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Abstract

Background— In prospective studies, relationship of self-reported consumption of dairy foods 

with risk of diabetes mellitus is inconsistent.  Few studies have assessed dairy fat, using 

circulating biomarkers, and incident diabetes. We tested hypothesis that circulating fatty acid 

biomarkers of dairy fat, 15:0, 17:0, and t-16:1n-7, are associated with lower incident diabetes. 

Methods and Results—Among 3,333 adults aged 30-75 years and free of prevalent diabetes at 

baseline, total plasma and erythrocyte fatty acids were measured in blood collected in 1989-90 

(Nurses’ Health Study) and 1993-94 (Health Professionals Follow-Up Study). Incident diabetes 

through 2010 was confirmed by validated supplementary questionnaire based on symptoms, 

diagnostic tests, and medications. Risk was assessed using Cox proportional hazards, with cohort 

findings combined by meta-analysis. During mean±SD follow-up of 15.2±5.6 years, 277 new 

cases of diabetes were diagnosed. In pooled multivariate analyses adjusting for demographics, 

metabolic risk-factors, lifestyle, diet, and other circulating fatty acids, individuals with higher 

plasma 15:0 had 44% lower risk of diabetes (quartiles 4 vs. 1, HR=0.56, 95%CI=0.37-0.86; P-

trend=0.01); higher plasma 17:0, 43% lower risk (HR=0.57, 95%CI=0.39-0.83, P-trend=0.01); 

and higher t-16:1n-7, 52% lower risk (HR=0.48, 95%CI=0.33-0.70, P-trend <0.001). Findings 

were similar for erythrocyte 15:0, 17:0, and t-16:1n-7, although with broader CIs that only 

achieved statistical significance for 17:0.    

Conclusions—In two prospective cohorts, higher plasma dairy fatty acid concentrations were 

associated with lower incident diabetes. Results were similar for erythrocyte 17:0. Our findings 

highlight need to better understand potential health effects of dairy fat; and dietary and metabolic 

determinants of these fatty acids. 

 
Key words: diabetes mellitus; biomarker; fatty acid; dairy
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Introduction 

For decades, dietary recommendations for dairy foods have been based on predicted health 

effects of isolated individual nutrients, such as for bone health (e.g., expected benefits of calcium 

and vitamin D), and cardiovascular disease (CVD) (e.g., expected harms of total fat and saturated 

fat). Based on these considerations, major dietary guidelines recommend low-fat dairy products 

and avoidance of whole-fat dairy.1 However, neither low-fat nor whole-fat dairy foods have 

major effects on traditional cardiovascular risk factors2 nor are appreciably linked to risk of 

coronary heart disease events.3  Interestingly, self-reported consumption of dairy foods has 

mixed associations with risk of type 2 diabetes, without consistently different results for low-fat 

vs. whole-fat products.4-6 For instance, several studies suggest that yogurt may be beneficial for 

diabetes,4-6 while some large studies4, 5, but not others,6 further suggest that cheese, which is 

highest in dairy fat, may also be protective. 

Most prior investigations have relied on self-reported dietary information from 

questionnaires, which can be limited by errors in memory or subjective reporting, especially for 

dairy fat. In addition, dairy fat is consumed not only from whole foods such as milk, cheese, 

yogurt, and major dishes such as pizzas, but throughout the food supply in smaller amounts in 

mixed dishes, bakery products, and prepared foods. This may increase challenges of accurately 

capturing the intake of dairy fat from all sources. In comparison, circulating blood biomarkers of 

fatty acids may provide a more complete measure of dairy fat consumption. These include 

specific fatty acids obtained primarily from dairy fat including the odd-chain saturated fats 

pentadecanoic acid (15:0) and heptadecanoic acid (17:0),7, 8 and the natural ruminant trans fat 

trans-palmitoleate (t-16:1n-7).9 These fatty acids are not endogenously synthesized and are 

obtained only from diet, particularly dairy, making them reasonable biomarkers of dairy fat 

vs. whole-fat products.4-6 For instance, several studies suggest that yogurt may beee bebebenenenefifificicicialalal fffooor t

diabetes,4-6 while some large studies4, 5, but not others,6 further suggest that cheese, which is 

highhhesesest t t ininin dddaiaiairy fffatatat, may also be protective. 

Most priririororo  invnvnvesesestititigagagatiiiononons hahahaveveve reelied dd ooon seelfff-reeepopopo trtrtededed dieieietataarryry iiinfnfnfoormaaatititiononon fffrororom mm
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consumption.10, 11 In addition to their role as biomarkers, it has been hypothesized that these fatty 

acids could have direct metabolic effects, e.g., t-16:1n-7 could mimic experimentally-observed 

effects of adipose-produced c-16:n-7 to increase muscle glucose uptake and suppress hepatic de 

novo lipogenesis.12  Yet, few prospective studies have investigated these biomarkers and incident 

diabetes, with mixed results (see Discussion).  

Thus, effects of dairy fat, and specific dairy fatty acids, on diabetes risk remain unclear.  

Understanding these relationships is crucial for informing dietary guidelines as well as designing 

additional interventional and experimental studies to explore biological pathways and 

mechanisms. We tested the hypothesis that total plasma and erythrocyte biomarkers of dairy fat, 

15:0, 17:0, and t-16:1n-7, are associated with lower incidence of diabetes in two large 

prospective cohorts. 

Methods

Study design and population 

This investigation was derived from two large US prospective studies, the Nurses’ Health Study 

(NHS) and Health Professionals Follow-Up Study (HPFS). Details of the cohorts and blood 

sample collection have been reported.13     

We utilized previously measured fatty acid concentrations in stored blood used for nested 

case-control studies of incident CVD. Among NHS and HPFS subjects who provided blood 

samples and were free of prevalent CVD or cancer at the time of blood sampling, we measured 

total plasma and erythrocyte fatty acid concentrations in 3,499 men and women. Approximately 

71% of participants were fasting at time of blood collection. For present analysis focused on 

incident diabetes, participants with diabetes at time of blood collection were excluded (n=166), 

15:0, 17:0, and t-16:1n-7, are associated with lower incidence of diabetes in two lllararargegege 

prospective cohorts. 

MeMeMettht ods

Stttudududy y y designgngn andndnd popppuulu atiooon nn

ThThThisisis iiinvnnvesesestititigagagatititiononon wasasas ddderereriviivededed fffrororommm twttwooo lalalargrgrgeee USUSUS ppprororospspspececectititiveeve ssstuttudididieseses, thththeee NuNNursrsrseseses’’’ HeHeHealalalththth SSStuttudyddy 
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leaving a total of 3,333 participants for analysis. This included 1,364 participants who developed 

CVD during follow-up, and 1,969 participants who did not develop CVD during follow-up. All 

analyses were first conducted in these two groups separately, and then combined after 

confirming that all associations were similar in magnitude and direction. This investigation was 

approved by the human subjects committees of all participating institutions, and all participants 

gave implied consent by providing blood samples and returning completed questionnaires.  

Fatty acids

In both cohorts, fatty acid concentrations were measured in stored total plasma and erythrocyte 

samples in the same laboratory using gas-liquid chromatography.13, 14 Concentrations of 

individual circulating fatty acids were expressed as a percentage of total fatty acids in plasma or 

erythrocyte membranes. Technicians and laboratory personnel were unaware of participant 

clinical information including disease status. Forty fatty acids in plasma and erythrocytes were 

quantified (Table S1). For this investigation, primary biomarkers of interest were pentadecanoic 

acid (15:0), heptadecanoic acid (17:0), and trans-palmitoleic acid (t-16:1n-7). Myristic acid, a 

much less specific biomarker for dairy fat that is found in dairy, beef, and some plant oils15 and 

also endogenously synthesized by the liver (e.g., in response to excess carbohydrate intake), was 

secondarily analyzed. All the participants had levels of these four fatty acids above detectable 

limits.  

Reproducibility of these fatty acids (intra-class correlation coefficients) in plasma and 

RBC over time has been reported.13, 16 Average inter-assay CVs for quality-controls in plasma 

were 16.0% for 15:0, 7.2% for 17:0, 10.4% for t-16:1n-7, and 30.8% for 14:0.  Corresponding 

CVs in erythrocyte measurements were 22.4%, 11.3%, 14.2%, and 39.0%.   

Incident diabetes 

ndividual circulating fatty acids were expressed as a percentage of total fatty acidsdsds iiinnn plplplasasasmamama ooor f

erythrocyte membranes. Technicians and laboratory personnel were unaware of participant 

clinicicicalalal iiinfnfnfororormamm tititioonon including disease status. Foortrtrtyyy faf tty acids in plasmamaa aaand erythrocytes were 

qqquaanantified (Tablblble S111).).). FFFororor ttthihihis s s iininveveveststs igigigaationnn, ppprimamaarry bbbioioiommmarrrkekersrrs ooofff ininnttet rrest wwweerereee pepepentnttaadadecececanananoioioic

acccididid (((15:0),,, hhheeptaatadded caaanoooic aaccic d dd (1(( 7:7:7:000),,, aanand tttraaans-papapalmmmiiitoooleiiic acacciddd ((t(t-1116:::1nn-777).)) MMMyrrrisisistttic acaccid, aaa 

mummuchchch lllesesessss spspspecececififificicic bbbioioiomamamarkrkrkererer fffororor dddaiaiairyrry fffatatat ttthahahattt iiisss fofofounnunddd ininin dddaiaiairyrry, bebebeefefef, anananddd sososomememe ppplalalantntnt oooilililsssttt 1515 aaandndnd 
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In both cohorts, participants were asked to report physician-diagnosed diabetes and the calendar 

year of diagnosis. To validate self-reports, a supplementary questionnaire was sent obtaining 

further information on symptoms, diagnosis and drug treatment. Suspected cases were labeled as 

confirmed if, according to the supplementary questionnaire, they met one or more of three 

National Diabetes Data Group criteria: (1) classic symptoms plus fasting glucose 140 mg/dL or 

random glucose 200 mg/dL; (2) at least two separate elevated plasma glucose levels (fasting 

140, random 200, or 2-hour challenge 200 mg/dL); or (3) medical prescription of oral 

hypoglycemic agents or insulin. These diagnostic criteria were modified after Jun 1996 to 

incorporate lower diagnostic cut-offs for fasting glucose of 126 mg/dL. Validity of 

supplementary questionnaire for diagnosing diabetes was confirmed in subsets of participants in 

each cohort by comparison with direct review of medical records: 98% were confirmed in NHS; 

and 97% in HPFS.17, 18 

Covariates and other risk factors 

Data on medical history, risk factors and lifestyle were obtained in both cohorts via validated 

self-administered questionnaires (Supplemental Material).  Usual alcohol use and dietary habits 

were assessed through validated semi-quantitative food frequency questionnaires (FFQ)s.  

