levels are stronger predictors of CHD risk

than HDL levels alone(25). Furthermore, the a-1 and a-2 sub-

classes of HDL are more functional in reverse cholesterol

transport and promote atheroregression(27,28).

Recent advances in the development of ex vivo method-

ologies for assessing HDL functionality (serum cholesterol

efflux capacity determination) provide an approach to evalu-

ate the effects of pistachios on the lipid/lipoprotein profile

and their association with reverse cholesterol transport.

In the present study, we evaluated the effects of test diets

that varied in the levels of total, monounsaturated and poly-

unsaturated fats provided by pistachios on the LDL and HDL

subclasses, the TAG:HDL ratio, and serum cholesterol efflux

capacity as a strategy for identifying mechanisms that explain

how consumption of pistachios beneficially affects cardio-

metabolic status.

Experimental methods

Study design, participants and diet design

Plasma and serum samples obtained from the participants of

our previous study(29) were used for the analyses described

herein. Briefly, otherwise healthy, non-smoking men (n 10)

and women (n 18) with elevated fasting LDL levels

($2·86 mmol/l, 110 mg/dl) completed a three-period, ran-

domised, cross-over, controlled-feeding study(29). Previous

sample size calculation(29) was based on effect sizes reported

by Jenkins et al.(30) and Sabaté et al.(31). Additional inclusion

criteria were as follows: TAG levels ,3·94 mmol/l (349 mg/dl)

and blood pressure ,160/90 mmHg; BMI between 21 and

35 kg/m2; fasting blood glucose levels #6·93 mmol/l

(125 mg/dl). The baseline characteristics of the participants

are given in Table 1. The participants were found to be not

insulin resistant based on the homeostasis model of assess-

ment-estimated insulin resistance (HOMA-IR) index (,2·5)

and the TAG:HDL ratio (,1·53). Exclusion from the study

was based on the following: an inability to adhere to

the study protocol; using blood pressure-lowering or

cholesterol/lipid-lowering medications or cholesterol/blood

pressure-lowering products (psyllium, fish oil, soya lecithin

and phyto-oestrogens); being pregnant or wishing to

become pregnant 6 months before or during the study; lactat-

ing 6 weeks before or during the study; experiencing weight

loss $10 % body weight 6 months before the study; following

vegetarian or weight-loss diets; having any of the following

conditions: stroke, diabetes, liver disease, kidney disease or

autoimmune diseases.

We used a controlled-feeding design and all meals were

provided to the participants; energy levels were individualised

for the maintenance of body weight. The macronutrient pro-

file of the experimental diets is summarised in Table 2. After

2 weeks on a typical Western diet (35 % total fat (TF) and

11 % SFA), the participants were assigned to a balanced

order sequence of three test diets. Each test diet was provi-

ded for 4 weeks followed by a 2-week compliance break.

The following test diets were used: a lower-fat control diet

(control; 25 % TF and 8 % SFA); a diet that provided 10 % of

Table 1. Baseline characteristics of the participants

(Least-squares (LS) means with their standard errors, n 28)

Characteristics LS mean SEM

Age (years) 48·0 1·5
BMI (kg/m2) 26·8 0·7
Total cholesterol (mmol/l) 5·45 0·12
LDL (mmol/l) 3·46 0·11
HDL (mmol/l) 1·50 0·08
TAG (mmol/l) 1·15 0·09
Systolic blood pressure (mmHg) 111·9 2·1
Diastolic blood pressure (mmHg) 69·5 1·1
Fasting plasma glucose (mmol/l) 5·12 0·08
Fasting serum insulin (pmol/l) 64·4 5·6
HOMA-IR index* 2·1 1·1
TAG:HDL ratio 0·83 0·44

HOMA-IR, homeostasis model of assessment-estimated insulin resistance.
* HOMA-IR calculations were based on the method of Matthews et al.(35).
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energy from pistachios (one serving of pistachios/d (1PD);

30 % TF and 8 % SFA); a diet that provided 20 % of energy

from pistachios (two servings of pistachios/d (2PD); 34 % TF

and 8 % SFA). Energy from carbohydrates was replaced with

energy from pistachios. Salted, roasted pistachios (50 % of

the daily dose) were consumed as snacks instead of baked

potato chips and pretzels. Unsalted pistachios were incorpor-

ated into recipes.

