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ABSTRACT

Background: Previous meta-analyses, with some methodological
controversies, have assessed the relation between nut consumption
and type 2 diabetes (T2D) risk and pointed to contradictory results,
making desirable the performance of an updated meta-analysis.
Objectives: We aimed to systematically review and meta-analyze
all the published studies investigating the relations of total nuts and
different types of nuts—i.e., walnuts, peanuts, peanut butter, and total
tree nuts—with the prevalence and incidence of T2D.

Methods: A systematic search was conducted in the PubMed and
Cochrane databases through 12 August, 2020. The inverse variance
method with fixed-effect models was used to pool data across studies,
expressed as risk ratios (RRs) or ORs and 95% Cls for prospective
cohort and cross-sectional studies, respectively. The Cochran Q
test and I statistics were used to test and quantify heterogeneity,
respectively. Dose-response meta-analysis was also conducted.
Results: Eight studies (5 prospective and 3 cross-sectional) were
included in the quantitative synthesis. Meta-analyses of cross-
sectional studies and prospective cohort studies, comparing the
highest with the lowest categories, revealed a nonsignificant
association between total nut consumption and T2D. Meta-analyses
of prospective cohort studies showed an inverse association between
peanut butter consumption and T2D incidence (RR: 0.87; 95% CI:
0.77, 0.98; I> = 50.6%; Preterogencity = 0.16), whereas no association
was observed between peanuts or tree nuts and T2D. There was
no evidence of a linear dose-response or nonlinear dose-response
gradient for total nut and peanut consumption in prospective cohort
studies. The certainty of the evidence using NutriGrade was very low
for all the exposures.

Conclusions: Current results do not demonstrate an association of
total nut, peanut, or tree nut consumption with T2D. Peanut butter
consumption may be inversely associated with this disease. This
review protocol was registered at www.crd.york.ac.uk/prospero/ as
CRD42020149756.  Am J Clin Nutr 2021;113:960-971.
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Introduction

Nuts are nutrient-dense foods, with a complex matrix of
different macro- and micronutrients. They are low in sodium
and high in unsaturated fatty acids, dietary fiber, magnesium,
plant protein, and phytochemicals, some of which may act
synergistically to produce a wide range of health benefits
(1-5). It has been consistently demonstrated that substituting
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TABLE 1 PICOS criteria for inclusion and exclusion of studies

Parameter Inclusion criteria Exclusion criteria

Population General population of adults Aged <18y

Intervention/exposure Nut consumption including total nuts or subtypes of nuts Dietary exposure does not include nuts as exposure or
(walnuts, almonds, peanuts, peanut butter, hazelnuts, includes nuts plus other foods (e.g., seeds, legumes)
tree nuts, etc.)

Comparison Extreme quantiles Risk estimates reported on a continuous scale

Outcome Prevalence or incidence of type 2 diabetes Other chronic diseases as outcomes

Study design Cross-sectional and prospective cohort studies Case-control, ecological, retrospective observational

studies, clinical trials, and nonhuman studies

carbohydrates for nuts reduces the glycemic response of the meal
with potential metabolic benefits (6, 7). Nuts are a component of
numerous dietary patterns, such as the Mediterranean, vegetarian,
and Portfolio dietary patterns, that are associated with the
prevention of noncommunicable diseases including benefits for
type 2 diabetes (T2D) and glycemic control (8—10). Limited
research has evaluated the long-term effect of nut consumption
on glycemic markers. A recent pooled analysis from intervention
trials conducted in individuals with or without diabetes demon-
strated that nut consumption reduced fasting insulin and HOMA-
IR, whereas no effects on glycated hemoglobin (HbAlc) and
fasting glucose were observed (11). The results were slightly
different in a meta-analysis including only individuals with T2D,
where tree nut intake decreased fasting glucose and HbAlc, but
not fasting insulin or HOMA-IR (12).

Regarding epidemiological studies, different meta-analyses
have been conducted analyzing the associations between the fre-
quency of nut consumption and diabetes risk, with controversial
results. Most of them did not report any significant association
when comparing the highest with the lowest categories nor
in the dose-response analysis (13—17). Only the meta-analysis
conducted by Afshin et al. (18) reported a significant inverse
association. However, the validity of the aforementioned analysis
has been questioned because of the inclusion of studies with nuts
plus peas as exposure and the omission of 1 important prospective
study (19). Similarly, other previous meta-analyses also included
studies combining nuts plus other plant-foods as the exposure (14,
17), so their results could not be considered as describing a nuts-
specific association with T2D.