Statistical analysis 

Fatty acid levels were evaluated in quartiles as indicator variables, and continuously comparing 

the medians of the highest vs. lowest quartile (87.5th vs. 12.5th percentiles). Linear trend was 

assessed by assigning the median value of each quartile to participants and evaluating this as a 

continuous variable. Cox proportional hazards evaluated associations of each fatty acid with 

incident diabetes through 2010, with time at-risk from blood collection until first event, death, or 

censoring at return of last questionnaire. Analyses were conducted separately in each cohort and 

upplementary questionnaire for diagnosing diabetes was confirmed in subsets offf pppararartititicicicipapapantntntsss in 

each cohort by comparison with direct review of medical records: 98% were confirmed in NHS; 

and 979797%%% ininin HHHPFFFSS.S.17, 18

CCCovvav riates anddd otthhererer rrrisisiskk k fafafactctctororrs

DaDaDataaa on medididicac l l hiistorrryy,y, riskkk fffacaca tooorsrsrs andndnd lifffeeesttytyle wwwereee ooobtaaainnneeeffffff d innn bbbotoo hhh ccohohohortrtrts viaaa vvvaliidaaated 

eeelflflf aa-admdmdminininisisistetetererereddd quqquesesestititionononnananairirireseses (((SuSSupppppplelelememementntntalalal MMMatataterereriaiaialll))).  UsUsUsuaaualll alalalcococohohoholll ussuseee anananddd dididietetetararary hahahabibibittt
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then combined using fixed effects inverse-variance-weighted meta-analysis;19 with pooled P-for-

trend calculated using generalized least squares trend (GLST) meta-analysis.20  Proportional 

hazards assumptions were tested by an interaction term with time and not rejected for any fatty 

acid except for 14:0 (P-interaction=0.01 in NHS, 0.01 in HPFS). Visualization of Schoenfeld 

residuals for each fatty acid, including 14:0, did not suggest a non-zero slope, suggesting that any 

potential time interaction was small.  

Multivariable models were used to minimize potential confounding, with covariates 

included based on biological relevance, clinical interest, strength of associations with exposure 

or outcome, or percent change in the risk estimate of interest (>5%). For example, because dairy 

fat intake could be associated with other dietary habits that may also influence diabetes, we 

adjusted for fruits, vegetables, fish, meats, whole grains, sugar-sweetened beverages, 

polyunsaturated fat, calcium, and glycemic load. We also adjusted for biomarker levels of trans-

18:1 and trans-18:2, as dairy fat can contain ruminant trans fats; and for palmitic acid (16:0) and 

stearic acid (18:0) synthesized by hepatic de novo lipogenesis, as these fatty acids can alter 

relative circulating proportions of trace fatty acids and are linked to insulin resistance and 

diabetes in experimental and prospective studies 13, 14, 21.  Dairy consumption may causally 

influence BMI – e.g., yogurt and cheese22, 23  (the latter, if replacing refined carbohydrates) are 

linked to lower long-term weight gain and dairy intake reduces weight and fat mass in short-term 

trials24 – suggesting BMI could partly mediate any associations between dairy intake and 

diabetes. Individuals with different BMIs may also select different dairy foods, which could 

confound associations. We therefore separately considered BMI as a potential mediator and/or 

confounder in an additional multivariable model. 

We explored effect modification by age and BMI using the Wald test for a multiplicative 

fat intake could be associated with other dietary habits that may also influence diaaabebebetetetes,s,s, wwweeerr

adjusted for fruits, vegetables, fish, meats, whole grains, sugar-sweetened beverages,

polyyyunununsasasatututurararatett d fafafat,t  calcium, and glycemic load.d.. WWWe also adjusted for bbbioioiomarker levels of trans-

1118:111 and trans-111888:22, aaasss dadadaiririryy y fafafattt cacacan n n cooonntaiiin nn ruuuminanaant tttrararansnss fffataa s;s  andndnd fffororor ppalmimimitititic acacacididi (((1116:0:0:0))) ananand 

ttteeeaririric acid (((1811 :000) synnnthheh sizezeed dd bybyby hhheeepaaatiicic deee nnnovoo liiipogogogeeeneesesisss, , , asass tttheheesse faatty y y acacacids cacacan aalteeer 

eeelalalatititiveeve cccirirircucculalalatititingngng ppprororopopoportrtrtioioionsnsns ofofof tttrararacecece fffatatattytty aaacicicidsdsds aaandndnd aaarerere lllinininkekekeddd tototo iiinsnsnsullulininin rrresesesisisistatatancncnceee anananddd 
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interaction term, with Bonferroni-corrected significance (4 fatty acids x 2 effect modifiers: 

=0.05/8=0.006).  To minimize misclassification due to exposure changes over time, we 

performed sensitivity analyses restricted to the first 8 years of follow-up. To minimize reverse 

causation due to unrecognized subclinical disease or presence of clinical risk factors at the time 

of fatty acid measurement, we also excluded cases occurring during the first 2 years. We 

evaluated self-reported yogurt, cheese, and dairy fat consumption as additional covariates to 

assess if the associations were independent of these dietary factors outside of their specific fatty 

acid contents. Multiple (10-fold) imputation was performed for missing continuous, and 

indicator variables for missing categorical covariates. Non-linear relationships were assessed by 

semi-parametric restricted cubic splines, excluding participants with fatty acid levels <0.5th or 

>99.5th percentiles to minimize influence of outliers. Analyses were conducted using SAS 9.3 

(Cary, NC), two-tailed =0.05.  

 

Results

At baseline, mean±SD age was 64.6±8.6 years among men (range: 48-83 years) and 60.4±6.3 

years among women (range: 44-70 years) (Table 1, Table S2). About half of participants were 

overweight or obese; 1 in 4 had hypertension or family history of diabetes; 1 in 3 had 

hypercholesterolemia; and 1 in 12 men and 1 in 5 women were current smokers.  Average total 

dairy consumption was 2.1 servings/day, with similar contributions from whole-fat (~45%) and 

low-fat (~55%) products.  

Within each circulating lipid compartment (plasma, erythrocyte), the different fatty acid 

biomarkers were modestly intercorrelated: in plasma, adjusted intercorrelations (r) ranged from 

0.10 to 0.59 (Table S3); and in erythrocytes, from 0.47 to 0.69 (Table S4).  As expected for 

emi-parametric restricted cubic splines, excluding participants with fatty acid levvvelelels s s <0<0<0.5.5.5ththth ooorrr 

>99.5th percentiles to minimize influence of outliers. Analyses were conducted using SAS 9.3

Carrry,y,y, NNNC)C)C),,, twtwt o---tatatailed =0.05.  

ReReResuuults

AtAtAt bbbasasaselelelininineee, mmmeaeaean±n±n±SDSDSD aaagegege wasasas 666444.6±6±6±888.666 yeeyearararsss amamamonononggg mememennn (r(r(rananangegege::: 484848 88-8333 yeeyeararars)s)s) aaandndnd 666000.4±4±4±666.333
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these different lipid compartments, correlations between plasma and erythrocyte fatty acid 

biomarkers were moderate: 0.32 for 15:0, 0.44 for 17:0, 0.42 for t-16:1n-7, and 0.24 for 14:0.  

Partial correlations with self-reported dairy fat consumption were modest for plasma 15:0 

(r=0.29), 17:0 (r=0.21), and t-16:1n-7 (r=0.22); and weaker for 14:0 (r=0.11) (Table S3; Figure

S1); and similar but somewhat lower for erythrocyte fatty acids (Table S4). These correlations 

were similar among participants who were fasting at time of blood collection (data not shown).  

Plasma fatty acid biomarkers and risk of diabetes  

During mean±SD follow-up of 15.2±5.6 years, 277 new cases of diabetes mellitus were diagnosed. 

After adjustment for demographics, metabolic risk factors, lifestyle, dietary habits, and other 

circulating fatty acids, compared to the lowest quartile, individuals in the highest quartile of plasma 

15:0 had 44% lower risk of diabetes (HR=0.56, 95%CI=0.37-0.86; P-trend=0.01); of plasma 17:0, 

43% lower risk (HR=0.57, 95%CI=0.39-0.83, P-trend<0.01); and of t-16:1n-7, 52% lower risk 

(HR=0.48, 95%CI=0.33-0.70, P-trend <0.001) (Table 2).  Findings were generally similar in 

magnitude and direction in the two separate cohorts, without statistically significant effect 

modification by sex. 14:0 was not significantly associated with diabetes (P-trend=0.36).  

Evaluated continuously, 15:0 was associated with 38% lower risk (pooled HR=0.62, 

95%CI=0.46-0.85); 17:0, with 32% lower risk (HR=0.68, 95%CI=0.50-0.91); and t-16:1n-7, with 

46% lower risk (HR=0.54, 95%CI=0.40-0.73) (Table 3).  Similar to categorical analyses, plasma 

14:0 was not associated with diabetes risk (HR=0.82, 95%CI=0.60-1.11).   

Because BMI is a major predictor of insulin resistance and diabetes, we conducted further 

multivariable-adjusted analyses to evaluate the potential independent associations between BMI 

and dairy fatty acid biomarker levels at baseline.  In both cohorts combined, higher 15:0 was not 

associated with BMI (Q1 vs. Q4: 25.3 vs. 25.3 kg/m2, P-trend=0.97) (Table S2).  Higher 17:0 

circulating fatty acids, compared to the lowest quartile, individuals in the hirr ghest ququuararartititilelele ooof f f plplplasasasma

15:0 had 44% lower risk of diabetes (HR=0.56, 95%CI=0.37-0.86; P-trend=0.01); of plasma 17:0, 

43% % % lololowewewer r r riririskss ((HRHRHR=0.57, 95%CI=0.39-0.83, P-t-ttrererendnn <0.01); and of t-16:6:6:1n11 -7, 52% lower risk 

HHHRR=R 0.48, 95%C%C%CI==0.00 333333---0.0.0.707070,, P-P-P-trtrtrenennd d d <0<0< .0010101) (Taablle 222).).).  FiFiFindndndinngsgg wwererre ee ggeneeerararalllllly yy sisisimimimilalalar ininin 

mamamagngngnitude ananand dd diidireeectiooonn n in thhhe tttwoww ssseeeparararaata e cccohhoh rtts, wititithhhoututt statatatitissstiicicalalallyyy siignininifiiicacc nt efffffect 

momomodididififificacacatititiononon bbby sesesex. 1114:4:4:000 waawasss nononottt sisisigngngnififificicicananantltltly asasassososociciciatatatededed wititithhh dididiabababeteteteseses (((PPP-trtrtrenenenddd=000.363636))).  
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(25.8 vs. 25.0, P-trend<0.001) and t-16:1n-7 (25.9 vs. 25.2, P-trend<0.001) were associated with 

lower BMI, although absolute differences were modest. 14:0 was associated with higher BMI (24.9 

vs. 25.9, P-trend<0.001).  After further adjustment for baseline BMI as a potential mediator or 

confounder, associations with incident diabetes were slightly attenuated for 17:0 and not 

appreciably altered for other fatty acids (Table 3).  Results were also similar after further 

multivariable adjustment for conjugated linoleic acid, another ruminant-derived fatty acid (data not 

shown). 