Adherence to the study protocol was good, as demonstrated

by daily compliance questionnaires. In addition, plasma

b-sitosterol levels increased dose dependently with the

inclusion of pistachios, consistent with dietary approxi-

mations, as b-sitosterol is the predominant sterol found in

pistachios. The weight of the participants was recorded daily

(Monday through Friday). Diets were isoenergetic, and there

were no significant differences in pre-treatment and post-

treatment means for either body weight (P.0·05) or BMI

(P.0·05)(29). No significant differences were also observed

in body weight or BMI when comparing participants who

consumed the control diet with those who consumed the

pistachio diets (P.0·05)(29).

The participants were instructed to maintain the intensity,

frequency and duration of their habitual physical activity

for the duration of the study. The participants were required

to complete daily and weekly monitoring forms that were

verified by the study coordinator. The daily monitoring form

contained a ‘Comments’ section where the participants could

record any physical activity outside of their usual routine.

They were then specifically asked about their deviations in

physical activity and were reminded to maintain their usual

physical activity regimen.

The present study was approved by the Institutional Review

Board of The Pennsylvania State University. All participants

provided signed informed consent. Among the participants,

one was unable to adhere to the protocol and subsequently

withdrew from the study.

Analytical methods

Lipoprotein subclasses. Lipoprotein subclass analyses

were conducted at the Boston Heart Diagnostics laboratory

(Framingham, MA, USA). For sdLDL analysis, large, buoyant

and other apoB-containing lipoproteins were first removed

from the plasma by filtration after the formation of aggregates

with a polyanion and divalent cation-based reagent, and

sdLDL levels were then determined using a Cobas 6000

analyser (Roche), with reagents obtained from Denka-Seiken

Company Limited, as described previously(32). The levels of

HDL subclasses were determined by immunoblotting with

prior separation using two-dimensional, non-denaturing

PAGE as described previously(25). Lipoprotein(a) levels were

determined using ELISA as described elsewhere(33).

Measures of insulin sensitivity and inflammation.

Methods used for determining fasting plasma glucose levels

and fasting serum insulin levels have been described pre-

viously(29). Briefly, fasting glucose levels were measured

using an immobilised biosensor within the YSI 2300 STAT

Plus Glucose & Lactate Analyzer (Yellow Springs Instruments

Inc.). Insulin levels were measured using RIA with 125I-

labelled human insulin and a human insulin antiserum

(Linco Research, Inc.). Serum C-reactive protein (CRP) levels

were measured using latex-enhanced immunonephelometry

(Quest Diagnostics; assay CV ,8 %), and clinically significant

limits were based on the 2003 AHA/CDC Scientific Statement

on Markers of Inflammation and Cardiovascular Disease(34).

Fasting plasma glucose levels and fasting serum insulin

levels were determined at the Penn State Hershey Medical

Center (Hershey, PA, USA). HOMA-IR index calculations

were based on the formula proposed by Matthews et al.(35)

using conventional units.

Serum cholesterol efflux capacity. Cholesterol efflux

capacity was determined at Vascular Strategies LLC. Serum

HDL samples (apoB-depleted serum) were prepared from

individual serum samples by precipitation of apoB-containing

lipoproteins using polyethylene glycol. Briefly, for each serum

sample, 100 parts serum were mixed with forty parts polyethy-

lene glycol (20 %, v/v, in glycine buffer, pH 7·4). The samples

were then incubated at room temperature for 20 min and

centrifuged at 10 000 rpm for 30 min at 4 8C. The supernatant

containing serum HDL was collected and used for the deter-

mination of cholesterol efflux capacity.

Cholesterol efflux capacities of serum HDL samples were

determined as described in detail elsewhere(36,37). In brief,

global and ATP-binding cassette transporter A1 (ABCA1)-

mediated cholesterol effluxes were measured using J774

mouse macrophage cells in the presence and/or absence of

cyclic AMP. For all assays, the cells were pre-incubated with

[3H]cholesterol and acyl-CoA:cholesterol acyltransferase

inhibitor Sandoz 58-035 (Sigma-Aldrich) overnight; cells

were not preloaded with mass cholesterol. The cells were

then incubated overnight in 0·2 % bovine serum albumin

with or without 8-( p-chlorophenylthio)-cyclic AMP. After

washing, the cells were incubated for 4 h with the serum

HDL samples (apoB-depleted serum) added at 2·8 % (v/v).

