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ABSTRACT

Rationale: The evidence regarding the potential health benefits of nut consumption among individuals with
type 2 diabetes is limited.

Obijective: To examine intake of total and specific types of nuts, including tree nuts and peanuts, in relation
to subsequent risk of cardiovascular disease (CVD), including coronary heart disease (CHD) and stroke,
and all-cause and cause-specific mortality among individuals with diabetes.

Methods and Results: This prospective analysis included 16,217 men and women with diabetes at baseline
or diagnosed during follow-up (Nurses’ Health Study: 1980-2014, Health Professionals Follow-Up Study:
1986-2014). Nut consumption was assessed using a validated food frequency questionnaire and updated
every 2-4 years. During 223,682 and 254,923 person-years of follow-up, there were 3,336 incident CVD
cases and 5,682 deaths. Higher total nut consumption was associated with a lower risk of CVD incidence
and mortality. The multivariate-adjusted hazard ratios (95% confidence intervals) for participants who
consumed 5 or more servings of total nuts per week (1 serving=28g), compared with those who consumed
less than 1 serving per month, were 0.83 (0.71-0.98; P trend=0.01) for total CVD incidence, 0.80 (0.67-
0.96; P trend=0.005) for CHD incidence, 0.66 (0.52-0.84; P trend<0.001) for CVD mortality, and 0.69
(0.61-0.77; P trend<0.001) for all-cause mortality. Total nut consumption was not significantly associated
with risk of stroke incidence or cancer mortality. For specific types of nuts, higher tree nut consumption
was associated with lower risk of total CVD, CHD incidence, and mortality due to CVD, cancer, and all
causes, while peanut consumption was associated with lower all-cause mortality only (all P trend<0.001).
In addition, compared with participants who did not change the consumption of total nuts from pre- to post-
diabetes diagnosis, participants who increased consumption of total nuts after diabetes diagnosis had an 11%
lower risk of CVD, a 15% lower CHD risk, a 25% lower CVD mortality, and a 27% lower all-cause
mortality. The associations persisted in subgroup analyses stratified by sex/cohort, body mass index at
diabetes diagnosis, smoking status, diabetes duration, nut consumption before diabetes diagnosis, or diet
quality.

Conclusions: Higher consumption of nuts, especially tree nuts, is associated with lower CVD incidence
and mortality among participants with diabetes. These data provide novel evidence that supports the
recommendation of incorporating nuts into healthy dietary patterns for the prevention of CVD
complications and premature deaths among individuals with diabetes.

Key Words:
Cardiovascular disease prevention, mortality, diabetes patients, nutrition, peanuts, epidemiology, diabetes
mellitus, tree nuts.

Nonstandard Abbreviations and Acronyms:
BMI  body mass index

CHD coronary heart disease

CVD cardiovascular disease

CI confidence interval

HR  hazard ratio
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INTRODUCTION

Nuts are rich in unsaturated fatty acids, plant proteins, fiber, minerals, vitamins, and phytochemicals
(e.g., phytosterols, flavonoids, and phenolic acids)."? Several meta-analyses of prospective cohort studies
have demonstrated that frequent nut consumption is associated with a lower risk of developing hypertension,
cardiovascular disease (CVD), total cancer, and all-cause and cause-specific mortality, primarily in the
general population.*” Evidence from clinical trials has also suggested the beneficial effects of nut
consumption on improving lipid profiles, insulin resistance, oxidative stress, inflammation, and vascular
reactivity.®'* However, among individuals with type 2 diabetes who have elevated risk of developing CVD
and mortality," evidence regarding the potential health benefits of nut consumption is scarce.

In the only existing prospective study among women with diabetes, total consumption of nuts and
peanut butter was associated with a lower risk of CVD,'® although it is unknown whether individual nuts
are equally beneficial.* Indeed, the nutritional composition of peanuts (botanically as legumes) differs from
tree nuts (e.g., almonds, walnuts, and hazelnuts),'” and it is of interest to examine the health effects of
specific types of nuts among individuals with diabetes. Moreover, the association of nut consumption with
all-cause and cause-specific mortality among patients with diabetes remains unclear. Lastly, whether
increased nut consumption from pre- to post-diabetes diagnosis may yield health benefits is unknown.

To fill these knowledge gaps, we prospectively investigated total and specific nut (i.e., peanuts and tree
nuts) consumption after diabetes diagnosis, as well as changes in nut consumption before and after diabetes
diagnosis, in relation to subsequent risk of total CVD, coronary heart disease (CHD), and stroke incidence,
and all-cause and cause-specific mortality among individuals with diabetes participating in two large
prospective cohort studies.

METHODS

Data availability.

The authors declare that all supporting data are available within the article and its online supplementary
files.

Study population.