We further examined the potential influence of each individual covariate in the model.  

Adjustment for fatty acid biomarkers of de novo lipogenesis, 16:0 and 18:0,25, 26 had the greatest 

effect on plasma 15:0, which was no longer significantly associated with diabetes when 16:0 and 

18:0 were removed as covariates (continuous HR=1.10, 95%CI=0.85-1.42).  Conversely, removal 

of these fatty acid covariates had smaller influence on associations with diabetes for plasma 17:0 

(HR=0.67, 95%CI=0.51-0.89) or t-16:1n-7 (HR=0.68, 95%CI=0.51-0.92).  

With simultaneous mutual adjustment for all three dairy fat biomarkers, associations were 

nonsignificant for plasma 15:0 (continuous HR=0.83, 95%CI=0.53-1.29) and 17:0 (HR=0.93, 

95%CI=0.64-1.36), and unchanged for t-16:1n-7 (HR=0.59, 95%CI=0.43-0.80).   

Semi-parametric analyses 

Restricted cubic splines demonstrated an inverse linear relationship for plasma 15:0, 17:0, and t-

16:1n-7 and incident diabetes (Figure 1).  Plasma 14:0 was not associated with risk (P-

linearity=0.48). 

Erythrocyte fatty acid biomarkers 

When we evaluated erythrocyte fatty acids, lower incidence of diabetes was seen with higher levels 

of 17:0 (HR=0.54, 95%CI=0.34-0.87, P-trend <0.001), and t-16:1n-7 (HR=0.78, 95%CI=0.51-

effect on plasma 15:0, which was no longer significantly associated with diabetes whwhwhenenen 1116:6:6:0 0 0 ananandd d

18:0 were removed as covariates (continuous HR=1.10, 95%CI=0.85-1.42).  Conversely, removal 

of thehehesesese fffatatattytyty acid d d cccovariates had smaller influencccee e onoon associations with dddiaiaiabetes for plasma 17:0 

HHHRR=R 0.67, 95%C%C%CI==0.00 55151-0-0-0.8.8.89)9)9) ooor t-t-t-161616:1n1n1 -7 (((HRHRHR=0.68, 9995%5%5%CICICI=0=0=0.5.551-1-1-00.0 929292)..  

Withhh sssimmmululultaneeeoouo s mumumutututual aaadjdjd ususstmmmennnt fffor aall thrrreeee daaairrry y y faaat bbibiomomomarrkerrrs, assooociciiata ioonns weeeree aa

nonononsnsnsigigignininififificacacantntnt fffororor ppplalalasmsmsmaaa 151515:0:0:0 (((cococontntntinininuoououssus HRHRHR 00=0 88.8333, 9995%5%5%CICICI 00=0 55.5333-111.292929))) anananddd 171717:0:0:0 (((HRHRHR 00=0 99.9333, 
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1.18, P-trend=0.05).  (Table S5). Erythrocyte 15:0 was not significantly associated with incident 

diabetes (HR=0.83, 95%CI=0.55-1.25, P-trend=0.63), and erythrocyte 14:0 was associated with a 

nonsignificant trend toward higher risk (HR=1.56, 95%CI=0.98-2.49, P-trend=0.13).  The latter 

association was driven by findings in HPFS. 

When these erythrocyte fatty acids were evaluated continuously, similar findings were seen 

for 15:0 and 17:0; t-16:1n-7 was no longer associated with lower risk (HR=0.80, 95%CI=0.57-

1.13); and 14:0 was associated with 36% higher risk (HR=1.36, 95%CI=1.11-1.67) (Table S6).  

As with the categorical analyses, the latter association was driven by findings in HPFS only (data 

not shown).  As seen with plasma 17:0, further adjustment for BMI as a mediator or confounder 

partly attenuated the observed inverse association for erythrocyte 17:0.  Among other fatty acid 

covariates in the multivariable model, removal of adjustment for fatty acid biomarkers of de novo 

lipogenesis had little effect on these risk estimates (data not shown). 

Sensitivity analyses 

When we evaluated potential effect modification, the associations of plasma and erythrocyte fatty 

acids with incident diabetes did not significantly vary according to differences in age or BMI 

(P>Bonferroni-corrected =0.006 each). Associations were also similar after further adjustment for 

self-reported consumption of yogurt, cheese, or dairy fat (Table S7).  For example, compared with 

the association of plasma t-16:1n-7 with diabetes in the main model (continuous HR=0.54, 

95%CI=0.40-0.73), findings were not appreciably altered by additional adjustment for reported 

consumption of yogurt (HR=0.55, 95%CI=0.41-0.73), cheese (HR=0.53, 95%CI=0.40-0.71) or 

dairy fat (HR=0.52, 95%CI=0.38-0.70).  Results were also generally similar after excluding cases 

occurring within the first 2 years; and restricting to first 8 years of follow-up (Table S8).  

 

partly attenuated the observed inverse association for erythrocyte 17:0.  Among othhhererer fffatata tytyty aaacicicid d d

covariates in the multivariable model, removal of adjustment for fatty acid biomarkers of de novoy

ipogegegenenenesisisiss s hahahad lililittttttlel  effect on these risk estimateeess s (d(d(data not shown).

SSSennsn itivity analalalysyy eess 

WhWhWhenenen we evvvalalaluaattet dd d poooteeential l l efefffeff cttt mmmooodiifificaatatiooon, ttheee assssooociaaatiiononnss ttt oofof ppplasmssma aaanddd erytytythrhrhroccyttte fattttyy y
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Discussion

In two separate cohorts of US men and women, three plasma biomarkers of dairy fat, 15:0, 17:0 

and trans-16:1 n-7, were associated with lower risk of incident diabetes. Findings were generally 

similar for erythrocyte fatty acids, although with smaller and not always significant magnitudes 

of association.  These results provide new evidence on associations of dairy-derived circulating 

fatty acids and risk of diabetes.  

Our findings suggest that either these dairy fatty acids themselves or other correlated 

factors in dairy fat could reduce risk of diabetes. For instance, short- and medium- chain 

saturated fats, vitamin D (a fat-soluble vitamin), omega-3 fats, or gangliosides in dairy fat could 

each play a role27. The magnitudes of our associations, linear dose-response, independence from 

established diabetes risk factors and other dietary habits, and consistency of findings across 

sensitivity analyses argue against residual confounding as the sole explanation for our findings. 

These results highlight the need for intensive experimental and mechanistic evaluation on health 

effects of dairy fat; as well as dietary and potential metabolic determinants of these circulating 

fatty acids, including their sensitivity to indicators of de novo lipogenesis. 

In observational analyses, self-reported consumption of high-fat dairy foods such as 

cheese have beneficial or neutral associations with diabetes;4-6 while dairy fat consumption and 

dairy fat biomarkers correlate with improved hepatic and systemic insulin sensitivity and lower 

hepatic steatosis.28, 29  When we included all three plasma fatty acids in one model, only t-16:1n-

7 retained independent significant association with diabetes.  We have hypothesized12 that 

benefits could be due to isomeric similarities between t-16:1 n-7, a natural ruminant trans fat, 

and cis-16:1n-7 that when derived from adipose tissue through de novo lipogenesis may act in 

feedback loops to reduce hepatic fat synthesis and increase muscle insulin sensitivity.30, 31  We 

each play a role27. The magnitudes of our associations, linear dose-response, indepepepenenendededencncncee e frfrfrooom 

established diabetes risk factors and other dietary habits, and consistency of findings across 

enssitititivivivititity y y anananalysysseeses argue against residual confououundndnding as the sole explllff anananation for our findings. 

TTTheese e results hihiighgghllighghght thththeee neneneededed fffororor iintntntennsiiivveve eeexpeeriiimeeentntnt lalal andndnd mmmececechahahannnisstic eeevavavalululuatatatioioi n nn ononon hhheaeaealtltlth

effffefef ctctcts of daiaiairrry fffattt; as wwwell asasas didid etarararyyy aaandd d popopoteeentiaal mememetatatabbolllicc deded tttermrmrmini anaants ooof thtt eseee cccirculullatinng

fafafatttttty acacacidididsss, iiincncnclulludididingngng tttheheheiririr sssenenensisisitititiviivitytty tototo iiindndndicicicatatatorororsss ofofof dddeee nononovoovo lllipipipogogogenenenesesesisisis. 
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wonder whether t-16:1n-7, consumed in the diet, might have similar effects.   

15:0, 17:0, and t-16:1n-7 are predominantly obtained from diet and not synthesized, 

making reverse causation due to abnormal metabolism at baseline unlikely.  One small study 

(n=12) found that providing a mixed oil high in trans-18:1 (vaccenic acid) also increased serum 

t-16:1n-7; while human peripheral blood mononuclear cells cultured with t-18:1 incorporated 

small amounts of t-16:1n-7 into cellular lipids.32  These findings suggest small amounts of t-

16:1n-7 could derive from partial beta-oxidation (endogenous chain shortening) of t-18:1; 

labelled fatty acid tracer studies are needed to confirm this result.  In the present study, among all 

dietary factors, circulating t-16:1n-7 correlated most with dairy fat rather than sources of 

industrial trans fat (vaccenic acid), suggesting that direct dairy consumption remains a major 

source.  Genome-wide association studies have not identified significant genetic determinants of 

circulating t-16:1n-7,33 further suggesting absence of strong endogenous influences.  Body 

weight and insulin resistance produce no known effects on levels of these circulating fatty acids, 

and findings were generally similar following adjustment for BMI.  Reverse causation could play 

a role in behaviors, for example if higher-risk participants with subclinical prediabetes elected to 

avoid whole-fat dairy products. Yet, the prospective nature of our analysis minimizes this 

possibility; and 15:0, 17:0 and t-16:1n-7 also remained inversely associated with diabetes after 

excluding cases occurring in the first two years.    

In these cohorts, plasma fatty acid biomarkers correlated more strongly with dairy fat 

intake than did erythrocyte biomarkers, and were also more strongly inversely associated with 

diabetes. Correlations of all these fatty acids with self-reported dairy consumption were modest. 