[3H]Cholesterol released into serum after incubation with the

Table 2. Macronutrient composition of the diets (n 28)

Control 1PD* 2PD†

Energy (kJ) 8790‡ 8790‡ 8790‡
Protein (%) 15·4 16·7 16·9
CHO (%) 62·7 57·6 53·5
Fat (%) 25·4 29·6 34·3
SFA (%) 7·8 7·7 7·7
MUFA (%) 9·1 12·0 15·3
PUFA (%) 4·5 5·8 7·7
LA (%) 2·6 4·2 6·3
ALA (%) 0·4 0·3 0·4
Cholesterol (mg) 288·0 293·0 286·0
Phytosterols (mg/d) 37·5 103·0 321·0
Fibre (g) 32·8 33·3 35·9

CHO, carbohydrate; LA, linoleic acid; ALA, a-linolenic acid.
* 1PD represents one serving (32–63 g or 1·5 oz) of pistachios

per d (10 % energy from pistachios).
† 2PD represents two servings (63–126 g or 3·0 oz) of pistachios

per d (20 % energy from pistachios).
‡ Equivalent to 8786 kJ (2100 kcal) of dietary energy.
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cells for 4 h was measured by liquid scintillation counting.

Cholesterol efflux is expressed as the radiolabel released as

a percentage of [3H]cholesterol within the cells before the

addition of serum. All efflux values were corrected by sub-

tracting the small amount of radioactive cholesterol released

from the cells incubated with serum-free media. ABCA1-

dependent efflux from J774 cells was determined as the differ-

ence in efflux from cyclic AMP-treated cells and that from

untreated cells.

Circulating sterols. The levels of b-sitosterol, campesterol,

desmosterol and lathosterol were measured using GC as

described previously(38); analyses were carried out at the

Boston Heart Diagnostics laboratory (Framingham, MA,

USA). b-Sitosterol and campesterol were used as markers of

dietary sterol absorption, while desmosterol and lathosterol

were used as markers of endogenous cholesterol synthesis.

As these sterols are primarily transported in the LDL fraction,

their levels are expressed as a ratio to total cholesterol(39).

Statistical analysis

Data were tested for normality and transformed where appro-

priate. All data, except those obtained for a-2, a-3 and

a-4 HDL, fasting serum insulin and lipoprotein(a), were

log-transformed; data obtained for lipoprotein(a) were trans-

formed using the square root scale. The effects of diet were

analysed by comparing the levels of each endpoint at the

end of the control treatment with levels measured after the

consumption of the two pistachio diets. Treatment differences

were analysed using mixed models (SAS version 9.2; SAS

Institute Inc.). Diet, period and diet £ period interaction

were entered as fixed effects; subject was a random effect.

No significant diet £ period interactions were observed for

any variable, except for a-4 HDL; no significant effects of

diet were observed on this variable. Changes from baseline

were calculated for the HOMA-IR index. We examined

whether change in LDL or sdLDL levels was predicted by

change in serum b-sitosterol levels for the 2PD dietary treat-

ment group; change scores were calculated for this group

(values recorded at the end of the dietary treatment 2 those

recorded after the control treatment). We also estimated

whether change in sdLDL levels was related to change in

TAG levels; change scores were calculated for the 2PD dietary

treatment group (values recorded at the end of the dietary

treatment 2 those recorded after the control treatment). As

CRP is a strong predictor of CVD and the metabolic syn-

drome(40,41), we further determined whether there was an

association between CRP status (high: $103mg/l v. low:

,103mg/l) at baseline and the effects of diets on cholesterol

efflux capacity. Significant effects (P#0·05) were evaluated

using Tukey’s tests. Data are reported as least-squares means

with their standard errors.

Results

Lipoprotein subclasses

A significant effect of diet was observed on sdLDL levels

(P¼0·001); compared with the control and 1PD diets, the

2PD diet significantly reduced sdLDL levels (P¼0·001 and

P¼0·03, respectively; Table 3). Furthermore, reductions in

sdLDL levels were positively associated with reductions in

TAG levels following the 2PD dietary treatment v. the control

treatment (r 0·42, P¼0·03). An increase in the levels of a-1 and

a-2 HDL was observed with the inclusion of pistachios

(P¼0·073 and P¼0·056, respectively; Table 3). No significant

effects of diet were observed on preb-1 HDL, a-3 HDL, a-4

HDL or lipoprotein(a) levels (Table 3); a significant diet £

period interaction (P¼0·007) was observed for a-4 HDL levels.