The Nurses’ Health Study (NHS) is a prospective cohort study established in 1976 with the enrollment of
121,700 female nurses aged 30 to 55 years from 11 U.S. states (New York, California, Pennsylvania, Ohio,
Massachusetts, New Jersey, Michigan, Texas, Florida, Connecticut, and Maryland)."® The Health
Professionals Follow-Up Study (HPFS) is a prospective cohort study initiated in 1986 with the enrollment
of 51,529 male health professionals aged 40 to 75 years from 50 U.S. states.'” Information on lifestyle,
medical history, and health conditions was updated every 2 years through validated questionnaires.”
Follow-up rate was over 90% in each 2-year cycle for both cohorts. More details have been documented
elsewhere.”"> %

For the current analysis, we included participants with prevalent diabetes at baseline (1980 for the NHS and
1986 for the HPFS, when validated food frequency questionnaires [FFQs] were first administered), as well
as incident diabetes cases diagnosed during follow-up through 2014. Participants were excluded if they had
CVD or cancer at baseline, reported CVD or cancer before diabetes diagnosis during follow-up, reported
implausible daily caloric intake (<500 or >3,500 kcal/day for women, and <800 or >4,200 kcal/day for
men), or had missing information on nut consumption at baseline (Online Figure I). These exclusion
criteria were based on considerations of minimizing reverse causation bias and reducing the impact of
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measurement errors and missing data.” The final analysis included 12,006 women with diabetes in the NHS
and 4,211 men with diabetes in the HPFS. For the analysis of changes in nut consumption from pre- to post-
diabetes diagnosis, participants with diabetes at baseline or those who had missing data of nut consumption
assessed before diabetes diagnosis were further excluded. To increase statistical power, we pooled the
participants from the two cohorts in the absence of heterogeneity of results.

The present study was approved by the Institutional Review Boards at the Harvard T.H. Chan School of
Public Health and Brigham and Women’s Hospital, and the return of completed questionnaires was
considered implied consent.

Dietary assessment.

Dietary intake was assessed using validated semi-quantitative FFQs with approximately 131 food items
administered every 2-4 years.?” In the 1980 and 1984 dietary questionnaires, participants were asked how
often, on average, they had consumed nuts (serving size, 28 g [1 ounce]) during the preceding year: never
or almost never, 1-3 servings/month, 1 serving/week, 2-4 servings/week, 5-6 servings/week, 1 serving/day,
2-3 servings/day, 4-6 servings/day, or >6 servings/day. In the subsequent FFQs (i.e., 1986 and every four
years thereafter), the question regarding nuts was split into two categories: peanuts and tree nuts. Total nut
intake was defined as the consumption of tree nuts and peanuts. Tree nuts included walnuts, almonds, Brazil
nuts, cashews, pistachios, pecans, macadamias, hazelnuts, and pine nuts (not including peanuts, which are
botanically legumes). A validation study of the FFQ demonstrated reasonable validity of the assessment of
nut intake; the correlation coefficient was 0.75 between the FFQ and four 1-week diet records for nut
intake.**

Our primary exposures of interest were total nut and specific types of nut consumption, including tree nuts
and peanuts, assessed after diabetes diagnosis, and changes in nut consumption before and after diabetes
diagnosis. The pre-diabetes nut intake was assessed from the most proximal questionnaires before diabetes
was ascertained.

Ascertainment of diabetes.

A validated supplementary questionnaire regarding diagnostic tests, symptoms, and hypoglycemic therapy
was mailed to participants who reported a physician’s diagnosis of diabetes on any of the biennial
questionnaires. Prior to the release of the American Diabetes Association (ADA) criteria in 1997,% the
National Diabetes Data Group criteria were used to diagnose diabetes: 1) fasting glucose concentrations
>7.8 mmol/l, blood glucose >11.1 mmol/l during an oral glucose tolerance test, or random blood glucose
>11.1 mmol/l, together with one or more diabetes-related symptoms (weight loss, polyuria, excessive thirst,
or hunger); 2) elevated glucose levels on more than one occasion in the absence of symptoms; or 3)
treatment with hypoglycemic medication (insulin or an oral hypoglycemic agent). Since 1998, the diagnosis
criterion of fasting glucose was lowered to 7.0 mmol/l by ADA criteria. After 2010, HbAlc >6.5% was
further included in the diagnosis criteria.

In our validation studies, 98% (61/62 cases) of diabetes cases confirmed by the supplementary questionnaire
were re-confirmed by medical record review in the NHS, and 97% (57/59 cases) were re-confirmed in the
HPFS.>*

Ascertainment of CVD and mortality.

The primary outcomes of the current study were CVD incidence and mortality. Incident CVD was defined
as fatal and non-fatal CHD (including nonfatal myocardial infarction [MI] and coronary artery bypass graft
surgery [CABG]) and fatal and non-fatal stroke. When participants reported cardiovascular events on any
biennial questionnaires, permission was requested to access their medical records. Physicians blinded to
the participant questionnaire data reviewed all medical records. Non-fatal MI was ascertained according to
the World Health Organization criteria, including typical symptoms, elevated cardiac enzyme levels, and
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electrocardiographic findings.”® Non-fatal stroke was defined based on the National Survey of Stroke
criteria, requiring evidence of neurologic deficits with sudden or rapid onset which persisted for at least 24
hours or until death.?’ The diagnosis of CABG was based on self-report, for which the validity had been
demonstrated.*

Deaths were identified by reports by next of kin, or the U.S. postal authorities, or searching the National
Death Index. Using these methods, we were able to ascertain at least 98% of deaths in each cohort.’! Fatal
CHD was defined if CHD was listed as the cause of death on the death certificate, and the history of CHD
was evident through reviewing hospital records, autopsy reports or other information. Similarly, fatal stroke
was identified and confirmed by reviewing death certificates, hospital records, or autopsy records. CVD
mortality was defined as ICD-9 (International Classification of Diseases-Ninth Revision) codes of 390-459
and cancer mortality was defined as ICD-9 codes of 140-208.%

Assessment of covariates.