Hence, to update the analysis and provide clarity on the
findings we undertook a systematic review and meta-analysis
of all published studies investigating the relations of total nuts
and different types of nuts—i.e., walnuts, peanuts, peanut butter,
and total tree nuts—with T2D incidence and prevalence. We
hypothesized that highest total nut consumption compared with
lowest consumption is inversely associated with T2D incidence
and prevalence and that, given the differences in their nutritional
profiles, different types of nuts are differently associated with this
disease.

Methods

The protocol of the present systematic review and meta-
analysis is available at https://www.crd.york.ac.uk/PROSPERO/
(CRD42020149756) and followed the methodology described in
the Cochrane Handbook for Systematic Reviews of Interventions
(20). The results are reported according to the Meta-analysis

of Observational Studies in Epidemiology (MOOSE) guidelines
210).

Search strategy

We performed a systematic search without language restriction
and limited to human studies in the Cochrane Library and
MEDLINE (PubMed) databases through 30 September, 2019.
Searches were updated on 12 August, 2020. Table 1 depicts the
Population, Intervention/exposure, Comparison, Outcome, and
Study design criteria used for the present study. The search was
complemented with a manual search of all the reference lists of
the retrieved articles. Supplemental Table 1 depicts the complete
search strategy.

Study selection

Three independent reviewers (NB-T, IP-G, and PH-A) per-
formed the initial screening of all titles and abstracts of
the potentially eligible studies to select those that complied
with the eligibility criteria. We only included cross-sectional
and prospective studies (with >1 y of follow-up) evaluating
the association between total nut or specific types of nut
consumption and T2D, and reporting effect estimators as ORs,
risk ratios (RRs), or HRs and the corresponding 95% CIs
for the associations. When >1 report from the same study
were identified (22, 23), we included both if different types
of exposures were analyzed—i.e., peanut butter in Jiang et al.
(22) and walnuts, total tree nuts, and peanuts in Pan et al. (23).
If the same exposure was analyzed, the one with the longest
follow-up was considered for inclusion (23). We did not include
proceedings or published abstracts in the present systematic
review and meta-analysis. Although peanuts are legumes from
a botanical point of view, owing to their similarities with nuts in
terms of nutritional composition, they have also been considered
for inclusion in the present systematic review and meta-analysis
(1,24).

Data extraction

Two independent reviewers (NB-T and IP-G) went over the
full texts of all the selected reports from the first phase of the
screening process and extracted relevant data from the studies
that met all the eligibility criteria, including author, year and
journal of publication, study name, design and location, total
sample size, subject characteristics, time of follow-up (only in
prospective cohort studies), funding sources, statistical analyses
performed, and effect estimators—OR, RR, HR, and 95% CI.
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We extracted multivariable-adjusted estimates, which included
BMI as a potential confounder. Moreover, if available, we also
extracted multivariable-adjusted estimates without BMI. Three
corresponding authors (25-27) were contacted by e-mail to ask
for the effect estimates of only nuts as exposure because they
reported in their original reports the association between nuts
plus other foods, such as seeds or legumes, as exposure and T2D.
Unfortunately, only 1 replied (25), stating that nut consumption
was very infrequent during the period when the baseline of the
Finnish Mobile Clinic was carried out. Therefore, these 3 studies
were not included in the analyses.

Assessment of the quality of the included studies

Two different tools were used to evaluate the quality of the
included studies according to the study design. For prospective
cohort studies, the Newcastle-Ottawa scale was implemented
(28). This ranking system consists in a 0- to 9-point scale, where
points are given based on 3 different domains: /) population
selection—maximum of 4 points; 2) outcome assessment—
maximum of 3 points; and 3) comparability of the groups—
maximum of 2 points. A total score of >6 points was needed to
consider a study as high quality.

For cross-sectional studies, the Quality Assessment Tool for
Observational Cohort and Cross-Sectional Studies was used. This
tool consists of 14 different questions that guided the authors
to arrive at a summary judgment of the overall quality of the
study—good, fair, or poor—by taking into account the answers
to each item. Any discrepancy was solved by reaching consensus
between researchers.