Cardiometabolic measures

The assessment of the TAG:HDL ratio, a marker of insulin

resistance (Table 4), revealed a significant effect of diet

(P¼0·041), and a significant reduction was observed in this

ratio following the 2PD dietary treatment v. the control treat-

ment (P¼0·036); the pistachio diets minimised the increase

in the TAG:HDL ratio from baseline compared with the

lower-fat control diet(29). However, no significant effect of

diet was observed on the HOMA-IR index (P¼0·71; Table 4).

Change in the HOMA-IR index from baseline also did not

differ among the dietary treatment groups (P¼0·994). No sig-

nificant differences were observed in either fasting plasma

glucose levels or fasting serum insulin levels among the

dietary treatment groups.

Table 3. Effects of pistachio inclusion on lipoprotein subclasses

(Least-squares (LS) means with their standard errors, n 28)

Control 1PD* 2PD†
P

(diet)
P‡

(control v. 1PD)
P‡

(1PD v. 2PD)
P‡

(control v. 2PD)Variables LS mean SE LS mean SE LS mean SE

sdLDL (mmol/l) 1·07 0·03 1·00 0·03 0·86 0·03 0·001 0·460 0·030 0·001
Preb-1 HDL (mmol/l) 0·56 0·03 0·53 0·03 0·53 0·03 0·596 0·635 0·998 0·671
a-4 HDL (mmol/l) 0·22 0·01 0·23 0·01 0·22 0·01 0·457 0·523 0·523 1·000
a-3 HDL (mmol/l) 0·76 0·04 0·74 0·04 0·75 0·04 0·880 0·871 0·980 0·948
a-2 HDL (mmol/l) 1·41 0·06 1·39 0·06 1·50 0·06 0·056 0·868 0·059 0·167
a-1 HDL (mmol/l) 0·47 0·03 0·48 0·03 0·53 0·03 0·073 0·926 0·162 0·144
Lipoprotein(a) (mmol/l) 0·89 0·01 0·90 0·01 0·89 0·01 0·782 0·783 0·864 0·987

sdLDL, small and dense LDL.
* 1PD represents one serving (32–63 g or 1·5 oz) of pistachios per d (10 % energy from pistachios).
† 2PD represents two servings (63–126 g or 3·0 oz) of pistachios per d (20 % energy from pistachios).
‡ Tukey’s adjustments were used for comparisons among the dietary treatment groups.
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Serum cholesterol efflux capacity

No significant effects of diet were observed on ABCA1-

mediated serum cholesterol efflux capacity (P¼0·213) or

global serum cholesterol efflux capacity (P¼0·553; Table 5).

After adjusting for baseline CRP status, however, significant

diet £ CRP status interactions were observed for both

ABCA1-mediated serum cholesterol efflux capacity (P¼0·016)

and global serum cholesterol efflux capacity (P¼0·029)

(Table 6). A significant difference was observed in ABCA1-

mediated serum cholesterol efflux capacity between partici-

pants consuming the 2PD diet (9·89 (SE 0·75) %) and those

consuming the 1PD diet (7·35 (SE 0·74) %) within the low-

CRP status group (P¼0·0158). A difference was also observed

in global cholesterol efflux capacity between participants con-

suming the 2PD diet (17·55 (SE 1·06) %) and those consuming

the 1PD diet (14·73 (SE 1·06) %) within the low-CRP status

group (P¼0·076).

Circulating sterols

Significant effects of diet were observed on b-sitosterol

(P,0·0001) and campesterol (P¼0·009) levels. A significant

increase in b-sitosterol levels was observed following the

1PD and 2PD dietary treatments v. the control treatment

(P,0·0001 for both; Table 7). A significant increase in

b-sitosterol levels was also observed following the 2PD dietary

treatment v. the 1PD dietary treatment (P¼0·0002). A signifi-

cant decrease in campesterol levels was observed following

the 2PD dietary treatment v. the control treatment (P¼0·009)

and following the 1PD dietary treatment v. the control treat-

ment (P¼0·051) (Table 7). Given the significant reductions

in sdLDL levels observed in the present study and reductions

in LDL levels reported previously (P,0·001)(29), we also eval-

uated whether increasing levels of b-sitosterol played a role in

these reductions. Pearson’s correlation analyses revealed no

significant associations between reductions in sdLDL (r 0·26,

P¼0·20) and LDL (r 0·30, P¼0·13) levels and increases in

b-sitosterol levels on comparing the control and 2PD dietary

treatment groups. No significant differences were observed

in desmosterol (P¼0·14) or lathosterol (P¼0·15) levels

among the dietary treatment groups (Table 7).