In the biennial follow-up questionnaires, information was updated on demographics, physical activity,
cigarette smoking, alcohol consumption, menopausal status and use of postmenopausal hormones (women
only), medical history (including use of aspirin and lipid-lowering medication), family history of MI or
cancer, presence of hypertension, hypercholesterolemia, CVD, cancer, or other diseases. Body mass index
(BMI) was calculated as self-reported weight in kilograms divided by the square of height in meters (kg/m?).
Physical activity was estimated as metabolic equivalents (METs) per week based on the average hours spent
on various activities, weighted by the intensity level.?

Statistical analysis.

Person-time was calculated from the date of a diabetes diagnosis to occurrence of study outcomes, last
return of a valid follow-up questionnaire, or the end of follow-up (June 30, 2014 for the NHS and January
30, 2014 for the HPFS), whichever came first. We stopped updating dietary variables on a report of CVD
or cancer because changes in diet after diagnosis of these diseases may confound the associations of interest
(only for mortality analysis). Cox proportional hazards models were used to estimate hazard ratios (HRs)
and 95% confidence intervals (Cls) for the associations of total nut and specific types of nut intake with
total CVD, CHD, and stroke incidence, and all-cause and cause-specific mortality. Nut consumption after
diabetes diagnosis was modeled as a time-varying variable. Changes in nut intake from pre- to post-diabetes
diagnosis were defined as the absolute difference in nut consumption, i.e., time-varying post-diabetes nut
intake minus pre-diabetes nut intake. Time-varying covariates were considered in the multivariate models.
In multivariate models, we adjusted for age (continuous), diabetes duration (years), sex (men or women),
Caucasian (yes/no), BMI at diabetes diagnosis (<23.0, 23.0-24.9, 25.0-29.9, 30.0-34.9, >35.0 kg/mz),
physical activity (<3.0, 3.0-8.9, 9.0-17.9, 18.0-26.9, >27.0 MET-hours/week), smoking status (never, past,
current 1-14 cigarettes/day, current >15 cigarettes/day), alcohol consumption (0, 0.1-4.9, 5.0-14.9, >15.0
g/day), family history of MI or cancer (yes, no), current aspirin use (yes, no), presence of hypertension (yes,
no), use of lipid-lowering medication (yes, no), diabetes medication use (insulin, oral medication, or others),
and intake of total energy, red or processed meat, fruits, and vegetables (all in quartiles). In the analysis of
changes in nut consumption from pre- to post-diabetes diagnosis, we further adjusted for nut intake before
diabetes diagnosis in the multivariate model. In the current study, the proportional hazards assumption was
tested by using a likelihood ratio test comparing models with and without multiplicative interaction terms
between exposure and calendar year, and we did not find evidence of violation of the proportional hazards
assumption. The linear trend was tested by assigning a median value to each category as a continuous
variable. To examine a possible nonlinear relation between nut intake and CVD incidence and mortality,
restricted cubic spline regression with 3 knots was used. Tests for nonlinearity were based on the likelihood
ratio test comparing two models: one with only the linear term and the other with the linear and the cubic
spline terms.
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Analyses were further stratified by age at diabetes diagnosis (<65 or >65 years), sex/cohort (women/NHS,
men/HPFS), BMI at diabetes diagnosis (<25.0, 25.0-29.9, >30.0 kg/m?), diabetes duration (<5, 5-9, >10
years), smoking status after diabetes diagnosis (never smoker, past smoker, current smoker), alcohol
consumption (<5 or >5 g/day, approximately the population mean), physical activity (<18 or >18 MET-
hours/week, approximately the population mean), hypertension or hypercholesterolemia at diabetes
diagnosis (yes, no), nut consumption before diabetes diagnosis (<1 or >1 serving/week), and the Alternate
Healthy Eating Index without nut component (<49 or >49, approximately the population mean). The P
values for the product terms between nut consumption and stratification variables were used to estimate the
significance of interactions.