Outcomes

The primary outcome of the present systematic review and
meta-analysis was T2D incidence. The secondary outcome was
the prevalence of T2D.

Statistical analyses

All data analysis was performed using Stata version 14
software (StataCorp LP). Because <5 study comparisons (29)
were included for each analysis, the generic inverse variance
method with the fixed-effects model was used to pool the In-
transformed ORs, RRs, and HRs comparing the highest with
the lowest categories of nut consumption. For the primary meta-
analyses, we used the reported RR from multivariable models
with the most complete adjustment for potential confounders
and including BMI as a covariate. Separate meta-analyses were
conducted for cross-sectional and prospective cohort studies.

A fixed-effect linear dose-response gradient for total nut
consumption, peanut consumption, and T2D incidence was
estimated following the 2-stage generalized least-squares trend
using the method developed by Greenland and Longnecker (30)
as described by Orsini et al. (31). This consists of a 2-stage
analysis where in the first stage the method fits the dose-response
model within each study; then, in the second stage, the study-
specific trends are combined. To carry out this method, data on
effect estimates with their corresponding 95% Cls, doses, and
the total numbers of participants and cases for >3 categories
of exposure were needed. We assigned the mean or median of
nut consumption in each category if it was directly reported. For
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studies that reported ranges, we converted it to specific doses. If
open-ended extreme categories were reported, the median of the
smallest group was estimated assuming that the beginning was 0,
and for the largest dose group, the median minus the beginning
value of the adjacent category was added to the beginning value
of the last group. Some studies reported the information on
nut consumption in servings and others in grams. Therefore,
we standardized dose to the same unit, converting servings into
grams per day, considering 28 g as 1 serving, unless otherwise
indicated by the authors in the original report. When studies
did not report sample size or person-years per category, we
considered the categories of equal size. When cases per category
were not available, we imputed them using the method described
by Bekkering et al. (32).

To model the potential nonlinear associations between the
aforementioned types of nuts and T2D incidence, we used
restricted cubic splines (MKSPLINE procedure in Stata), which
were combined using multivariate meta-analysis. To test for
evidence of nonlinearity we used the Wald test, which constrains
the regression coefficient for the second spline as equal to 0 (33).
P values < 0.05 indicated nonlinearity.

For all meta-analyses, interstudy heterogeneity was estimated
by the Cochran Q statistic and quantified by the I statistic, where
P > 50% and Pheterogencity < 0.10 were considered as substantial
heterogeneity.

We conducted a sensitivity analysis by excluding 1 study at
a time from the meta-analyses with >2 study comparisons and
recalculating the summary risk estimates. When the removal of a
study changed the magnitude (by >10%), the significance, and/or
the direction of the association, or the evidence of heterogeneity,
it was considered as influential. Because BMI could be not only
a confounder, but also a mediator between nut consumption and
T2D, whenever possible we repeated the meta-analyses on the
multivariable-adjusted model without adjustment for BMI.

We could not explore sources of heterogeneity or publication
bias because <10 study comparisons were included in each
analysis (20).

Grading the evidence

Two independent researchers (NB-T and IP-G) rated the
overall quality and the strength of the evidence of the meta-
analysis using the NutriGrade system (34). A meta-analysis
receives a maximum of 10 points according to the 8 different
items that compose this tool: risk of bias/study quality/study
limitations (0-2 points); precision (O—1 point); heterogeneity (0—
1 point); directness (0—1 point); publication bias (0-1 point);
funding bias (0-1 point); effect size (0-2 points); and dose-
response (0—1 point). Based on the total NutriGrade score
obtained, the overall quality of the meta-evidence was considered
as very low (0-3.99 points), low (4-5.99 points), moderate
(6-7.99 points), or high (8—10 points). Dissimilarities between
researchers were resolved by consensus.