Discussion

In the present study, the inclusion of pistachios in a heart-

healthy diet as a strategy for increasing TF levels was found

to favourably reduce sdLDL levels. The reduction in sdLDL

levels would be expected to confer an additional benefit

with regard to CVD risk beyond the reduction in LDL levels.

Our previous findings showed the beneficial effects

of pistachio consumption on lipid and lipoprotein profiles

(Supplementary Table 1); specifically the 1PD and 2PD diets

decreased LDL levels by 29 and 212 %, respectively(29).

sdLDL particles are associated with elevated TAG levels and

lower HDL levels(19,42), which are typically observed in indi-

viduals with dyslipidaemia and insulin resistance. We had

previously reported a significant reduction in TAG levels

with the inclusion of pistachios (1·40 (SE 0·09) mmol/l for the

lower-fat control diet, 1·28 (SE 0·09) mmol/l for the 1PD diet,

Table 4. Effects of pistachio inclusion on the TAG:HDL ratio, fasting plasma glucose levels, fasting serum insulin levels, and the homeostasis model
assessment-estimated insulin resistance index (HOMA-IR)

(Least-squares (LS) means with their standard errors, n 28)

Control 1PD* 2PD†
P

(diet)
P‡

(control v. 1PD)
P‡

(1PD v. 2PD)
P‡

(control v. 2PD)Variables LS mean SE LS mean SE LS mean SE

TAG:HDL ratio 1·09 0·48 1·00 0·48 0·92 0·48 0·041 0·694 0·201 0·036
Fasting plasma

glucose (mmol/l)
5·11 0·06 5·05 0·06 5·11 0·06 0·492 0·543 0·562 0·999

Fasting serum
insulin (pmol/l)

65·3 5·6 66·0 5·6 66·0 5·6 0·971 0·969 0·996 0·987

HOMA-IR§ 1·94 1·13 1·83 1·13 1·85 1·13 0·714 0·724 0·989 0·802

* 1PD represents one serving (32–63 g or 1·5 oz) of pistachios per d (10 % energy from pistachios).
† 2PD represents two servings (63–126 g or 3·0 oz) of pistachios per d (20 % energy from pistachios).
‡ Tukey’s adjustments were used for comparisons among the dietary treatment groups.
§ HOMA-IR calculations were based on the method of Matthews et al.(35).

Table 5. Effects of pistachio inclusion on ATP-binding cassette transporter A1 (ABCA1)-mediated serum cholesterol efflux capacity (ABCA1 efflux) and
global serum cholesterol efflux capacity (global efflux)

(Least-squares (LS) means with their standard errors, n 28)

Control 1PD* 2PD†
P

(diet)
P‡

(control v. 1PD)
P‡

(1PD v. 2PD)
P‡

(control v. 2PD)Variables (%) LS mean SE LS mean SE LS mean SE

ABCA1 efflux 8·55 0·58 7·63 0·58 8·59 0·58 0·213 0·293 0·263 0·998
Global efflux§ 15·72 1·05 15·12 1·05 15·94 1·05 0·553 0·720 0·547 0·958

* 1PD represents one serving (32–63 g or 1·5 oz) of pistachios per d (10 % energy from pistachios).
† 2PD represents two servings (63–126 g or 3·0 oz) of pistachios per d (20 % energy from pistachios).
‡ Tukey’s adjustments were used for comparisons among the dietary treatment groups.
§ Diet£period interaction (P¼0·023).
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and 1·20 (SE 0·09) mmol/l for the 2PD diet)(29); the pistachio

diets minimised the increase in TAG levels from baseline

(1·15 (SE 0·09) mmol/l) compared with the lower-fat control

diet. In the present study, we found a significant correlation

between reductions in both sdLDL and TAG levels, indicating

a beneficial shift in the metabolic profile.