Several sensitivity analyses were conducted to test the robustness of our findings. First, to minimize within-
person variation, the average of the last two FFQs was used to estimate the nut consumption. Second, to
assess the potential influence of intake of sodium and olive oil on the results, we further adjusted for these
variables in the models. Moreover, instead of adjusting for individual foods, we further adjusted for the
Alternate Healthy Eating Index without nut component. Third, we continuously updated diet even after
participants reported a diagnosis of CVD or cancer. Fourth, although our study population was relatively
homogeneous in terms of socioeconomic status, participants’ perception on their standing in U.S. society
(top 20%, 30%, 40%, 50%, or >50%) and educational attainment (registered nurse, bachelor’s degree,
master’s degree and above, or others) were further adjusted (only in the NHS). In addition, although most
women in our study were postmenopausal, menopausal status and use of postmenopausal hormones
(premenopausal, postmenopausal never users, postmenopausal past users, or postmenopausal current users)
were further included in the model. Fifth, for the analysis of specific types of nuts, we further mutually
adjusted for types of nuts. Sixth, because tooth loss might influence nut consumption and is also associated
with CVD risk and mortality,” the number of natural teeth loss was further adjusted. Seventh, we restricted
our analyses to incident diabetes cases only (excluding the diabetes cases at baseline). In addition, we
stratified the analyses before and after 1998 (the median of follow-up time in the HPFS). Eighth, we
excluded deaths that occurred within 4 years after diabetes diagnosis to examine whether the results were
impacted by reverse causation bias. Lastly, to control for the potential confounding by glucose control, the
self-reported levels of hemoglobin Alc (HbAlc) (<7.0%, 7.0-7.9%, 8.0-9.9%, 10.0-11.9%, and >12.0%)
were further adjusted in a subgroup of the study participants (only available in supplementary
questionnaires administered in 2000 and 2005 in the NHS and 2000, 2004, and 2008 in the HPES). All
statistical analyses were performed with SAS software, version 9.4 (SAS Institute Inc., Cary, North
Carolina). Two-sided P<0.05 was considered statistically significant.

RESULTS

During 223,682 and 254,923 person-years of follow-up, a total of 3,336 incident CVD cases (including
2,567 CHD cases and 789 stroke cases) and 5,682 deaths (including 1,663 CVD deaths and 1,297 cancer
deaths) were identified. Compared with participants who consumed total nuts less than 1 serving/month,
those who consumed nuts more frequently were older, had a lower BMI and higher level of physical activity,
were less likely to smoke, more likely to use aspirin and lipid-lowering medication, and had a higher
consumption of total energy, alcohol, fruits, and vegetables (Table 1). Online Table I shows the partial
Spearman correlations among types of nut consumption before and after diabetes diagnosis (the correlation
coefficients [I] ranged from 0.42-0.80 between tree nuts, peanuts, and total nuts after diabetes diagnosis,
and r ranged from 0.22-0.43 between individual types of nuts consumed before and after diabetes diagnosis,
all P<0.001).

After multivariate adjustments, including diabetes duration, BMI at diagnosis, other lifestyle and
dietary factors, and medication use, higher nut consumption was significantly associated with a lower risk
of total CVD and CHD incidence, and a lower CVD mortality and all-cause mortality (Table 2). The HRs
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and 95% Cls for participants who consumed nuts 5 or more servings/week, as compared with those who
consumed nuts less than 1 serving/month, were 0.83
(0.71, 0.98; P trend=0.01) for total CVD, 0.80 (0.67, 0.96; P trend=0.005) for CHD, 0.66 (0.52, 0.84; P
trend<0.001) for CVD mortality, and 0.69 (0.61, 0.77; P trend<0.001) for all-cause mortality (Table 2).
Total nut consumption was not significantly associated with the risk of stroke incidence and cancer
mortality.

For the analyses of specific types of nuts, when comparing consumption of nuts of 2 or more
servings/week with less than 1 serving/month, the HRs and 95% Cls for tree nuts were 0.80 (0.70, 0.92) for
total CVD, 0.77 (0.65, 0.90) for CHD, 0.61 (0.49, 0.76) for CVD mortality, 0.73 (0.60, 0.90) for cancer
mortality, 0.67 (0.60, 0.74) for all-cause mortality (all P trend<0.001) (Figure 1). Peanut consumption was
inversely associated with all-cause mortality (HR [95% CI]: 0.80 [0.72, 0.90]; P trend<0.001), but not with
other outcomes.

Figure 2 shows the dose-response relationship of total nut and tree nut intake with CVD incidence and
CVD mortality. After multivariate adjustments, linear relationships (P linearity <0.001) were demonstrated;
each one serving/week increment in total nut consumption was associated with a 3% (95% CI: 1%, 6%)
lower risk of CVD incidence and 6% (95% CI: 3%, 10%) lower CVD mortality; and one serving/week
increment in tree nut consumption was associated with a 5% (95% CI: 2%, 9%) lower risk of CVD
incidence and 11% (95% CI: 5%, 15%) lower CVD mortality (all P trend<0.001). Online Figure II shows
the dose-response relationship of total nut and tree nut intake with all-cause mortality (P linearity <0.001).

Increment in nut consumption from pre- to post-diabetes diagnosis was also significantly associated
with a lower risk of CVD incidence and mortality (Figure 3). Compared with participants without changes
in nut intake, those participants who increased nut consumption after diabetes diagnosis had an 11% lower
risk of CVD, a 15% lower risk of CHD, a 25% lower CVD mortality, and a 27% lower all-cause mortality.
The results were more pronounced for tree nuts (Figure 3).