This may be due to random or systematic errors in self-reported diet, variability of these fatty 

acids in different dairy foods,34  laboratory error in fatty acid measures, within-person variation 

ndustrial trans fat (vaccenic acid), suggesting that direct dairy consumption remaaainininsss a aa mamamajojojor r r 

ource.  Genome-wide association studies have not identified significant genetic determinants of 

circulululatatatinining g g t-t-t-161 :111nn-n-7,33 further suggesting absencncceee ofoo  strong endogenouuus influences.  Body

wwweiigight and insulululiniin resesesisistatatancncnce e e prprprodododucucuce nonon kkknnonowwwn eeffffectststs ooon n lelelevevelslsls ooofff thththesee ee circrcrculululatatatinining gg fafafatttt y y y acacacididids, 

annnd dd fifif ndingsgsgs wwwerrre gennnerrar lly sisis mmmilaaar r r ffolllloowo innng  adjuussstmmmennnt ffooror BBBMIMIMI.. RRRevvveerseee ccauaa saatttiooon ccouuuld pppllay
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in diet or circulating fatty acids, or other unknown influences on bioavailability, metabolism, or 

incorporation into specific lipid-compartments of these fatty acids.  Notably, dairy fat is 

consumed not just as whole foods (milk, cheese, yogurt, butter) but mixed into numerous foods, 

dishes, and recipes as major and minor ingredients. In our analysis of NHANES data based on 

detailed, product-specific dietary recalls (2005-2012), 51% of cheese and 30% of total dairy is 

consumed in mixed dishes, especially grain products but also mixed with meats, sweets, 

vegetables, and eggs (data not shown). FFQs that estimate dairy fat intakes from whole foods 

and major mixed sources (e.g., pasta dishes, burritos, pizza) may not accurately capture 

quantities in these mixed dishes nor the multitude of smaller amounts in many other products. 

Thus, the observed modest correlations of 15:0, 17:0 and t-16:1n-7 with self-reported dairy fat 

may appropriately reflect the challenges in fully estimating dairy fat from questionnaires. 

14:0 had weak correlations with self-reported intakes of dairy fat, meat, and 

carbohydrate-rich foods (the latter being drivers of endogenous hepatic fatty acid synthesis).  

Plasma 14:0 was unassociated with diabetes risk; erythrocyte 14:0 was associated with increased 

risk in one cohort. Higher laboratory imprecision in 14:0 measures could limit ability to detect 

associations. Trend toward higher risk could also relate to derivation of 14:0 from endogenous de 

novo lipogenesis, a correlate of insulin resistance and diabetes.21  This could also be a chance 

finding, and should be interpreted with caution.  Recent analysis in EPIC identified a positive 

association between plasma phospholipid 14:0 and incident diabetes.21  Our findings support the 

need for further studies on 14:0, especially on endogenous metabolic determinants of its 

circulating levels. 

In pooled analyses of observational studies, self-reported intakes of total dairy, low-fat 

dairy, whole-fat dairy, milk, and cheese have each shown mixed (beneficial or neutral) 

Thus, the observed modest correlations of 15:0, 17:0 and t-16:1n-7 with self-repooortrtrtededed dddaiaiairyryry fffatatat 

may appropriately reflect the challenges in fully estimating dairy fat from questionnaires. 

141414:0:0:0 hhhad wwweak correlations with self-repopoortrtrtedee  intakes of dairy fafafat,t,t, meat, and 

ccacarbbbohydrate-ricicichhh fooododods ss (t(t(thehehe lllatatattteterrr bbbeieiinngng ddriririvevevers oof eendododoggegenononoususus hhheeer papapatitiiccc fafatty y y acacacididid sssynynynththhesee isisis).))   

Plllasasa mmam  14:0 0 0 wwwass s uunu asssooociatedeed wwwith h h dddiabababete esss riiisk; errrythrhrhrooocyyyteee 14141 :0:0:0 wwwasa  asssoocicc aaated wwwiiith ininncreaaaseed
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associations with diabetes; yogurt consumption more consistently associated with lower risk.4-6  

Interestingly, none of these studies identified harms of dairy, including whole-fat dairy, for 

diabetes.  A handful of prior prospective studies have evaluated circulating biomarkers of dairy 

fat consumption in relation to incident diabetes (Table 4).  Only two 12, 35 reported on t-16:1 n-7: 

both found substantially lower risk, consistent with our findings.  Three of 5 prior studies 

evaluating 15:0 and 2 of 3 studies evaluating 17:0 observed significant inverse associations with 

diabetes; none observed higher risk.  In the present analysis, t-16:1 n-7 remained associated with 

diabetes after adjustment for the other dairy fat biomarkers, suggesting it may be particularly 

relevant for further investigation of its determinants and biologic effects. Our findings build upon 

and extend prior studies by evaluating these fatty acid biomarkers, including t-16:1 n-7, in total 

plasma and erythrocytes in two large, well-established cohorts of US men and women and 

including adjustment for a range of potential confounding factors.  

Our investigation has several strengths. We assessed circulating fatty acids, which may 

more fully capture all dietary sources of dairy fat. We evaluated two separate lipid 

compartments, in which generally similar associations support validity of the findings, especially 

in light of their potential differential temporal and metabolic responses to dietary fats intake.  

The prospective cohort design minimized reverse causation, selection bias, and recall bias. 

Inclusion of two separate cohorts including both men and women provided for replication as well 

as pooling of cohort findings. 

Potential limitations should be considered.  Misclassification due to laboratory error and 

within-person changes over time would attenuate results, making it more difficult to detect true 

associations.  Despite this, we were able to detect associations with diabetes, suggesting true 

relationships could be even stronger.  Residual confounding due to unmeasured or mismeasured 

and extend prior studies by evaluating these fatty acid biomarkers, including t-16:6::111 n-n-n-7,7,7, iiinn n totototatatal

plasma and erythrocytes in two large, well-established cohorts of US men and women and 

ncludududinining g g adadadjujuj stmemement for a range of potential connnfofofouuunding factors.  

Our invevevestss iigatatatioioion n n hahahas s s seseseveveeraaal l stststreengththt sss. WWe assesesesssssededed cccirrcucculllatatatininingg g ffatty y y acacacididids,s,s wwwhihihichchch mmmayayay 

momomoreee fully cccapapaptuurerere all diiei taryryy sssouoo rcccesee ooof ff daiririry y fat. WWWe evvvaluuauateteted d twwwo o sepapaparatetete lllipi idd 
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covariates cannot be excluded.  However, magnitudes of associations and linear dose-responses 

suggest residual confounding is unlikely to fully explain the results. These cohorts comprised 

educated US health professionals. Yet, although absolute levels of fatty acids and rates of 

diabetes may vary by education, geography, or race/ethnicity, we do not suspect that biological 

effects of these fatty acids should differ on a relative scale across different populations.   

In summary, we found that plasma 15:0, 17:0, and trans-16:1 n-7 were associated with 

lower incidence of diabetes in two separate prospective cohort studies.   
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Clinical Perspective 

Diabetes is a major preventable cause of morbidity and mortality. Growing evidence suggests 

dairy foods, and even dairy fat, could reduce risk of diabetes. Most prior studies utilized self-

reported dietary questionnaires, which could be prone to subjective reporting and might not fully 

capture dairy fat intake, particularly from mixed dishes. Circulating fatty acid biomarkers, such 

as odd-chain saturated fats (15:0, 17:0) and certain natural trans fats (t-16:1n-7), may provide 

more objective measures of dairy fat intake. We prospectively evaluated the relationship between 

plasma concentrations of 15:0, 17:0, and t-16:1n-7 and new-onset diabetes among 3,333 men and 

women aged 30-75 years in two separate US cohorts.  Incident diabetes was confirmed by 

validated methods based on symptoms, diagnostic tests, and medical therapy. After adjusting for 

demographics, metabolic risk factors, lifestyle, diet, and other circulating fatty acids, we found 

that all three of these circulating fatty acids were associated with substantially lower risk of 

diabetes, with about 45-50% lower risk comparing the top vs. bottom quartiles of their levels. 

Potential limitations include misclassification of fatty acid measurements due to laboratory error 

and within-person variation over time, which would attenuate results toward the null; and 

residual confounding due to unmeasured or mismeasured covariates, although this would seem 

unlikely to fully explain the magnitudes of observed associations. Our findings suggest that dairy 

foods, and specifically dairy fat, could help prevent diabetes, highlighting the need for intensive 

experimental and mechanistic evaluation on health effects of dairy fat as well as determinants of 

these circulating fatty acids.  
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Table 1. Baseline characteristics of 3,333 US men and women with fatty acid measurements 
and free of prevalent diabetes in the Nurses’ Health Study (1990) and Health Professionals 
Follow Up Study (1994).* 

 Women (n =1,864) Men (n =1,469) 
Age, years 60.4±6.3 64.6±8.6 
Age range, years 44 to 70 48 to 83 
Race/Ethnicity (%)   
   Caucasian 99.0 93.6 
   African-Americans 0.4 0.1 
   Asian/Other 0.6 6.3 
Weight status (%)   
   Normal (BMI <25 kg/m2) 55.2 42.4 
   Overweight (BMI 25 to <30 kg/m2) 31.6 46.8 
   Obese (BMI  30 kg/m2) 13.2 10.8 
BMI, kg/m2 25.3±4.5 25.8±3.3 
Smoking status (%)   
   Current smoker 21.8 8.4 
   Past smoker 38.7 49.1 
   Never smoker 39.5 42.5 
Physical activity, MET-hours/week 16.0±18.9 36.4±39.0 
Medical History (%)   
   Hypertension 22.9 24.8 
   Hypercholesterolemia  35.5 26.7 
   Parental MI before 60 y                22.6 12.5 
   Family history of diabetes  27.6 22.7 
Plasma fatty acids, % of total fatty acids†   
   14:0 0.55 (0.25, 1.01) 0.51 (0.25, 0.98) 
   15:0 0.16 (0.11, 0.22) 0.14 (0.10, 0.20) 
   17:0 0.32 (0.26, 0.39) 0.31 (0.24, 0.38) 
   t-16:1n-7 0.19 (0.13, 0.28) 0.15 (0.10, 0.23) 
Erythrocyte fatty acids, % of total fatty acids†   
   14:0 0.27 (0.12, 0.69) 0.25 (0.12, 0.56) 
   15:0 0.12 (0.07, 0.19) 0.11 (0.07, 0.17) 
   17:0 0.39 (0.31, 0.61) 0.36 (0.29, 0.50) 
   t-16:1n-7 0.16 (0.11, 0.23) 0.13 (0.09, 0.18) 
Dietary factors, servings/day   
   Total dairy  2.1±1.5 2.1±1.6 
     Whole-fat dairy‡ 0.95±1.17 0.97±1.28 
      Low-fat dairy§ 1.2±1.0 1.1±1.1 
   Processed meats 0.21±0.29 0.32±0.42 
   Unprocessed meats 0.90±0.49 0.94±0.55 
   Fruits and vegetables 5.5±3.0 5.9±3.2 
   Fish 0.31±0.29 0.27±0.25 
   Alcohol 0.44±0.79 0.98±1.28 
*Values are mean±SD for continuous variables and percent for categorical variables.  Missing values range: 0.0% 
for age to 8.6% for parental history of MI (women), and 0.0% for age to 4.6% for smoking (men). 
†Fatty acid concentrations are reported as medians (12.5th , 87.5th percentiles, representing midpoint of bottom and 
top quartiles). 
‡Whole milk, ice cream, butter, cream, sour cream, cream cheese, and other cheese. 
§Low-fat or skim milk, yogurt, and cottage cheese. 

t 16:1n 7
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 Never smoker 39.5 424242.5.5.5  
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Table 2. Risk of incident diabetes according to plasma fatty acid biomarkers of dairy fat consumption among 3,333 men and women 
in the NHS (N=184 cases), HPFS (N=93 cases), and both cohorts combined.