Results

Study selection process

Figure 1 depicts the flow diagram of the selection process.
We identified 1111 articles; after removing duplicates, 1004
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Reports identified through
PubMed database
(n=1752)

Reports identified through
Cochrane database
(n=356)

Additional reports
identified through manual
search (n =3)

N

/

(n=1004)

Reports after duplicates removed

Reports excluded based on title/abstract (n = 988)

. Study design; n =419
. No assessment of nuts as exposure; n = 147
Comments/viewpoints/summaries for

v

A 4

patients/editorials and opinion articles; n = 50
Reviews/meta-analyses; n = 144

Guidelines or scientific statements; n = 6
Animal studies; n = 121

Studies with irrelevant outcomes; n = 70

In vitro studies; 7 = 28

Full-text reports
assessed for eligibility
(n=16)

Abstracts/proceedings/symposiums/presentations
and invited lecturers; n =3

Full-text reports excluded, with reasons (n = 7)

. Nuts plus other foods as exposure; n =3
. No nuts as exposure; n =4

synthesis
(n=9)

Reports included in qualitative

A 4

Reports included in quantitative synthesis meta-analysis: n = 8

FIGURE 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram.

articles were checked for eligibility based on the title and abstract.
Finally, 9 studies were selected for the present systematic review
and meta-analysis: 3 cross-sectional study comparisons for total
nuts (35-37); 1 cross-sectional study comparison for walnuts
(36); 4 prospective cohort study comparisons (3 reports) for
total nuts (23, 38, 39); 3 prospective cohort study comparisons
(2 reports) for peanuts (23, 40); 2 prospective cohort study
comparisons for peanut butter (22, 38); 2 prospective cohort study
comparisons (1 report) for total tree nuts (23); and 1 prospective
cohort study comparison for walnuts (23).

One of the selected prospective cohort studies (41) reported the
risk estimate on the continuous scale instead of using quantiles of
total nut consumption. As a consequence, we did not include this
report when comparing the highest with the lowest category nor
in the dose-response analysis.

Characteristics of the included studies

Table 2 shows the characteristics of the 9 included reports.
The year of publication ranged from 2002 to 2018. Five studies
were conducted in the United States, 3 in Europe, and 1 in Asia.
For prospective cohort studies, the follow-up length ranged from

4.6 to 22 y. Five studies included only females, 1 only males,
and 3 both. Nut consumption was assessed by an FFQ in all
the studies except for 1 that used a 24-h dietary recall (36). Of
the prospective cohort studies, only 2 were considered as low
quality, whereas the quality of all the cross-sectional studies was
judged as fair because of characteristics inherent to the study
design. All selected studies included BMI as a covariate in their
multivariable-adjusted model. Only 1 cross-sectional study (37)
and 1 prospective cohort (23) reported multivariable-adjusted
estimates with and without BMI.

Meta-analyses of cross-sectional studies

Figure 2 shows the superplot of the summary estimates for
the fixed-effect meta-analyses of the associations of total nut and
walnut consumption with T2D prevalence.

Three cross-sectional studies involving 72,559 participants
and 7559 cases analyzed the association between total nut
consumption and T2D prevalence (Supplemental Figure 1).
No association was observed comparing the highest and lowest
categories of consumption (OR: 0.91; 95% CI: 0.83, 1.01;
12 = 0%; Phetemgeneity =0.39).
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Heterogeneity NutriGrade
Subgroup Studies n OR/RR [95% CI] P value Pooled OR/RR [95% CI] 12’ % P value (Meta-evidence)
Cross-sectional studies
Total nuts 3 72,559 0.91[0.83, 1.01] 0.06 =0 0 0.39 Very low
Walnuts 1 27,563 0.47[0.31,0.72] — —0— — — Very low
Prospective cohorts
Total nuts 194,168 1.04[0.94, 1.15] 0.42 -+ 59.8 0.06 Very low
Total tree nuts 137,956 0.98 [0.87, 1.11] 0.77 I 0 0.65 Very low
Walnuts 137,956 0.76 [0.62, 0.94] — —o— — — Very low
Peanuts 202,147 0.95[0.87, 1.04] 0.29 -r 7.4 0.03 Very low
—o—

peanut butter 119,806 0.87[0.77,0.98] 0.02 50.6 0.16 Very low

0 0.5 1 1.5

Benefit Harm

FIGURE 2 Summary of the pooled risk estimates of cross-sectional studies and prospective cohort studies assessing the associations of total nuts and
different types of nuts with type 2 diabetes. Analyses were conducted using generic inverse variance fixed-effects models. The circles present the pooled risk

estimates. I > 50% indicates substantial heterogeneity. RR, risk ratio.