Consistent results were observed when analyses were stratified by age at diabetes diagnosis, sex/cohort,
body mass index at diabetes diagnosis, diabetes duration, smoking status, alcohol consumption, physical
activity, hypertension or hypercholesterolemia at diabetes diagnosis, nut consumption before diabetes
diagnosis, and the Alternate Healthy Eating Index without nut component (Online Figure III). No
significant interactions were detected between nut consumption and these stratifying variables (all P
interaction>0.1).

In sensitivity analyses, similar results were observed when we used the averages of the last two FFQs
to estimate nut consumption after diabetes diagnosis (Online Table II). The results did not materially
change when we further adjusted for total intake of sodium and olive oil, the Alternate Healthy Eating Index
without nut component, or the number of natural teeth (Online Table III). The results were similar when
diet was continuously updated, or when further adjusting for participants’ perception on their standing in
U.S. society, educational attainment, or menopausal status and hormone use in the NHS. When specific
type of nuts was mutually adjusted, the results remained more pronounced for tree nuts (Online Table IV).
Although some of the associations were attenuated probably due to reduced statistical power, most of the
results remained significant when analyses were restricted to incident diabetes cases, or stratified
before/after 1998, or when deaths occurred within 4 years after diabetes diagnosis were excluded (Online
Table V). The inverse associations largely persisted when self-reported HbAlc levels were further
controlled for in a subset of the study participants, although some of the associations did not reach statistical
significance because of diminished power. For example, comparing extreme categories, the HRs and 95%
CIs for tree nuts were 0.60 (0.35, 1.04) for total CVD incidence and 0.69 (0.51, 0.95) for all-cause mortality
(both P trend<0.05).
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DISCUSSION

In these two large prospective cohort studies among U.S. men and women with diabetes, we found
that higher nut consumption, especially tree nuts, was significantly associated with a lower risk of total
CVD and CHD incidence, and mortality due to CVD and all causes. The association was independent of
established risk factors, including diabetes duration, BMI, lifestyle and dietary factors, medication use, and
nut consumption before diabetes diagnosis. In addition, greater increment in nut consumption from pre- to
post-diabetes diagnosis was also significantly associated with a lower risk of subsequent CVD events and
mortality. Various sensitivity analyses and stratified analyses demonstrated the robustness of these
associations.

Comparison with other studies.

Several meta-analyses of prospective observational studies have consistently found that nut
consumption is inversely associated with risk of hypertension, CVD, total cancer, and all-cause and cause-
specific mortality in the general population.®® **3* In the PREDIMED trial among individuals at high
cardiovascular risk (n=7447), participants assigned to a Mediterranean diet supplemented with mixed nuts
(walnuts, almonds, and hazelnuts) had a 28% reduced risk in developing major cardiovascular events
compared with a control diet.*> However, data pertaining to the potential health benefits of nut consumption
among persons with diabetes are sparse. It is largely unknown whether nuts should be incorporated into
diabetes patients’ diet toward the prevention of CVD events or premature deaths in this high-risk group of
individuals. In the only study that examined nut intake in relation to CVD risk among women with diabetes,
Li et al., found that total intake of nuts and peanut butter was associated with a lower risk of CVD.'® While
our study confirmed the inverse associations for total nuts, we further demonstrated that the intake of tree
nuts was more robustly associated with lower CVD incidence and mortality. A similar pattern of
associations favoring tree nuts was observed for other disease outcomes. For example, in a prospective
study among patients with colon cancer, Fadelu et al., found that tree nuts, but not peanuts, were
significantly associated with a lower risk of cancer recurrence or mortality, and all-cause mortality.*®
Although the exact reasons underlying these observations are unclear, it may be explained by the difference
in nutrient profiles in oil contents between peanuts and tree nuts (e.g., 37.9 g/100g in peanuts vs 50.8 g/100g
in walnuts), fatty acid composition (for total saturated fatty acids: 15.5 g/100g in peanuts vs 9.5 g/100g in
walnuts; for total unsaturated fatty acids: 84.5 g/100g in peanuts vs 90.3 g/100g in walnuts), and other
biologically active compounds (for y-tocopherol: 60.3 pg/g in peanuts vs 300.5 ug/g in walnuts; for
campesterol: 198.3 pg/g in peanuts vs 51.0 pg/g in walnuts; for stigmasterol: 163.3 pg/g in peanuts vs 55.5
ug/g in walnuts).'” Nevertheless, more research is warranted to substantiate the potentially differential
associations between tree nuts and peanuts.