Cohort-specific fatty acid quartiles 
1 2 3 4 P for trend* 

15:0, NHS      
% of total FA, median 0.11 0.14 0.17 0.22  
No. cases 33 49 55 47  
Person-months 95,002 89,388 98,482 95,695  
Multivariable HR (95%CI)† Reference 1.26 (0.80-2.00) 0.89 (0.56-1.43) 0.60 (0.36-1.01) 0.01 
15:0, HPFS      
% of total FA, median 0.10 0.13 0.15 0.20  
No. cases 18 14 34 27  
Person-months 55,559 51,928 58,919 61,348  
Multivariable HR (95%CI) Reference 0.63 (0.31-1.30) 1.12 (0.59-2.12) 0.49 (0.23-1.04) 0.09 
15:0, pooled Reference 1.03 (0.70-1.52) 0.96 (0.66-1.41) 0.56 (0.37-0.86) 0.01 
17:0, NHS      
% of total FA, median 0.26 0.30 0.33 0.39  
No. cases 59 47 44 34  
Person-months 94,103 92,604 94,510 97,350  
Multivariable HR (95%CI) Reference 0.79 (0.53-1.19) 0.75 (0.49-1.14) 0.50 (0.31-0.81) 0.01 
17:0, HPFS      
% of total FA, median 0.24 0.29 0.32 0.38  
No. cases 23 24 17 29  
Person-months 56,574 55,212 57,264 58,704  
Multivariable HR (95%CI) Reference 0.80 (0.43-1.47) 0.48 (0.25-0.94) 0.69 (0.38-1.26) 0.18 
17:0, pooled Reference 0.79 (0.57-1.11) 0.66 (0.46-0.94) 0.57 (0.39-0.83) <0.01 
t-16:1n-7, NHS      
% of total FA, median 0.13 0.17 0.21 0.28  
No. cases 54 38 44 48  
Person-months 90,854 83,770 95,906 108,037  
Multivariable HR (95%CI) Reference 0.79 (0.51-1.22) 0.69 (0.46-1.05) 0.48 (0.30-0.76) 0.002 
t-16:1n-7, HPFS      
% of total FA, median 0.10 0.13 0.16 0.22  
No. cases 27 17 23 26  

HPHPH FSFSFS 
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ases 18 14 34 272727  
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pooled Reference 1.03 (0.70-1.52) 0.96 (0.66-1.41) 0.56 (0.37-0.86) 0.01
NHS
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Person-months 57,935 52,101 60,989 56,729  
Multivariable HR (95%CI) Reference 0.66 (0.35-1.24) 0.64 (0.36-1.16) 0.49 (0.26-0.90) 0.03 
t-16:1n-7, pooled Reference 0.75 (0.52-1.07) 0.67 (0.48-0.94) 0.48 (0.33-0.70) <0.001 
14:0, NHS       
% of total FA, median 0.24 0.44 0.64 0.98  
No. cases 29 46 38 71  
Person-months 94,398 93,023 93,812 97,334  
Multivariable HR (95%CI) Reference 1.55 (0.97-2.49) 0.95 (0.57-1.57) 0.93 (0.55-1.57) 0.35 
14:0, HPFS       
% of total FA, median 0.25 0.40 0.57 0.90  
No. cases 10 22 27 34  
Person-months 53,011 56,008 56,340 62,395  
Multivariable HR (95%CI) Reference 1.98 (0.90-4.33) 1.85 (0.83-4.15) 1.50 (0.56-3.98) 0.92 
14:0, pooled Reference 1.65 (1.10-2.48) 1.15 (0.75-1.76) 1.03 (0.65-1.64) 0.36 
*Computed within each cohort by assigning median level in each quartile to participants and evaluating this variable continuously. Pooled P-for-trend was 
calculated using generalized least squares trend (GLST) meta-analysis.20  
†Adjusted for age (years), race (white, nonwhite), smoking status (never, former, current, missing), physical activity (METS/week), alcohol (servings/day), 
family history of diabetes (yes, no, missing), parental history of MI (yes, no, missing), hypercholesterolemia (yes, no), hypertension (yes, no), menopausal status 
in NHS (pre, post), postmenopausal hormone use in NHS (no, yes, missing), and consumption of fish (servings/day), processed meats (servings/day), 
unprocessed meats (servings/day), fruits (servings/day), vegetables (servings/day), whole grains (g/day), coffee (servings/day), sugar-sweetened beverages 
(servings/day), glycemic load (continuous), dietary calcium (mg/day), polyunsaturated fat (g/day), total energy (kcal/day), and plasma trans-18:1, trans-18:2, 
16:0, and 18:0 (each as % of total fatty acids). 
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Table 3. Risk of incident diabetes according to plasma fatty acid biomarkers of dairy fat consumption, evaluated continuously, among 
3,333 men and women in the NHS (N=184 cases), HPFS (N=93 cases), and both cohorts combined. 

Multivariable HR (95%CI) standardized to difference between midpoints 
of highest vs. lowest quartiles (87.5th minus 12.5th percentiles) 

NHS HPFS Pooled P-value
15:0 range=0.10* range=0.10 
Multivariable HR (95%CI)† 0.63 (0.42-0.92) 0.61 (0.36-1.03) 0.62 (0.46-0.85) <0.01 
  + BMI‡ 0.60 (0.40-0.89) 0.73 (0.43-1.25) 0.64 (0.47-0.89) 0.01
17:0 range=0.13 range=0.14 
Multivariable HR (95%CI) 0.71 (0.49-1.04) 0.63 (0.39-1.02) 0.68 (0.50-0.91) 0.01 
  + BMI 0.76 (0.52-1.10) 0.69 (0.42-1.11) 0.73 (0.55-0.99) 0.04
t-16:1n-7 range=0.15 range=0.12 
Multivariable HR (95%CI) 0.52 (0.36-0.76) 0.58 (0.36-0.93) 0.54 (0.40-0.73) <0.001 
  + BMI 0.51 (0.36-0.74) 0.61 (0.37-0.99) 0.54 (0.41-0.73) <0.001 
14:0 range=0.74 range=0.65 
Multivariable HR (95%CI) 0.92 (0.64-1.32) 0.61 (0.35-1.09) 0.82 (0.60-1.11) 0.19 
  + BMI 0.90 (0.63-1.31) 0.75 (0.42-1.32) 0.85 (0.63-1.16) 0.32
*The difference in % of total fatty acids between midpoint of highest vs. lowest quartile.  
†Multivariable adjustments as in Table 2. 
‡Further adjusted for BMI (kg/m2) as a potential mediator or confounder of the association. 

range=0.13 range=0.14 
variable HR (95%CI) 0.71 (0.49-1.04) 0.63 (0.39-1.02) 0.68 (0.50-0.91) 000.0.0.0111
MI 0.76 (0.52-1.10) 0.69 (0.42-1.11) 0.73 (0.55-0.99) 0.0.0.040404
1n-7 range=0.15 range=0.12 
variable HR (95%CI) 0.52 (0.36-0.76) 0.58 (0.36-0.93) 0.54 (0.40-0.73) <0.001 
MI 0.51 (0.36-0.74) 0.61 (0.37-0.99) 0.54 (0.41-0.73) <0.001 

range=0.74 rarara gngnge=0.65 
vvaraa iaaablbb e HR ((959595%CI) 0.92 (0.64-1.32) 0. 1161 (0.00 35-1.09) 0.82 (0.60-1.11) 0.19 
MMMI 000.90909 (((0.0.0.636363-1-1-1.3.3.31)1)1) 0.7555 00(0.42-11.1.323232) ) ) 0.0.0 858585 (((0.0.0 63-1.1.1.16)6)6) 000.323232
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Table 4. Summary of prior prospective studies evaluating fatty acid biomarkers of dairy fat and incidence of diabetes. 

Study Design Lipid
compartment

No. of 
cases Multivariable-Adjusted Hazard Ratio (95%CI) 

15:0 17:0 t-16:1n-7 14:0
CHS12* Prospective 

cohort 
Plasma 
phospholipid 304 NS NS 0.38 (0.24-0.62)* NS† 

EPIC-
Interact21 

Nested case-
subcohort 

Plasma 
phospholipid 12,403 0.79 (0.73-0.85)‡ 0.67 (0.63-0.71)‡ - 1.15 (1.09-1.22)‡ 

MCCS36  Case-cohort Plasma 
phospholipid 364 0.26 (0.17-0.40)§ - - - 

MESA35 Prospective 
cohort 

Plasma 
phospholipid 205 NS - 0.52 (0.32-0.85)* NS 

VIP37  Nested case-
control study 

Erythrocyte 
membrane 237 0.65 (0.50-0.85)¶ 0.47 (0.35-0.63)¶ - 1.25 (1.01-1.53)¶ 

*Comparing the highest vs. lowest quintile of levels.  
†Separately reported by Ma et al., Am J Clin Nutr 2015;101:153–63. 
‡Per 1 SD increment in levels. 
§Odds ratio comparing the highest vs. lowest quintile of levels. 
¶Odds ratio per 1 SD increment in levels. 
NS=not significant, CHS=Cardiovascular Health Study, EPIC=European Prospective Investigation into Cancer and Nutrition, MCCS=Melbourne Collaborative 
Cohort Study, MESA=Multi-Ethnic Study of Atherosclerosis, VIP=Vasterbotten Intervention Programme.  Previous smaller subset reports from EPIC are not 
shown. 

S   Case-cohort Plasma 
phospholipid 364 0.26 (0.17-0.40)§ - - ---  

A35 Prospective 
cohort 

Plasma 
phospholipid 205 NS - 0.52 (0.32-0.85)*)*)* NSNSNS 

7  Nested case-
control study 

Erythrocyte
membrane 237 0.65 (0.50-0.85)¶ 0.47 (0.35-0.63)¶ - 1.25 (1.01-1.5

  paringngg ttthehehe hhhigigigheheheststst vvvs. l wwow ssest t quintile of levels.
 ratelelely rerer ported bbby y y MaMM  et lalal., Am J Clin Nutr 2015;101:153–63.