With a decrease in insulin sensitivity, a predominance of

sdLDL particles is typically associated with a high TAG:HDL

ratio(43). In comparison with the lower-fat control diet, the pis-

tachio diets resulted in decreases in both sdLDL levels and the

TAG:HDL ratio; they also reduced increases in the TAG:HDL

ratio from baseline when compared with the lower-fat control

diet. Although the TAG:HDL ratio was still in the normal range

in all participants (,1·53), further reductions may confer

additional cardioprotective benefits. Our findings are import-

ant because we studied generally healthy individuals with

elevated LDL levels who did not present with insulin resist-

ance (as assessed by HOMA-IR scores) and yet observed ben-

eficial effects on sdLDL levels and the TAG:HDL ratio in

response to a moderate-fat diet containing pistachios. The

TAG:HDL ratio is important because it incorporates two of

the criteria for the metabolic syndrome and has been shown

to predict insulin resistance, incident hypertension and dia-

betes(13,15,44). The results of the present study demonstrate

improvements in the TAG:HDL ratio, indicating that pro-

gression to insulin resistance can be slowed by consumption

of a moderate-fat, heart-healthy diet containing pistachios.

Studies have shown that moderate-fat diets that contain tree

nuts or peanuts increase HDL levels when compared with

lower-fat diets(9). In our previous study, we had also found

beneficial effects on HDL levels with the inclusion of pista-

chios in the diet; there was a significant difference in HDL

levels between those who consumed the 1PD diet and those

who consumed the 2PD diet; there were no differences

between those who consumed either the 1PD or the 2PD

diet and those who consumed the lower-fat control diet. How-

ever, it must be noted that the mean HDL level at baseline in

all participants was approximately 1·50 mmol/l, which is mod-

erately high. The inclusion of pistachios (2PD) in the diet

further attenuated decreases in HDL levels from baseline

when compared with the lower-fat control diet(29). Interest-

ingly, we observed trends in the effects of diet on a-1 and

a-2 HDL levels. These larger, cholesterol-rich HDL particles

have been shown to enhance reverse cholesterol transport

to promote atheroregression v. the relatively small and imma-

ture subclasses, which do not contribute to the regression of

an atherosclerotic plaque(28). An ex vivo assay of serum

cholesterol efflux capacity did not reveal differences among

the dietary treatment groups. However, previous studies

have indicated that circulating levels of CRP can predict the

risk of atherosclerotic plaque formation and thrombotic

events(40,41). When the effect of baseline CRP status was

taken into account, we found significant increases in both

ABCA1-mediated and global serum cholesterol efflux

capacities following the 2PD dietary treatment v. the 1PD diet-

ary treatment when baseline CRP values were ,103mg/l.

These results indicate that HDL functionality may be increased

with the inclusion of pistachios in the absence of low-grade

inflammation. As such, effects of diet on cholesterol

efflux capacity may be blunted in individuals with chronic sys-

temic inflammation. Future clinical studies should consider

inflammatory status for a more accurate description of the

cardioprotective effects conferred by nut consumption.

There were no significant effects of diet on lipoprotein(a),

indicating that dietary fat from pistachios may not influence

this cardiometabolic marker. Although elevated lipoprotein(a)

levels ($1·07mmol/l) are associated with an increased risk of

CVD, and modestly associated with insulin resistance(45),

levels observed in the present study (lower-fat control, 0·89

(SE 0·01)mmol/l; 1PD, 0·90 (SE 0·01)mmol/l; 2PD, 0·89

(SE 0·01)mmol/l) were below the cut-off associated with an

increased risk.

Table 6. Moderation of the effects of pistachio inclusion on ATP-binding
cassette transporter A1 (ABCA1)-mediated serum cholesterol efflux
capacity (ABCA1 efflux) and global serum cholesterol efflux capacity
(global efflux) by C-reactive protein (CRP) status (n 28)

Variables (%) P (diet) P (diet£period) P (diet£CRP status)*

ABCA1 efflux 0·322 0·176 0·016†
Global efflux 0·764 0·044 0·029‡

* Test for an interaction between pistachio inclusion and baseline CRP status (high:
$103mg/l or low: ,103mg/l) for ABCA1-mediated and global serum cholesterol
efflux capacities.

† Significant difference between those consuming two servings/d (9·89 (SE 0·75) %)
and those consuming one serving/d (7·35 (SE 0·74) %) within the low-CRP status
group (P¼0·016).

‡ Trend for a difference between those consuming two servings/d (17·55
(SE 1·06) %) and those consuming one serving/d (14·73 (SE 1·06) %) within the
low-CRP status group (P¼0·076).