Although the exact mechanism underlying the beneficial effects of nut consumption for individuals
with diabetes remains to be further elucidated, accumulating evidence from clinical trials among
participants with diabetes suggests that nut consumption may improve glycemic control, blood pressure,
lipid metabolism, inflammation, and endothelial dysfunction.'*'* 3" These beneficial effects can be at
least partially explained by the unique nutritional composition of nuts, including unsaturated fatty acids,
fiber, vitamins (such as vitamin E and folate), minerals (such as calcium, potassium, and magnesium), and
phytochemicals (such as flavonoids and phytosterols)."? For instance, polyunsaturated fatty acids (PUFAs)
in nuts could regulate gene expression in the pathway of lipid metabolism through various mechanisms,
including changing membrane composition, eicosanoid production, and intracellular calcium levels.*
Furthermore, PUFAs and their metabolites could affect the transcription of several key genes in lipid
metabolism, in conjunction with nuclear receptors and transcription factors, including the nuclear receptors
peroxisome proliferator-activated receptor (PPAR), hepatocyte nuclear factor-4a, and liver X receptor
(LXR), and the transcription factors sterol-regulatory element binding protein and nuclear factor-kB.* In
addition, o-linolenic acid could induce insulin-like growth factor 1 secretion in hepatocytes via PPAR
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pathway,* resulting in a significant improvement in insulin sensitivity.*> Some in vitro studies suggested
that phytosterols could reduce cholesterol absorption via the inhibition of 27-hydroxycholesterol generation,
LXRa activation, and expression of the ATP-binding cassette transporter Al in enterocytes.*® In addition,
several clinical trials demonstrated that nut supplementation could positively modulate the expression of
certain microRNAs (such as miR-192 and miR-375) related with glucose metabolism and insulin
sensitivity,”’ improve antioxidant status with an increase in oxygen radical absorbance capacity levels,*®
favorably modify gut microbiota and bacterial activities via increasing the populations of Bifidobacterium
spp. and Lactobacillus spp., and suppressing the growth of Clostridium perfringens.*’ In a previous study
conducted within the NHS and HPFS, frequent nut consumption was associated with a benign profile of
inflammatory biomarkers (i.e., lower levels of plasma C-reactive protein and interleukin 6).° Of note,
despite the high energy density of nuts, there is no evidence for an association between frequent nut
consumption and weight gain, possibly explained by the satiating effect of nut consumption.”' Nevertheless,
more mechanistic studies are needed to further illustrate potential mechanisms through which nuts play a
role in the prevention of morbidity and mortality among patients with diabetes.

Strengths and limitations.

The strengths of the present study include a prospective design, a relatively large sample size comprised
of both men and women, long-term follow-up with a high retention rate, repeated assessments of total and
specific nuts and other dietary and lifestyle variables before and after diabetes diagnosis, careful
adjustments for a multitude of potential risk factors, and analyses of several adjudicated disease outcomes
including total CVD, CHD, and stroke incidence, and all-cause and cause-specific mortality.

Several limitations should be considered as well. First, this is an observational study, and therefore
causality cannot be proven. In addition, our study participants were all health professionals, and most were
Caucasians. Although the relative homogeneity potentially minimizes confounding by socioeconomic
status, it could limit generalizability of our findings to other ethnic groups. However, the underlying
biological mechanisms are unlikely to differ between health professions and other populations.*® Second,
the diabetic patients in our study were diagnosed during an extended period of time since 1980s. The risk
profile of persons with diabetes might significantly change over time due to better control of hypertension,
blood lipids, and other risk factors in recent years, although similar results were found in analyses stratified
by follow-up time. Third, although our validation studies demonstrated reasonable validity of questionnaire
assessments for total nut consumption, the validity of self-reported intake of specific types of nuts was not
assessed. Measurement errors in self-reported nut intake were inevitable. However, such measurement
errors were likely to be non-differential in this prospective study and thus would be more likely to bias the
associations towards the null. Fourth, our study did not have direct measurements of glycemic control and
severity of diabetes, although the results did not change significantly when further adjusting for duration of
diabetes, use of insulin and hypoglycemic medications, or self-reported HbAlc levels. Despite that the
validation study indicated excellent accuracy and validity of self-reported diabetes status in our study
population who were all health professionals, the validity of self-reported diabetes duration, medication use,
and self-reported HbAlc levels has not been illustrated in our cohort. We could not exclude the presence
of residual confounding by severity of diabetes or glucose control. Fifth, our study did not have information
on how nuts were prepared (e.g., raw, roasted, or salted), and the potential influence of preparation methods
could not be tested. In addition, no information on nut allergy was collected in our population, which should
be taken into account in future studies. Lastly, the role of confounding by genetic susceptibility or
psychosocial stress, residual confounding due to measurement errors of covariates, including other lifestyle
factors, or chance in the present study could not be excluded.
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Conclusions.

Findings from two large prospective cohort studies suggest that frequent consumption of nuts,
especially tree nuts, is associated with a lower risk of CVD incidence and mortality among participants with
diabetes. In addition, increased nut consumption before and after diabetes diagnosis is also associated with
a lower risk of subsequent CVD events and mortality. These data suggest a potential role of nut intake in
the prevention of morbidity and mortality among individuals with diabetes.
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FIGURE LEGENDS

Figure 1. Hazard ratios (95% ClIs) of CVD incidence and mortality according to types of nut
consumption after diabetes diagnosis*

* Multivariate hazard ratio for CVD incidence and mortality among study participants who consumed nuts
two or more servings per week versus those who consumed nuts less than one serving per month were
adjusted for age (continuous), diabetes duration (years), sex (men or women), Caucasian (yes/no), BMI at
diabetes diagnosis (<23.0, 23.0-24.9, 25.0-29.9, 30.0-34.9, >35.0 kg/mz), physical activity (<3.0, 3.0-8.9,
9.0-17.9, 18.0-26.9, >27.0 MET-hours/week), smoking status (never, past, current 1-14 cigarettes/day,
current >15 cigarettes/day), alcohol consumption (0, 0.1-4.9, 5.0-14.9, >15.0 g/day), current aspirin use
(yes/no), family history of MI or cancer (yes/no), presence of hypertension (yes/no), use of lipid-lowering
medication (yes/no), diabetes medication use (insulin, oral medication, or others), and intake of total energy,
red or processed meat, fruits, and vegetables (all in quartiles).