Only 1 cross-sectional study, including 27,563 participants
and 3116 cases, analyzed the association between walnut
consumption and T2D prevalence. The results showed that those
individuals consuming walnuts with high certainty were at lower
risk of having T2D than nonconsumers (OR: 0.47; 95% CI: 0.31,
0.72; P < 0.01). We could not undertake a meta-analysis for this
exposure because only 1 study comparison was available for the
analysis.

Meta-analysis of prospective cohort studies

Figure 2 depicts the superplot of the summary estimates for
the fixed-effect meta-analyses of the associations of total nut,
peanut, peanut butter, total tree nut, and walnut consumption
with T2D incidence. Supplemental Figures 2-5 show individual
forest plots for each meta-analysis comparing the highest and
lowest categories of consumption. There was no association
between total nuts (RR: 1.04; 95% CI: 0.94, 1.15; I> = 59.8%;
Pheterogencity = 0.06) or total tree nuts (RR: 0.98; 95% CI: 0.87,
1.11; P = 0%; Pheterogencity = 0.65) and T2D incidence. Only
1 prospective cohort study (23) including 137,956 participants
from the Nurses’ Health Study (NHS) and the Health Profes-
sionals Follow-up Study (HPFS) has analyzed the association
between walnut intake and the risk of T2D incidence. The results
showed that those consuming >2 servings/wk had a 24% lower
risk of developing T2D than those that never or almost never

consumed walnuts. We were not able to perform a meta-analysis
with this type of nut because of the inclusion of only 1 study
comparison for this analysis. Regarding peanut consumption,
no association was observed with T2D incidence (RR: 0.95;
95% CI: 0.87, 1.04; P = 72.4%; Pheterogencity = 0.03). Peanut
butter consumption was the only type inversely associated with
T2D incidence (RR: 0.87; 95% CI: 0.77, 0.98; I* = 50.6%;
Pheterogeneity =0.16).

There were no significant linear or nonlinear dose-response
relations between total nuts or peanuts and T2D incidence
(Figures 3, 4).

Sensitivity analyses
Leave-one-out analysis.

Supplemental Table 2 displays the sensitivity analyses of the
systematic removal of 1 study at a time and the recalculation of
the association estimates in those meta-analyses with >3 study
comparisons. The systematic exclusion of each of the cross-
sectional studies from the meta-analysis of total nut consumption
and T2D prevalence showed that the removal of Arab et al. (36)
modified the significance of the association from nonsignificant
(OR: 0.91; 95% CI: 0.83, 1.01; I = 0%; Pheterogencity = 0.39)
to significant (OR: 0.87; 95% CI: 0.77, 0.98; P = 0%;
Pheterogencity = 0.97). Regarding the association between total nuts
and T2D incidence in prospective cohort studies, the removal
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FIGURE 3 Linear and nonlinear dose-response relation between a 28-g
increase in total nut intake and the risk of T2D (n = 4 study comparisons)
in prospective cohort studies. The 2-stage generalized least-squares trend
method was used for the linear dose-response and restricted cubic splines
combined using multivariate meta-analysis for the nonlinear association.
Each study was centered to the baseline reference dose for the estimation of
the risk of increasing the dose. The risk ratios are plotted on the log scale. A
dosage of 0 g/d served as the reference. RR, risk ratio; T2D, type 2 diabetes.

of Parker et al. (38) explained all the heterogeneity (* = 0%,
Pheterogencity = 0.73). Finally, in the meta-analysis of prospective
cohort studies of peanut consumption and T2D incidence, the
removal of Pan et al. (23) NHSI changed the significance of the
association from nonsignificant to significant (RR: 0.87; 95% CI:
0.76, 0.98; I> = 65.7%; Pheterogeneity = 0.09), without changing
the evidence for heterogeneity, or the direction or magnitude of
the association. Furthermore, the exclusion of Villegas et al. (40)
explained all the heterogeneity (I = 0%, Pheterogeneity = 0.76).
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FIGURE 4 Linear and nonlinear dose—response relation between a 28-
g increase in peanut intake and the risk of T2D (n = 3 study comparisons)
in prospective cohort studies. The 2-stage generalized least-squares trend
method was used for the linear dose-response and restricted cubic splines
combined using multivariate meta-analysis for the nonlinear association.
Each study was centered to the baseline reference dose for the estimation of
the risk of increasing the dose. The risk ratios are plotted on the log scale. A
dosage of 0 g/d served as the reference. RR, risk ratio; T2D, type 2 diabetes.
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Including multivariable-adjusted estimates without BMI in the
meta-analyses.