Table 7. Effects of pistachio inclusion on the levels of b-sitosterol and campesterol (markers of sterol absorption) and desmosterol and lathosterol
(markers of endogenous cholesterol synthesis)

(Least-squares (LS) means with their standard errors, n 28)

Variables
( £ 1024 mol/mmol
total cholesterol)

Control 1PD* 2PD†
P

(diet)
P‡

(control v. 1PD)
P‡

(1PD v. 2PD)
P‡

(control v. 2PD)LS mean SE LS mean SE LS mean SE

b-Sitosterol 120·9 1·1 139·1 1·1 154·2 1·1 ,0·0001 ,0·0001 0·0002 ,0·0001
Campesterol 144·0 1·1 129·9 1·1 126·0 1·1 0·009 0·051 0·755 0·009
Desmosterol 63·2 1·2 87·1 1·2 46·9 1·3 0·137 0·366 0·115 0·384
Lathosterol 109·3 1·1 116·4 1·1 123·7 1·1 0·150 0·616 0·643 0·127

* 1PD represents one serving (32–63 g or 1·5 oz) of pistachios per d (10 % energy from pistachios).
† 2PD represents two servings (63–126 g or 3·0 oz) of pistachios per d (20 % energy from pistachios).
‡ Tukey’s adjustments were used for comparisons among the dietary treatment groups.
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As has been discussed, the 1PD and 2PD diets significantly

decreased LDL levels (29 and 212 %, respectively) compared

with the lower-fat control diet(29). In the present study,

b-sitosterol levels were elevated in the 1PD and 2PD dietary

treatment groups v. the control group. In addition, b-sitosterol

levels were inversely associated with campesterol levels in

participants consuming the pistachio diets. Pistachios provide

200 mg of b-sitosterol and 10 mg of campesterol per 100 g(7),

which account for the shift in the plasma sterol profile.

Thus, increases in b-sitosterol levels with the inclusion of pis-

tachios confirm participants’ adherence to the study protocol.

Despite elevated b-sitosterol levels, decreased cholesterol

absorption(46,47) probably was not the primary factor contri-

buting to the LDL-lowering effect observed following the

1PD and 2PD dietary treatments, as there were no significant

associations between reductions in LDL and sdLDL levels

and increases in b-sitosterol levels. This is not unexpected

as the 1PD and 2PD diets provided only 103 and 321 mg

phytosterols per d, which are appreciably less than the

recommended intake of 2–3 g sterols/stanols per d for

cholesterol-lowering effects to be observed(48). Nonetheless,

it is the combination of b-sitosterol levels and the fatty acid

profile of the pistachio diets that most probably explains

the cholesterol-lowering effects observed in the present

study. Furthermore, the inclusion of pistachios may aid in

the maintenance of whole-body cholesterol homeostasis(49),

as evidenced by the absence of a change in desmosterol

and lathosterol levels.

The present study has a few limitations. The duration of the

study may have been too short to detect shifts in the lipopro-

tein subclass profile, particularly in the HDL subclasses.

Other limitations include the lack of plasma samples for base-

line lipoprotein subclass determinations, as well as waist

circumference measurements for conclusive assessment of car-

diometabolic status. Had we access to these data, we could

have investigated the changes in subclass levels from baseline

following the dietary treatments and evaluated how reductions

in sdLDL levels and the TAG:HDL ratio are related to any

change in waist circumference in participants over the

course of the study. In addition, we observed effects of diet

on cholesterol efflux capacity only in participants with low

CRP status. Although this was not accounted for a priori,

these results indicate that the traditional model for dietary

treatment effects may not be as successful as in individuals

with chronic systemic inflammation. Future studies should

monitor the inflammatory status of participants at baseline

and over the course of the study.

The present study provides new insights into the role of

pistachios and their bioactive components that affect the mar-

kers of cardiometabolic syndrome. Collectively, we showed

that inclusion of pistachios at 10–20 % energy per d as part

of a heart-healthy, cholesterol-lowering diet decreases sdLDL

levels, reduces the TAG:HDL ratio, modestly increases the

levels of the functional HDL subclasses, and has beneficial

effects on cholesterol efflux capacity (only in the lower-CRP

status group), which in aggregate would be expected to

decrease the risk of cardiometabolic syndrome. Based on

our findings, we conclude that the inclusion of pistachios in

a moderate-fat diet may prevent and slow the transition to

CVD and diabetes. Further studies are required to directly

evaluate whether the consumption of a heart-healthy, moder-

ate-fat diet (that contains pistachios or other healthy fats) can

prevent the onset of insulin resistance in individuals at an

increased risk of cardiometabolic syndrome.
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12. Karhapää P, Malkki M & Laakso M (1994) Isolated low HDL
cholesterol: an insulin-resistant state. Diabetes 43, 411–417.