 SSSDD ininincrement in llleveve els.
 rar tio oo comparing the hihihighghgh sest vsvss.. loll weweweststst qquiuu ntnttililile e e fofof lllevevelee s.

 ratio o per 1 SD incrementnn  in n levelsll .
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Figure Legend: 

Figure 1. Semi-parametric multivariable-adjusted associations of plasma 15:0, 17:0, t-16:1n-7, 

and 14:0 with incident diabetes among 3,333 US men and women in two separate cohorts, 

evaluated using restricted cubic splines with covariate adjustments as in Table 2. Solid and 

dashed lines represent hazard ratios (HRs) and 95% confidence intervals, respectively; dotted 

vertical lines represent 21 knots. P-values for linear association are shown. P-values for non-

linearity were nonsignificant in all analyses; the automatic selection process did not identify any 

significant spline variables. 
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Supplemental Material 

Circulating biomarkers of dairy fat and risk of incident diabetes mellitus among US men and women in two large prospective cohorts 

 

Table S1.  Fatty acids measured by gas-liquid chromatography and methodology to compute their relative concentrations.* 

 
Code Carbon Name Systematic Name Trivial Name 

Saturated  Sa 8:0 Octanoic Acid   

  Sb 10:0 Decanoic Acid   

  S1 12:0 Dodecanoic Acid Lauric Acid, Laurosteanic Acid 

  Sc 13:0 Tridecanoic Acid   

  S2 14:0 Tetradecanoic Acid Myristic Acid 

  S3 15:0 Pentadecanoic Acid   

  S4 16:0 Hexadecanoic Acid Palmitic Acid, Aethalic Acid 

  S5 17:0 Heptadecanoic Acid Margaric Acid, Daturinic Acid 

  S6 18:0 Octadecanoic Acid Stearic Acid 

  S7 19:0 Nonadecanoic Acid   

  S8 20:0 Eicosanoic Acid Arachidic Acid, Icosanoic Acid, Arachic Acid 

  S9 21:0 Heneicosanoic Acid   

  S10 22:0 Docosanoic Acid Behenic Acid 

  S11 23:0 Tricosanoic Acid   

  S12 24:0 Tetracosanoic Acid Lignoceric Acid 

Monounsaturated M1 14:1n-5c 9c-Tetradecenoic Acid Mysristoleic Acid 

  M2 15:1n-5c 10c-Pentadecenoic Acid from 14:1n-5 

  M3 16:1n-7c 9c-Hexadecenoic Acid Palmitoleic Acid, Zoomaric Acid, Physetoleic Acid 

  M4 17:1n-7c 10c-Heptadecenoic Acid from 16:1n-7 

  M5 18:1n-12c 6c-Octadecenoic Acid Petroselinic Acid 

  M6 18:1n-9c 9c-Octadecenoic Acid Oleic Acid, Rapinic Acid 

  M7 18:1n-7c 11c-Octadecenoic Acid   

  M8 19:1n-9c 10c-Nonadecenoic Acid  from 18:1n-9 

  M9 20:1n-12c 8c-Eicosenoic Acid from 18:1(n-12) 
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Code Carbon Name Systematic Name Trivial Name 

  M10 20:1n-9c 11c-Eicosenoic Acid Gondoic Acid 

  M11 20:1n-7 13ct-Eicosenoic from 16:1n-7 

  M12 24:1n-9c 15c-Tetrasenoic Acid Nervonic Acid, Selacholeic Acid 

Polyunsaturated- Omega-3 P3 18:3n-3c 9c,12c,15c-Octadecatrienoic Acid Alpha-linolenic Acid 

  P7 20:3n-3c 11c,14c,17c-Eicosatrienoic Acid from 18:3(n-3) 

  P10 20:5n-3c 5c,8c,11c,14c17c-Eicosapentaenoic Acid EPA, Timnodonic Acid 

  P11 22:3n-3c 13c,16c19c-Docosantrienoic Acid   

  P13 22:5n-3c 7c,10c,13c,16c,19c-Docosapentaenoic Acid DPA 

  P14 22:6n-3c 4c,7c,10c,13c,16c,19c-Docosahexaenoic Acid DHA, Cervanic Aicd 

Polyunsaturated- Omega-6 P1 18:2n-6cc 9c,12c-Octadecadienoic Acid 

Linoleic Acid, Leinlic Acid, Telfairic Acid, Linolic 

Acid 

  P2 18:3n-6c 6c,9c,12c-Octadecatrienoic Acid Gamma-linolenic Acid, Gamolenic Acid 

  P5 20:2n-6c 11c,14c-Eicosadienoic Acid   

  P6 20:3n-6c 8c,11c,14c-Eicosatrienoic Acid Dihomogammalinolenic Acid 

  P8 20:4n-6c 5c,8c,111c,14c-Eicosatetraenoic Acid Arachidonic Acid 

  P9 22:2n-6c 13c,16c-Docosadienoic Acid from 20:2(n-6) 

  P12 22:4n-6c 7c,10c,13c,16c-Docosatetraynoic Acid Aolrenic Acid 

Trans T1 14:1n-5t 9t-Tetadecenoic Acid Myristelaidic Acid 

  T2 16:1n-7t 9t-Hexadecenoic Acid Palmitelaidic Acid 

  T3 18:1n-12t 6t-Octadecenoic Acid Petroselaidic Acid, Tarelaidinic Acid 

  T4 18:1n-9t 9t-Octadecenoic Acid Elaidic Acid 

  T5 18:1n-7t 11t-Octadecenoic Acid Vaccenic Acid 

  T6 18:2n-6t 9t,12t-Octadecadienoic Acid Linolelaidic Acid 

  T7 18:2n-6ct 9c,12t-Octadecadienoic Acid   

  T8 18:2n-6tc 9t,12c-Octadecadienoic Acid   

  T9 18:3n-3t 9t,12t,15t-Octadecatrienoic Acid from 18:3(n-3)c 

  T10 20:1n-9t 11t-Eicosenoic Acid   

  T11 20:2n-6t  11t,14t-Eicosadienoic Acid from 20:2(n-6)c 

Others P4 18:2n-7c 9c,11t-Octadecadienoic Acid CLA (C14), Rumenic Acid 

  U3       

  C2   believed to be trans   
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Code Carbon Name Systematic Name Trivial Name 

  U12   believed to be trans   

  U13   believed to be trans   

  U14   believed to be trans   

*The fatty acid identification chart lists the fatty acids identified. Peaks that were below the detection limit were scored as a zero (0). From this list, we identified 57 

peaks (pre-2009) whose chromatogram area was summed to constitute the total peak area (denominator) and then each individual peak was expressed in units of 

normalized area percent (i.e. percent of the total peak area).The total number of fatty acids evaluated post-2009 was 40 because fatty acids with almost always below 

detectable limits were removed, and several trans-isomers were summed together into a single variable. 
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METHODS 

Details of ascertainment of covariates and other risk factors 

Data on medical history, major risk factors and lifestyle habits were obtained in both cohorts via 

validated self-administered questionnaires, including on smoking and physical activity.
1-4

  Usual alcohol use 

and dietary habits over the last year were assessed through validated semi-quantitative food frequency 

questionnaire.
5, 6

  Self-reported height and weight were used to calculate body mass index (BMI), after 

confirming high age-adjusted correlation coefficients with technician-measured values height and weight 

(NHS and HPFS: r=0.97).
7
  Family history of myocardial infarction (MI) or diabetes and (in women) 

menopausal status and postmenopausal hormone use were assessed through validated self-report. 

Hypercholesterolemia and hypertension were evaluated by self-report, with high demonstrated validity as 

compared with medical records in random subsamples.
8, 9
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Table S2. Multivariable adjusted baseline characteristics of 3,333 US men and women with fatty acid 

measurements and free of prevalent diabetes in the Nurses’ Health Study and Health Professionals 

Follow-Up Study cohorts (pooled) according to quartiles of total plasma fatty acid biomarkers of dairy 

fat. 

 
 Quartiles of 15:0  

 Q1 Q2 Q3 Q4 P-trend 

Median, % of total fatty acids 0.11 0.14 0.16 0.21 - 

Age, years 62.1 62.2 62.2 62.2 0.92 

Sex, % male 14.3 19.9 29.4 37.0 <0.01 

Race, % Caucasian 98.4 98.3 98.0 99.0 0.22 

Body mass index, kg/m
2
 25.3 25.6 25.9 25.3 0.98 

Overweight or obese, % 46.9 48.8 54.9 47.6 0.71 

Current smoking, % 10.9 8.5 9.6 9.3 0.50 

Physical activity, MET-hours/week 24.8 25.8 24.8 24.7 0.77 

Hypertension, % 23.6 22.0 22.3 19.0 0.05 

Hypercholesterolemia, % 34.7 31.7 28.6 25.8 <0.001 

Parental MI before 60 y, % 17.9 13.6 16.9 13.0 0.05 

Family history of diabetes, % 22.5 25.4 24.0 26.2 0.21 

Total dairy, servings/day 1.9 2.0 2.1 2.3 <0.001 

  Whole fat dairy, servings/day 0.77 0.83 0.99 1.21 <0.001 

  Low fat dairy, servings/day 1.2 1.2 1.1 1.1 0.07 

Processed meats, servings/day 0.29 0.26 0.24 0.25 0.01 

Unprocessed meats, servings/day 0.96 0.92 0.91 0.88 <0.001 

Fruits, servings/day 1.7 1.8 1.7 1.7 0.73 

Vegetables, servings/day 4.1 4.0 4.0 3.7 <0.001 

Fish, servings/day 0.30 0.30 0.30 0.25 <0.01 

Alcohol, servings/day 1.00 0.77 0.59 0.37 <0.001 
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 Quartiles of 17:0  

 Q1 Q2 Q3 Q4 P-trend 

Median, % of total fatty acids 0.25 0.30 0.33 0.39 - 

Age, years 61.9 62.0 62.4 62.5 0.06 

Sex, % male 18.2 27.8 24.4 29.3 0.05 

Race, % Caucasian 98.4 98.5 98.6 98.3 0.91 

Body mass index, kg/m
2
 25.8 25.8 25.5 25.0 <0.001 

Overweight or obese, % 52.0 53.0 49.4 44.5 <0.01 

Current smoking, % 11.7 8.4 9.0 9.3 0.20 

Physical activity, MET-hours/week 25.4 25.5 25.2 23.9 0.28 

Hypertension, % 24.1 20.0 23.2 19.5 0.15 

Hypercholesterolemia, % 35.2 30.6 28.4 26.3 <0.001 

Parental MI before 60 y, % 17.4 15.2 15.7 13.2 0.04 

Family history of diabetes, % 24.2 25.3 24.4 24.1 0.87 

Total dairy, servings/day 1.9 2.1 2.2 2.2 <0.001 

  Whole fat dairy, servings/day 0.77 0.94 1.01 1.10 <0.001 

  Low fat dairy, servings/day 1.2 1.2 1.1 1.1 0.14 

Processed meats, servings/day 0.25 0.24 0.29 0.25 0.44 

Unprocessed meats, servings/day 0.92 0.93 0.91 0.91 0.19 

Fruits, servings/day 1.7 1.8 1.7 1.8 0.03 

Vegetables, servings/day 4.0 4.0 3.9 3.9 0.17 

Fish, servings/day 0.29 0.31 0.28 0.28 0.20 

Alcohol, servings/day 0.98 0.67 0.58 0.47 <0.001 

 

 

 

 

 

 

 

 

 



7 

 

 

 