Figure 2. Associations between total and tree nut consumption and CVD incidence and CVD
mortality *

* Hazard ratios were adjusted for age (continuous), diabetes duration (years), sex (men or women),
Caucasian (yes/no), BMI at diabetes diagnosis (<23.0, 23.0-24.9, 25.0-29.9, 30.0-34.9, >35.0 kg/mz),
physical activity (<3.0, 3.0-8.9, 9.0-17.9, 18.0-26.9, >27.0 MET-hours/week), smoking status (never, past,
current 1-14 cigarettes/day, current >15 cigarettes/day), alcohol consumption (0, 0.1-4.9, 5.0-14.9, >15.0
g/day), family history of MI or cancer (yes/no), current aspirin use (yes/no), presence of hypertension
(yes/no), use of lipid-lowering medication (yes/no), diabetes medication use (insulin, oral medication, or
others), and intake of total energy, red or processed meat, fruits, and vegetables (all in quartiles). All P for
non-linearity were <0.001.

Figure 3. Hazard ratios (95% Cls) of CVD incidence and mortality according to changes in
consumption of total nuts, tree nuts, and peanuts before and after diabetes diagnosis*

* Multivariable analyses were adjusted for age (continuous), diabetes duration (years), sex (men or women),
Caucasian (yes/no), family history of MI or cancer (yes/no), hypertension status (no hypertension, new
hypertension, always hypertension), lipid-lowering medication use (never user, new user, always user),
aspirin use (never user, new user, always user), changes in smoking status (always never smoker, always
past smoker, always current smoker, quit smoking after diabetes diagnosis, others), changes in physical
activity (tertiles), changes in alcohol consumption (tertiles), changes in body mass index (tertiles), changes
in total caloric intake (tertiles), changes in AHEI excluding nuts (tertiles), and nut consumption before
diabetes diagnosis (continuous).
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Table 1. Characteristics of person-years according to total nut consumption among individuals with diabetes *

Total Nut Consumption

<1 serving/month

<1 serving/week

1 serving/week

2-4 servings/week

>5 servings/week

Person-years

Age, years

Men, %

Body Mass Index, kg/m?

Physical activity, MET-hours/week
Current smoker, %

Hypertension, %
Hypercholesterolemia, %

Family history of M1, %

Aspirin use, %

Use of anti-hypertensive drug, %
Use of lipid-lowering medication, %
Total energy intake, kcal/day
Alcohol consumption, g/day

Red or processed meat intake, servings/day
Fruit intake, servings/day

Vegetable intake, servings/day

AHEI score, excluding nuts

105778
66.2 (10.2)
9.7
30.0 (6.3)
13.6 (21.8)
10.2
76.3
66.7
21.7
445
38.1
23.0
1608.6 (552.0)
3.2(8.2)
0.9 (0.9)
2.2(1.3)
2.6 (1.3)
48.4 (10.4)

35828
64.7 (10.6)
16.6
29.7 (6.3)
15.2 (23.7)
9.3
75.3
67.0
23.9
57.7
48.5
32.0
1657.4 (544.5)
4.0 (9.5)
1.0 (0.8)
2.3(1.2)
2.8(1.3)
48.8 (10.5)

29121
65.4 (10.0)
233
29.3 (5.8)
17.7 (26.8)
8.4
75.6
68.0
25.9
61.2
49.6
33.2
1753.9 (552.0)
4.8(10.1)
1.1 (0.8)
2.4(1.2)
3.1(1.4)
49.7 (10.3)

34593
67.7 (9.1)
28.0
29.4 (6.0)
213 (31.4)
7.3
73.9
71.0
24.5
63.1
51.0
38.4
1888.8 (581.3)
5.4 (10.7)
1.1 (0.8)
2.4(1.2)
3.3(1.5)
51.1 (10.6)

18362
69.4 (9.1)
333
28.5 (5.9)
23.6(30.9)
6.8
71.1
71.1
24.7
64.6
47.4
40.3
2100.8 (620.2)
6.5 (12.5)
1.1 (0.9)
2.6 (1.4)
3.5 (1.6)
54.9 (11.2)

* Values are means (SD) or percentages (%). MET: metabolic equivalent. MI, myocardial infarction. AHEI: Alternate Healthy Eating Index.
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Total Nut Consumption
P trend
<1 serving/month <1 serving/week 1 serving/week 2-4 servings/week >5 servings/week
CVD Incidence

Total CVD Incidence

Pearson-years 105778 35828 29121 34593 18362

Cases 1708 559 457 422 190

Age-adjusted model 1.00 1.01 (0.92,1.11) 1.04(0.93,1.15) 0.83(0.75,0.93) 0.74 (0.63,0.86) <0.001