13. McLaughlin T, Abbasi F, Cheal K, et al. (2003) Use of meta-
bolic markers to identify overweight individuals who are
insulin resistant. Ann Intern Med 139, 802–809.

14. Bittner V, Johnson BD, Zineh I, et al. (2009) The triglyceride/
high-density lipoprotein cholesterol ratio predicts all-cause
mortality in women with suspected myocardial ischemia: a
report from the Women’s Ischemia Syndrome Evaluation
(WISE). Am Heart J 157, 548–555.

15. Onat A, Can G, Kaya H, et al. (2010) “Atherogenic index of
plasma” (log10 triglyceride/high-density lipoprotein-cholesterol)
predicts high blood pressure, diabetes, and vascular events.
J Clin Lipidol 4, 89–98.

16. Garvey WT, Kwon S, Zheng D, et al. (2003) Effects of insulin
resistance and type 2 diabetes on lipoprotein subclass
particle size and concentration determined by nuclear mag-
netic resonance. Diabetes 52, 453–462.

17. Irving BA, Nair KS & Srinivasan M (2011) Effects of insulin
sensitivity, body composition, and fitness on lipoprotein
particle sizes and concentrations determined by nuclear
magnetic resonance. J Clin Endocrinol Metab 96, E713–E718.

18. Krauss RM (2010) Lipoprotein subfractions and cardio-
vascular disease risk. Curr Opin Lipidol 21, 305–311.

19. Reaven GM, Chen YD, Jeppesen J, et al. (1993) Insulin resis-
tance and hyperinsulinemia in individuals with small, dense
low density lipoprotein particles. J Clin Invest 92, 141–146.

20. Castelli WP, Garrison RJ, Wilson PW, et al. (1986) Incidence
of coronary heart disease and lipoprotein cholesterol levels.
The Framingham Study. JAMA 256, 2835–2838.

21. Sharrett AR, Ballantyne CM, Coady SA, et al. (2001) Coronary
heart disease prediction from lipoprotein cholesterol levels,
triglycerides, lipoprotein(a), apolipoproteins A-I and B,
and HDL density subfractions: the Atherosclerosis Risk in
Communities (ARIC) Study. Circulation 104, 1108–1113.

22. Gardner CD, Fortmann SP & Krauss RM (1996) Association of
small low-density lipoprotein particles with the incidence of

coronary artery disease in men and women. JAMA 276,
875–881.

23. Galeano NF, Al-Haideri M, Keyserman F, et al. (1998)
Small dense low density lipoprotein has increased affinity
for LDL receptor-independent cell surface binding sites:
a potential mechanism for increased atherogenicity. J Lipid
Res 39, 1263–1273.

24. Asztalos BF, Collins D, Cupples LA, et al. (2005) Value of
high-density lipoprotein (HDL) subpopulations in predicting
recurrent cardiovascular events in the Veterans Affairs HDL
Intervention Trial. Arterioscler Thromb Vasc Biol 25,
2185–2191.

25. Asztalos BF, Cupples LA, Demissie S, et al. (2004) High-
density lipoprotein subpopulation profile and coronary
heart disease prevalence in male participants of the Framing-
ham Offspring Study. Arterioscler Thromb Vasc Biol 24,
2181–2187.

26. Asztalos BF, de la Llera-Moya M, Dallal GE, et al. (2005)
Differential effects of HDL subpopulations on cellular
ABCA1- and SR-BI-mediated cholesterol efflux. J Lipid Res
46, 2246–2253.

27. Fielding CJ & Fielding PE (1995) Molecular physiology of
reverse cholesterol transport. J Lipid Res 36, 211–228.

28. Rothblat GH & Phillips MC (2010) High-density lipoprotein
heterogeneity and function in reverse cholesterol transport.
Curr Opin Lipidol 21, 229–238.

29. Gebauer SK, West SG, Kay CD, et al. (2008) Effects of pista-
chios on cardiovascular disease risk factors and potential
mechanisms of action: a dose–response study. Am J Clin
Nutr 88, 651–659.

30. Jenkins DJ, Kendall CW, Marchie A, et al. (2002) Dose
response of almonds on coronary heart disease risk
factors: blood lipids, oxidized low-density lipoproteins,
lipoprotein(a), homocysteine, and pulmonary nitric oxide:
a randomized, controlled, crossover trial. Circulation 106,
1327–1332.
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