In cross-sectional studies, only Brown et al. (37) reported
multivariable-adjusted estimates with and without BMI for the
association between total nuts and T2D prevalence. Therefore,
we were not able to repeat this meta-analysis because the other 2
included studies adjusted for BMI in their multivariable model.
In the original article of Brown et al. (37), adjusting for BMI
changed the OR (95% CI) from 0.54 (0.20, 1.50) to 0.89 (0.32,
2.46), without changing the significance of the results.

Regarding prospective cohort studies, only 2 reports (1
article including the NHSI and NHSII cohorts) reported both
multivariable-adjusted estimates with and without BMI for the
associations of total nuts, total tree nuts, and peanuts with T2D
incidence (23). Therefore, we could only just repeat the meta-
analysis for total tree nuts and T2D incidence, because other
studies (38—40) that did not report the aforementioned informa-
tion were included in the other analyses. The risk estimates for
the meta-analysis of total tree nuts substantially changed from
nonsignificant to significant when we did not consider BMI as
a covariate in the adjustment model (RR: 0.85; 95% CI: 0.75,
0.95; > = 70.0%; Pheterogencity = 0.07). In the original report
of Pan et al. (23), when BMI was not included in the models
as a covariate, individuals consuming >5 servings/wk had 13%
and 23% lower risk of T2D incidence in the NHSI and NHSII
cohorts, respectively, than those who almost never consumed
total nuts. However, this association became no longer significant
after adjusting for BMI. The nonsignificant association between
peanuts and T2D incidence was not modified by the exclusion of
BMI in the adjustment models, neither for NHSI nor for NHSII
(23). Similarly, the significant protective association between
walnut consumption, which was only studied in NHSI and
NHSII combined, and T2D incidence was also not changed (RR:
0.67; 95% CI: 0.54, 0.82 for >2 servings/wk compared with
never) when the authors did not include BMI as a potential
confounder (23).

NutriGrade assessment.

Table 3 shows the NutriGrade evaluation for the overall
certainty of the evidence for all the meta-analyses. The evidence
was rated as very low for all the exposures. This was due to
the presence of heterogeneity, indirectness (with the exception
of total nuts in cross-sectional studies), and funding bias; the
impossibility of estimating publication bias; and the absence of a
dose-response relation.

Discussion

We conducted a systematic review and meta-analysis of 3
cross-sectional and 6 prospective cohort studies to evaluate the
association between nut consumption and T2D prevalence or
incidence. Pooled analyses of cross-sectional studies showed
no significant association between total nut consumption and
T2D prevalence. The results of the meta-analyses of prospective
cohort studies suggest that peanut butter consumption is inversely
associated with T2D incidence. No association was observed
between total nut consumption and T2D incidence, nor between
the type of nuts (peanuts, total tree nuts) and T2D incidence. A
meta-analysis for walnut consumption could not be undertaken
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because only 1 study comparison was detected in both cross-
sectional and prospective cohort studies. However, both studies
showed a significant inverse association between this type of nut
and T2D.

Previous meta-analyses have also focused on summarizing
data regarding nut consumption and T2D (13-17, 18). However,
some of them included studies analyzing nuts plus seeds as the
exposure (14, 17, 18), which may be considered as a limitation
(i.e., lack of specificity) owing to the merged exposures.
Moreover, in 1 of the previous meta-analyses, the authors also
pooled studies assessing nuts as categories and as a continuous
exposure in the same analysis (17) when conducting an analysis
comparing extreme categories. With the present meta-analysis,
we aimed to update findings and deal with these limitations
by solely including those studies that specifically reported nut
consumption as the exposure and T2D as the outcome.

To the best of our knowledge, this is the first systematic
review and meta-analysis of cross-sectional studies evaluating
the association between nut consumption and T2D prevalence.
Our results found no association between consumption of total
nuts and T2D, included data from 3 different populations, and
are in line with the results observed in the meta-analysis of
prospective cohort studies. Regarding walnut consumption, it is
important to highlight that only 1 cross-sectional study was found
(36), and even though the consumption was significantly and
inversely associated with T2D, these findings need to be further
studied.