Multivariable model 1.00 1.04 (0.94,1.15) 1.08(0.97,1.20) 0.91(0.81,1.02) 0.83(0.71, 0.98) 0.01
CHD Incidence

Cases 1332 438 347 307 143

Age-adjusted model 1.00 1.01 (091, 1.13) 1.01(0.89,1.14) 0.77 (0.68, 0.88) 0.71(0.59,0.84) <0.001

Multivariable model 1.00 1.03 (0.92,1.15) 1.04(0.92,1.18) 0.84 (0.74,0.96) 0.80(0.67,0.96)  0.005
Stroke Incidence

Cases 388 125 112 116 48

Age-adjusted model 1.00 1.00 (0.81,1.23)  1.14(0.92,1.41) 1.04 (0.83,1.28) 0.84(0.62, 1.15) 0.32

Multivariable model 1.00 1.07 (0.86,1.31) 1.21(0.97,1.51) 1.15(0.92,1.44) 0.93(0.68, 1.29) 0.74

All-Cause and Cause-Specific Mortality

CVD Mortality

Pearson-years 120820 41489 33594 38784 20236

Cases 936 262 200 184 81

Age-adjusted model 1.00 0.84 (0.73,0.97)  0.79 (0.68,0.93) 0.61 (0.52,0.72) 0.47 (0.37,0.59) <0.001

Multivariable model 1.00 0.97 (0.84,1.11)  0.94 (0.80,1.11)  0.83 (0.70,0.98) 0.66 (0.52,0.84) <0.001
Cancer Mortality

Cases 668 193 157 181 98

Age-adjusted model 1.00 0.86 (0.73,1.01)  0.85(0.71,1.01)  0.78 (0.66, 0.93) 0.74 (0.59,0.92)  0.005

Multivariable model 1.00 0.93 (0.79,1.10)  0.91 (0.76, 1.09)  0.89 (0.75, 1.07) 0.84 (0.67, 1.06) 0.12
All-Cause Mortality

Cases 3310 792 623 634 323

Age-adjusted model 1.00 0.73 (0.68,0.79)  0.70 (0.65,0.77)  0.56 (0.51,0.61) 0.48 (0.43,0.54) <0.001
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Multivariable model 1.00 0.89(0.82,0.96) 0.86(0.79,0.95) 0.78 (0.71,0.86) 0.69 (0.61,0.77) <0.001

* Multivariable analyses were adjusted for age (continuous), diabetes duration (years), sex (men or women), Caucasian (yes/no), BMI at diabetes
diagnosis (<23.0, 23.0-24.9, 25.0-29.9, 30.0-34.9, >35.0 kg/m?), physical activity (<3.0, 3.0-8.9, 9.0-17.9, 18.0-26.9, >27.0 MET-hours/week),
smoking status (never, past, current 1-14 cigarettes/day, current >15 cigarettes/day), alcohol consumption (0, 0.1-4.9, 5.0-14.9, >15.0 g/day),
family history of MI or cancer (yes/no), current aspirin use (yes/no), presence of hypertension (yes/no), use of lipid-lowering medication (yes/no),
diabetes medication use (insulin, oral medication, or others), and intake of total energy, red or processed meat, fruits, and vegetables (all in
quartiles).
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Novelty and Significance
What Is Known?

e Higher nut consumption is associated with a lower risk of developing hypertension, cardiovascular
disease (CVD), and cancer, as well as lower all-cause and cause-specific mortality in populations who
are largely healthy.

e Evidence regarding the potential health benefits of nut consumption is scarce among individuals with
type 2 diabetes who have altered metabolism of macronutrients and elevated risk of CVD and premature
deaths.

What New Information Does This Article Contribute?

e Higher consumption of nuts, especially tree nuts, is associated with lower CVD incidence and mortality
among individuals with diabetes.

e (Greater increment in nut consumption from pre- to post-diabetes diagnosis is also significantly
associated with a lower risk of subsequent CVD incidence and mortality.

Accumulating evidence has demonstrated that more frequent nut consumption is associated with a lower
risk of hypertension, CVD, total cancer, and all-cause and cause-specific mortality, primarily in the general
population. However, among individuals with type 2 diabetes who have elevated risk of developing CVD
and mortality, evidence regarding the potential health benefits of nut consumption is scarce. In addition,
whether increased nut consumption from pre- to post-diabetes diagnosis may yield health benefits is
unknown. In two large prospective cohort studies among U.S. men and women with diabetes, we found
that higher nut consumption, especially tree nuts, was significantly associated with a lower risk of total
CVD and CHD incidence, and mortality due to CVD and all causes. The association was independent of
established risk factors, including diabetes duration, body mass index, lifestyle and dietary factors,
medication use, and nut consumption before diabetes diagnosis. In addition, greater increment in nut
consumption after diabetes diagnosis was also significantly associated with a lower risk of subsequent CVD
events and mortality. These data provide novel evidence that supports the recommendation of incorporating
nuts into healthy dietary patterns for the prevention of CVD complications and premature deaths among
individuals with diabetes.
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