 Quartiles of t-16:1n-7  

 Q1 Q2 Q3 Q4 P-trend 

Median, % of total fatty acids 0.12 0.15 0.19 0.25 - 

Age, years 61.8 61.7 62.0 63.0 <0.01 

Sex, % male 17.0 18.5 23.0 37.8 <0.001 

Race, % Caucasian 98.6 98.5 98.6 98.2 0.61 

Body mass index, kg/m
2
 25.9 25.5 25.5 25.2 <0.001 

Overweight or obese, % 54.4 49.2 49.2 46.2 <0.01 

Current smoking, % 9.4 12.0 8.6 8.5 0.17 

Physical activity, MET-hours/week 25.8 24.9 24.7 24.6 0.54 

Hypertension, % 22.0 21.6 20.8 22.2 0.87 

Hypercholesterolemia, % 34.8 30.0 27.8 28.1 0.01 

Parental MI before 60 y, % 15.5 15.6 14.6 15.6 0.98 

Family history of diabetes, % 26.4 22.6 25.3 23.5 0.34 

Total dairy, servings/day 1.9 2.0 2.2 2.3 <0.001 

  Whole fat dairy, servings/day 0.71 0.86 1.01 1.21 <0.001 

  Low fat dairy, servings/day 1.2 1.2 1.2 1.1 <0.001 

Processed meats, servings/day 0.26 0.25 0.28 0.25 0.48 

Unprocessed meats, servings/day 0.95 0.93 0.92 0.88 <0.001 

Fruits, servings/day 1.8 1.8 1.8 1.7 0.13 

Vegetables, servings/day 4.1 3.9 3.9 3.9 0.49 

Fish, servings/day 0.31 0.30 0.28 0.27 <0.01 

Alcohol, servings/day 0.87 0.74 0.64 0.48 <0.001 
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 Quartiles of 14:0  

 Q1 Q2 Q3 Q4 P-trend 

Median, % of total fatty acids 0.24 0.42 0.61 0.94 - 

Age, years 61.6 61.9 62.9 62.2 0.11 

Sex, % male 12.1 21.5 27.2 37.6 0.02 

Race, % Caucasian 98.5 97.9 98.6 98.8 0.30 

Body mass index, kg/m
2
 24.9 25.4 25.9 25.9 <0.001 

Overweight or obese, % 42.1 45.8 53.1 56.3 <0.001 

Current smoking, % 6.4 9.7 10.1 11.9 <0.01 

Physical activity, MET-hours/week 24.2 25.6 24.6 25.5 0.56 

Hypertension, % 20.3 20.9 22.6 22.6 0.38 

Hypercholesterolemia, % 29.3 28.6 30.7 31.4 0.46 

Parental MI before 60 y, % 16.2 16.9 15.2 13.4 0.16 

Family history of diabetes, % 22.9 23.0 24.2 27.7 0.05 

Total dairy, servings/day 2.1 2.0 2.1 2.2 <0.01 

  Whole fat dairy, servings/day 0.88 0.89 0.95 1.08 <0.01 

  Low fat dairy, servings/day 1.2 1.1 1.2 1.1 0.55 

Processed meats, servings/day 0.27 0.26 0.26 0.25 0.19 

Unprocessed meats, servings/day 0.94 0.93 0.92 0.89 <0.01 

Fruits, servings/day 1.7 1.7 1.8 1.7 0.94 

Vegetables, servings/day 4.1 4.0 3.9 3.8 0.01 

Fish, servings/day 0.30 0.30 0.29 0.27 0.01 

Alcohol, servings/day 0.76 0.76 0.69 0.51 <0.001 
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Table S3. Partial Spearman correlations between plasma fatty acid biomarkers of dairy fat and 

dietary factors among 3,333 participants in the Nurses’ Health Study and Health Professionals Follow-

Up Study.
*
  

 

 Plasma fatty acids 

 15:0 17:0 t-16:1n-7 14:0 

Dietary Factors†     

  Dairy fat 0.29 0.21 0.22 0.11 

  Whole-fat dairy 0.26 0.19 0.24 0.06 

  Low-fat dairy 0.13 0.08 0.06 0.04 

  Sugar-sweetened beverages 0.07 0.03 0.07 0.04 

  Refined grains 0.07 0.04 0.01 0.03 

  Sweets/desserts 0.03 0.02 0.08 -0.00 

  Alcohol -0.17 -0.26 -0.10 0.02 

  French fries 0.00 0.01 0.06 -0.01 

  Potato (baked, boiled, mashed) -0.01 0.00 0.00 -0.00 

  Potato or corn chips -0.04 -0.05 -0.01 -0.02 

  Processed meat 0.01 0.07 0.07 -0.01 

  Unprocessed meat 0.01 0.08 0.08 -0.05 

Plasma Fatty Acids‡     

  15:0 1.0 0.57 0.50 0.59 

  17:0  1.0 0.50 0.10 

  t-16:1n-7   1.0 0.20 

  14:0    1.0 

*Values are adjusted Spearman correlations based on pooling of individual-level data from both cohorts.  

†Dietary habits were assessed using the average of self-reported consumption in 1986 and 1990 in the NHS, and 1990 

and 1994 in the HPFS.  Correlations with diet (N=2,717 due to missing dietary questionnaire data in some participants) 

were adjusted for age (years), sex, body mass index (kg/m
2
), smoking (never, current, former, missing), fasting status at 

blood draw, consumption of total energy (kcal/day), and each of the other dietary factor in the table simultaneously.  

Dairy fat was excluded as a covariate when evaluating whole-fat or low-fat dairy foods. 

‡Fatty acid intercorrelations (N=3,289) were adjusted for age and sex.  
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Table S4. Partial Spearman correlations between red blood cell fatty acids and dietary factors among 

3,289 women and men in the Nurses’ Health Study and Health Professionals Follow-Up Study.
*
  

 

 Erythrocyte fatty acids 

 15:0 17:0 t-16:1n-7 14:0 

Dietary factors†     

  Dairy fat 0.16 0.11 0.20 0.10 

  Whole-fat dairy 0.16 0.13 0.21 0.08 

  Low-fat dairy 0.06 0.04 0.07 0.02 

  Sugar-sweetened beverages 0.04 0.02 0.04 0.04 

  Refined grains 0.03 -0.01 0.00 0.02 

  Sweets/desserts 0.01 0.01 0.06 0.01 

  Alcohol -0.10 -0.17 -0.09 0.02 

  French fries 0.00 0.03 0.02 -0.01 

  Potatoes (baked, boiled, mashed) 0.01 0.01 0.04 -0.01 

  Potato or corn chips -0.03 -0.04 -0.02 -0.02 

  Processed meat 0.03 0.07 0.06 0.02 

  Unprocessed meat 0.01 0.06 0.05 0.00 

Erythrocyte fatty acids‡  

  15:0 1.0 0.63 0.63 0.68 

  17:0  1.0 0.69 0.47 

  t-16:1n-7   1.0 0.48 

  14:0    1.0 

     
*Values are adjusted Spearman correlations based on pooling of individual-level data from both cohorts.   Compared 

with plasma fatty acids (N=3,333), 44 fewer subjects (N=3,289) had successful measures of erythrocyte fatty acids.  

†Dietary habits were assessed using the average of self-reported consumption in 1986 and 1990 in the NHS, and 1990 

and 1994 in the HPFS.  Correlations with diet (N=2,717 due to missing dietary questionnaire data in some participants) 

were adjusted for age (years), sex, body mass index (kg/m
2
), smoking (never, current, former, missing), fasting status at 

blood draw, consumption of total energy (kcal/day), and each of the other dietary factor in the table simultaneously.  

Dairy fat was excluded as a covariate when evaluating whole-fat or low-fat dairy foods. 

‡Fatty acid intercorrelations (N=3,289) were adjusted for age and sex.  
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Table S5. Risk of incident diabetes according to red blood cell fatty acid biomarkers of dairy fat consumption among 3,289 men and women 

in the NHS (N=179 cases), HPFS (N=97 cases), and both cohorts combined. 
 

 Cohort-specific fatty acid quartiles  

Fatty acid 1 2 3 4 P for trend
*
 

      
15:0, NHS      
% of total FA, median 0.08 0.11 0.14 0.18  
No. of cases 43 38 53 45  
Person-months 85,143 85,284 89,701 99,253  

Multivariable hazard ratio (95%CI) † Reference 0.73 (0.46-1.16) 0.93 (0.60-1.43) 0.65 (0.39-1.09) 0.20 
      
15:0, HPFS      
% of total FA, median 0.07 0.09 0.12 0.16  
No. of cases 20 21 26 30  

Person-months 58,160 57,184 60,933 57,792  

Multivariable hazard ratio (95%CI) Reference 0.87 (0.46-1.65) 1.09 (0.58-2.05) 1.27 (0.65-2.48) 0.35 
      
15:0, pooled Reference 0.78 (0.53-1.13) 0.98 (0.68-1.40) 0.83 (0.55-1.25) 0.63 

      
17:0, NHS      
% of total FA, median 0.31 0.37 0.42 0.59  
No. of cases 65 46 23 45  
Person-months 84,278 90,276 85,591 99,236  

Multivariable hazard ratio (95%CI) Reference 0.66 (0.44-0.98) 0.30 (0.18-0.49) 0.37 (0.20-0.66) <0.001 
      
17:0, HPFS      
% of total FA, median 0.29 0.34 0.38 0.48  
No. of cases 25 23 19 30  

Person-months 58,563 54,066 61,510 59,930  

Multivariable hazard ratio (95%CI) Reference 0.88 (0.49-1.61) 0.54 (0.28-1.04) 0.99 (0.47-2.09) 0.90 
      
17:0, pooled Reference 0.72 (0.52-1.01) 0.37 (0.25-0.56) 0.54 (0.34-0.87) <0.001 
      
t-16:1n-7, NHS      
% of total FA, median 0.11 0.14 0.17 0.22  
No. of cases 47 52 35 45  
Person-months 83,002 86,211 89,095 101,073  

Multivariable hazard ratio (95%CI) Reference 1.03 (0.69-1.54) 0.65 (0.41-1.02) 0.60 (0.36-1.02) 0.02 
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t-16:1n-7, HPFS      
% of total FA, median 0.09 0.12 0.14 0.18  
No. of cases 20 26 19 32  

Person-months  58,671  57,636 57,138 60,624  

Multivariable hazard ratio (95%CI) Reference 1.31 (0.72-2.39) 0.82 (0.42-1.59) 1.21 (0.61-2.39) 0.80 
      
t-16:1n-7, pooled Reference 1.11 (0.80-1.55) 0.70 (0.48-1.02) 0.78 (0.51-1.18) 0.05 

      
14:0, NHS       
% of total FA, median 0.11 0.20 0.31 0.64  
No. of cases 32 50 37 60  
Person-months 80,336 85,653 92,087 101,305  

Multivariable hazard ratio (95%CI) Reference 1.18 (0.74-1.87) 0.76 (0.45-1.29) 1.08 (0.61-1.88) 0.82 
      
14:0, HPFS       
% of total FA, median 0.12 0.21 0.31 0.53  
No. of cases 14 20 30 33  
Person-months 57,996 58,816 60,816 56,441  

Multivariable hazard ratio (95%CI) Reference 1.49 (0.70-3.14) 2.29 (1.10-4.78) 3.43 (1.51-7.77) 0.001 
      

14:0, pooled Reference 1.26 (0.85-1.87) 1.11 (0.72-1.70) 1.56 (0.98-2.49) 0.13 

*Computed within each cohort by assigning the median level in each quartile to participants and evaluating this as a continuous variable.  The pooled P-for-trend 

was calculated using generalized least squares trend (GLST) meta-analysis.
10

  

†Adjusted for age (years), race (white, nonwhite), smoking status (never, former, current, missing), physical activity (METS/week), alcohol (servings/day), family 

history of diabetes (yes, no, missing), parental history of MI (yes, no, missing), hypercholesterolemia (yes, no), hypertension (yes, no), menopausal status in NHS 

(pre, post), postmenopausal hormone use in NHS (no, yes, missing), and consumption of fish (servings/day), processed meats (servings/day), unprocessed meats 

(servings/day), fruits (servings/day), vegetables (servings/day), whole grains (g/day), coffee (servings/day), sugar-sweetened beverages (servings/day), glycemic 

load (continuous), dietary calcium (mg/day), polyunsaturated fat (g/day), total energy (kcal/day), and plasma trans-18:1, trans-18:2, 16:0, and 18:0 (each as % of 

total fatty acids). 
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Table S6. Risk of incident diabetes according to red blood cell fatty acid biomarkers, evaluated continuously, among 3,289 men and women 

in the Nurses’ Health Study (N=179 cases), Health Professionals Follow-Up Study (N=97 cases), and both cohorts combined. 
 