Our results regarding prospective cohort studies are in line with
previous meta-analyses (13, 14, 17), despite some of them (14,
17) not considering nut consumption alone. In fact, discrepancies
with the results reported by Afshin et al. (18) might be due to
the aforementioned methodological issues. Even though previous
studies have assessed the possible association between total nut
consumption and T2D risk, most did not specify the type of
nut consumed, therefore we were only able to conduct analyses
for total tree nuts, peanuts, and peanut butter, but not for other
types of nuts. In our study, peanut butter consumption showed a
significant inverse association with T2D risk. Results should be
taken with caution because data for the analysis of peanut butter
consumption and T2D were drawn from 2 cohorts of women:
the NHSI and Towa Women’s Health Study (22, 38). Peanut
butter intake is likely the greatest source of nuts in the US diet
(42). Therefore, because the results come only from 2 American
cohorts, this is likely why peanut butter consumption showed
a significant association in this meta-analysis. However, other
types of nut sources are under-consumed in the United States,
which could make it more difficult to see an association. It is
important to highlight that we detected 1 prospective cohort (23)
study analyzing the association between walnut consumption
and T2D risk. Although we could not perform a meta-analysis
for this type of nut, the study reported an inverse significant
association when comparing extreme categories of consumption.
Importantly, this prospective study included data from 2 well-
conducted American cohorts with repeated measures of nut
consumption over time and after 10 y of follow-up. Differences
in the nutritional characteristics of nuts and peanuts in terms of
concentration and combinations of fatty acids, micronutrients,
and bioactive compounds, as well as the choice of different
portion sizes, suggest that certain types of nuts may be differently
associated with risk of T2D (43). However, owing to the limited
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number of studies included in previous meta-analyses and the
present analyses, this association remains unclear.

It is important to highlight that even though the present
results are in line with previous meta-analyses, they differ from
those of short-term clinical trials where nut consumption has
been shown to have a beneficial effect on glycemic control
in individuals either with or without diabetes (11, 12) when
compared with other foods. However, clinical trials vary in
terms of the background diets and intervention comparators,
which could clearly influence the outcome. Moreover, these
clinical trials are testing a different hypothesis because they
compare the effect of nuts with those of other foods, but not
the association between the frequency or amount of nuts per
se and T2D as in the present meta-analysis. This could be
the reason for the divergent results along with the limitation
of confounding in observational studies. Finally, these trials
focused on intermediate outcomes, which call into question their
relevance for T2D prevention because there are several pathways
to clinical events (44). Nuts are rich in different nutrients that may
interact synergistically to beneficially modify T2D risk factors. In
particular, unsaturated fatty acids, fiber, polyphenols, arginine,
and magnesium may play a role in glucose and/or insulin
homeostasis and thus be protective against T2D incidence and/or
progression (45). Moreover, despite being a high-energy food, nut
intake seems not to induce weight gain and appears to reduce
hunger (46). In addition, they have a decreased bioavailability
of metabolizable energy, because the energy provided by nuts
has been seen to be much less than that estimated by the
Atwater factors (47, 48). Therefore, body weight may mediate
the association between nuts and the risk of T2D. It may be
also worth mentioning that nut intake is prospectively associated
with decreased risk of overweight/obesity and weight gain (49).
A reduction in weight gain (owing to greater satiety signaling
and reduced bioavailability of energy) may be on the causal
pathway between the exposure (nuts) and the outcome (T2D).
The loss of significance with attenuation of the risk estimates
in the primary analyses for tree nuts, compared with sensitivity
analyses in which analyses were restricted to risk estimates
without adjustment for BMI, support body weight changes as a
mediator of the reduction in the risk of T2D. Considering our
results, nuts’ protective effect on T2D might be strengthened
when they are included as part of a healthy dietary pattern.
In fact, the most recent meta-analysis of 9 prospective studies
(50) found that the negative association between plant-based
dietary patterns and risk of T2D was increased when healthy
plant-based foods (i.e., fruits, nuts, vegetables, whole grains, and
legumes) were included in the definition of plant-based patterns
(RR:0.70; 95% CI: 0.62, 0.79). However, although a subanalysis
of the PREDIMED (Prevencién con Dieta Mediterrdnea) study
conducted in only participants from the Reus center reported a
beneficial effect of the Mediterranean diet enriched with tree nuts
(walnuts, almonds, and hazelnuts) on T2D prevention (51), the
results from the entire study showed a nonsignificant decrease in
the incidence of T2D when compared with those participants in
the low-fat dietary advice intervention (52).

The present systematic review and meta-analysis has some
strengths that should be elucidated. First, a comprehensive
systematic search strategy was used to identify all available
prospective cohort and cross-sectional studies. Second, studies
specifically reporting nut consumption as the exposure were

included. Third, the certainty of the evidence was assessed using
the NutriGrade approach. However, it also has some limitations
that need to be further discussed. The present study focused
on the T2D risk attributable to a sole food group (nuts). It has
been argued that the overall dietary pattern appears to have a
greater effect than individual food groups or nutrients on health,
which may explain the difficulty in coming to a conclusion when
analyzing an isolated food. However, although evidence from
dietary patterns provides the foundation for the development
of policy and dietary guidelines, this type of research does not
allow us to identify which foods or nutrients are involved in
the etiology of disease. Therefore, food-based research is crucial
to enhance the mechanistic understanding of diet effects and to
isolate the true causative agents (53). Subgroup analyses could
not be performed because <10 study comparisons were available.
Measurement error in the evaluation of nut consumption could
not be ruled out because, except for 1 study, all included
studies in the present analyses used self-report FFQs for this
purpose. Although the FFQs were previously validated, only in
the studies of Jiang et al. (22) and Pan et al. (23) the cumulative
average method of nut consumption from FFQ, which reduces
measurement error due to intraindividual variation (54), was
used as the exposure. Moreover, FFQs follow a food-based
design, which may underestimate nut intake more than dish-based
FFQs because other ways of eating nuts, in muesli, cakes, nut
bars, etc., are not considered. This makes it difficult to fully
capture the true exposure. The combination of FFQs with other
dietary assessment methods such as 24-h dietary recall or with
biomarker concentrations could be a good option to improve the
accuracy of the dietary intake assessment in future (55). It is
important to highlight that in the case of cross-sectional studies
reverse causation cannot be discarded. In addition, owing to the
observational nature of the included studies, the possibility of
residual confounding could not be ruled out. Another important
limitation is that we were not able to repeat all primary meta-
analyses including multivariable-adjusted estimates without BMI
to explore the potential mediating effect of BMI in the association
between nut consumption and T2D. However, our sensitivity
analysis revealed that the association between total tree nuts
and T2D incidence was largely mediated through BMI because
the effect estimates changed from nonsignificant to significant
when we repeated the analysis including multivariable-adjusted
estimates without BMI. However, without appropriate statistical
mediation analyses of repeated assessments, individual studies
adjusting with or without BMI cannot claim if BMI is more
a confounder or a mediator. Further studies using statistical
methods to assess the mediation effect of BMI are needed to
clarify if it is a potential confounder or a mediator of the
associations of total nut and different types of nut consumption
with T2D. Moreover, there was evidence of serious indirectness
in all the exposures with the exception of total nuts (meta-
analysis of cross-sectional studies) because studies included in
the analyses were performed only in women or the results were
based on only 1 study report, which limited the generalizability
of our findings to men and other populations. Finally, the results
are also limited by serious inconsistency because we were unable
to explain the observed heterogeneity owing to the limited
number of included studies. It is noteworthy that, although
for total nuts (meta-analysis of prospective cohort studies) and
peanuts there was evidence of substantial heterogeneity, the
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removal of 2 studies [(23) and (39), respectively] explained
it.

Taken together, the certainty of the evidence in the risk
estimates was considered as very low. Future research is likely
to alter substantially the risk estimates.

In conclusion, the present systematic review and meta-
analysis provides the most updated and comprehensive summary
estimates for the associations of total nut consumption and
different subtypes of nut consumption with T2D prevalence or
incidence. Current results do not demonstrate an association
between total nut, peanut, or tree nut consumption and risk of
T2D. Peanut butter consumption may be inversely associated
with this disease. Based on the low certainty of the evidence, it is
premature to conclude that increased nut consumption does not
reduce the risk of T2D. The reduction in the risk of T2D seen
in sensitivity analyses suggested that weight loss or decreased
weight might mediate the reduction in risk, although appropriate
statistical mediation analyses using repeated assessments are
needed to confirm this assumption.
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