 Results standardized to the difference between the midpoints 

of the highest vs. lowest quartiles (87.5
th

 minus 12.5
th

 percentiles) 

Fatty acids NHS HPFS Pooled P-value 

     

15:0 range = 0.10* range = 0.10   

Multivariable HR (95%CI) † 0.75 (0.50-1.12) 1.33 (0.98-1.80) 1.08 (0.85-1.38) 0.53 

  + BMI ‡ 0.73 (0.48-1.12) 1.37 (1.01-1.86) 1.11 (0.86-1.42) 0.43 

     

17:0 range = 0.28 range = 0.19   

Multivariable HR (95%CI) 0.42 (0.26-0.68) 0.66 (0.29-1.53) 0.47 (0.31-0.71) <0.001 

  + BMI 0.57 (0.31-1.04) 0.88 (0.38-2.06) 0.66 (0.40-1.08) 0.10 

     

t-16:1n-7 range = 0.11 range = 0.09   

Multivariable HR (95%CI) 0.76 (0.49-1.17) 0.87 (0.50-1.53) 0.80 (0.57-1.13) 0.20 

  + BMI 0.86 (0.55-1.35) 0.95 (0.53-1.70) 0.89 (0.63-1.27) 0.53 

     

14:0 Range = 0.53 Range = 0.41   

Multivariable HR (95%CI) 1.23 (0.98-1.54) 2.11 (1.31-3.39) 1.36 (1.11-1.67) 0.003 

  + BMI 1.16 (0.91-1.46) 2.11 (1.30-3.42) 1.30 (1.05-1.61) 0.02 

*The difference in % of total fatty acids between the midpoint of the highest vs. lowest quartile.  

† 
Adjusted for age (years), race (white, nonwhite), smoking status (never, former, current, missing), physical activity (METS/week), alcohol (servings/day), family 

history of diabetes (yes, no, missing), parental history of MI (yes, no, missing), hypercholesterolemia (yes, no), hypertension (yes, no), menopausal status in NHS 

(pre, post), postmenopausal hormone use in NHS (no, yes, missing), and consumption of fish (servings/day), processed meats (servings/day), unprocessed meats 

(servings/day), fruits (servings/day), vegetables (servings/day), whole grains (g/day), coffee (servings/day), sugar-sweetened beverages (servings/day), glycemic 

load (continuous), dietary calcium (mg/day), polyunsaturated fat (g/day), total energy (kcal/day), and plasma trans-18:1, trans-18:2, 16:0, and 18:0 (each as % of 

total fatty acids). 

‡ 
Further adjusted for body mass index (BMI, kg/m

2
) as a potential mediator of confounder of the association. 
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Table S7. Risk of incident diabetes according to plasma fatty acid biomarkers of dairy fat after further adjustment for 

self-reported consumption of yogurt, cheese, or dairy fat as covariates in the NHS (N=184 cases), HPFS (N=93 cases), and 

both cohorts combined. 

 Multivariable HR (95%CI) per increase in difference of the 

midpoint of the highest versus lowest quartiles (87.5
th
 minus 12.5

th
 percentiles) 

 Main results Adding yogurt Adding cheese Adding dairy fat 

15:0     

NHS 0.63 (0.42-0.92) 0.63 (0.43-0.94) 0.63 (0.42-0.93) 0.63 (0.42-0.94) 

HPFS 0.61 (0.36-1.03) 0.62 (0.36-1.06) 0.60 (0.35-1.03) 0.56 (0.32-0.97) 

Pooled 0.62 (0.46-0.85) 0.63 (0.46-0.86) 0.62 (0.45-0.85) 0.61 (0.44-0.84) 

     

17:0     

NHS 0.71 (0.49-1.04) 0.72 (0.49-1.05) 0.72 (0.49-1.04) 0.72 (0.50-1.05) 

HPFS 0.63 (0.39-1.02) 0.64 (0.39-1.03) 0.63 (0.39-1.02) 0.60 (0.37-0.99) 

Pooled 0.68 (0.50-0.91) 0.69 (0.51-0.93) 0.68 (0.51-0.92) 0.67 (0.50-0.91) 

     

t-16:1n-7     

NHS 0.52 (0.36-0.76) 0.53 (0.36-0.76) 0.52 (0.36-0.76) 0.53 (0.36-0.77) 

HPFS 0.58 (0.36-0.93) 0.57 (0.35-0.92) 0.55 (0.34-0.90) 0.49 (0.30-0.82) 

Pooled 0.54 (0.40-0.73) 0.55 (0.41-0.73) 0.53 (0.40-0.71) 0.52 (0.38-0.70) 

     

14:0     

NHS 0.92 (0.64-1.32) 0.94 (0.65-1.35) 0.92 (0.64-1.33) 0.93 (0.64-1.34) 

HPFS 0.61 (0.35-1.09) 0.63 (0.35-1.11) 0.61 (0.34-1.08) 0.56 (0.31-1.01) 

Pooled 0.82 (0.60-1.11) 0.84 (0.62-1.14) 0.82 (0.60-1.11) 0.81 (0.59-1.10) 
 

Adjusted for age (years), race (white, nonwhite), smoking status (never, former, current, missing), physical activity (METS/week), alcohol 

(servings/day), family history of diabetes (yes, no, missing), parental history of MI (yes, no, missing), hypercholesterolemia (yes, no), 

hypertension (yes, no), menopausal status in NHS (pre, post), postmenopausal hormone use in NHS (no, yes, missing), and consumption of fish 

(servings/day), processed meats (servings/day), unprocessed meats (servings/day), fruits (servings/day), vegetables (servings/day), whole 

grains (g/day), coffee (servings/day), sugar-sweetened beverages (servings/day), glycemic load (continuous), dietary calcium (mg/day), 

polyunsaturated fat (g/day), total energy (kcal/day), and plasma trans-18:1, trans-18:2, 16:0, and 18:0 (each as % of total fatty acids). 
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Table S8. Risk of incident diabetes according to plasma fatty acid biomarkers of dairy fat in sensitivity analyses excluding cases in the first 2 

years of follow-up and restricting to the first 8 years of follow-up in the NHS (N=172 and 65 cases, respectively), HPFS (N=84 and 50 cases, 

respectively), and both cohorts combined. 

 
Results standardized to the difference between the midpoints 

of the highest vs. lowest quartiles (87.5
th

 minus 12.5
th

 percentiles) 

Fatty Acids Full follow-up Excluding cases in the first 2 years Restricting to the first 8 years 

15:0    

  NHS 0.63 (0.42-0.92) 0.65 (0.43-0.97) 0.56 (0.29-1.06) 

  HPFS 0.61 (0.36-1.03) 0.76 (0.45-1.29) 0.71 (0.36-1.40) 

  Pooled 0.62 (0.46-0.85) 0.69 (0.50-0.95) 0.63 (0.39-1.00) 

    

17:0    

  NHS 0.71 (0.49-1.04) 0.75 (0.51-1.10) 0.66 (0.35-1.23) 

  HPFS 0.63 (0.39-1.02) 0.72 (0.45-1.17) 0.75 (0.40-1.39) 

  Pooled 0.68 (0.50-0.91) 0.74 (0.55-1.00) 0.70 (0.45-1.10) 

    

t-16:1n-7    

  NHS 0.52 (0.36-0.76) 0.58 (0.40-0.84) 0.28 (0.15-0.54) 

  HPFS 0.58 (0.36-0.93) 0.66 (0.39-1.09) 0.59 (0.31-1.12) 

  Pooled 0.54 (0.40-0.73) 0.61 (0.45-0.82) 0.41 (0.26-0.64) 

    

14:0    

  NHS 0.92 (0.64-1.32) 0.86 (0.59-1.25) 1.08 (0.58-2.00) 

  HPFS 0.61 (0.35-1.09) 0.67 (0.37-1.20) 0.71 (0.34-1.48) 

  Pooled 0.82 (0.60-1.11) 0.80 (0.58-1.10) 0.91 (0.57-1.46) 

Values are hazard ratio (95%CI) adjusted for age (years), race (white, nonwhite), smoking status (never, former, current, missing), physical activity (METS/week), 

alcohol (servings/day), family history of diabetes (yes, no, missing), parental history of MI (yes, no, missing), hypercholesterolemia (yes, no), hypertension (yes, no), 

menopausal status in NHS (pre, post), postmenopausal hormone use in NHS (no, yes, missing), and consumption of fish (servings/day), processed meats 

(servings/day), unprocessed meats (servings/day), fruits (servings/day), vegetables (servings/day), whole grains (g/day), coffee (servings/day), sugar-sweetened 

beverages (servings/day), glycemic load (continuous), dietary calcium (mg/day), polyunsaturated fat (g/day), total energy (kcal/day), and plasma trans-18:1, trans-

18:2, 16:0, and 18:0 (each as % of total fatty acids). 
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Figure S1. Partial Spearman correlations

 
between plasma fatty acid biomarkers of dairy fat and dietary habits in 

the Nurses’ Health Study and Health Professionals Follow-Up Study.  Dietary habits assessed using the average of 

self-reported intake in 1986 and 1990 in NHS, and 1990 and 1994 in HPFS (total N=2,761). Correlations based on 

pooled individual-level data, adjusted for age (years), sex, body mass index (kg/m
2
), smoking (never, current, former, 

missing), fasting status at blood draw, consumption of total energy (kcal/day), and each of the other dietary factor in the 

figure simultaneously. Dairy fat was excluded when evaluating whole-fat and low-fat dairy.  
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