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Abstract
Aims/hypothesis Our aim was to determine the longitudinal associations of individual NEFAwith the pathogenesis of diabetes,
specifically with differences in insulin sensitivity and beta cell function over 6 years in a cohort of individuals who are at risk for
diabetes.
Methods In the Prospective Metabolism and Islet Cell Evaluation (PROMISE) longitudinal cohort, 477 participants had serum
NEFA measured at the baseline visit and completed an OGTT at three time points over 6 years. Outcome variables were
calculated using the OGTT values. At each visit, insulin sensitivity was assessed using the HOMA2 of insulin sensitivity
(HOMA2-%S) and the Matsuda index, while beta cell function was assessed using the insulinogenic index over HOMA-IR
(IGI/IR) and the insulin secretion-sensitivity index-2 (ISSI-2). Generalised estimating equations were used, adjusting for time,
waist, sex, ethnicity, baseline age, alanine aminotransferase (ALT) and physical activity. NEFAwere analysed as both concen-
trations (nmol/ml) and proportions (mol%) of the total fraction.
Results Participants’ (73% female, 70% with European ancestry) insulin sensitivity and beta cell function declined by 14–21%
over 6 years of follow-up. In unadjusted models, several NEFA (e.g. 18:1 n-7, 22:4 n-6) were associated with lower insulin
sensitivity, however, nearly all of these associations were attenuated in fully adjusted models. In adjusted models, total NEFA,
16:0, 18:1 n-9 and 18:2 n-6 (as concentrations) were associated with 3.7–8.0% lower IGI/IR and ISSI-2, while only 20:5 n-3 (as
mol%) was associated with 7.7% higher HOMA2-%S.
Conclusions/interpretation Total NEFA concentration was a strong predictor of lower beta cell function over 6 years. Our results
suggest that the association with beta cell function is due to the absolute size of the serum NEFA fraction, rather than the specific
fatty acid composition.
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Abbreviations
ALT Alanine aminotransferase
EPA Eicosapentaenoic acid
FDR False discovery rate
GEE Generalised estimating equations
HOMA2-%S HOMA2 of insulin sensitivity
IFG Impaired fasting glucose
IGI/IR Insulinogenic index over HOMA-IR
IGT Impaired glucose tolerance
ISI Insulin sensitivity index (Matsuda index)
ISSI-2 Insulin secretion-sensitivity index-2
MAQ Modified activity questionnaire
MET Metabolic equivalent of task
PLS Partial least squares regression
PROMISE Prospective Metabolism and Islet Cell

Evaluation Cohort
PUFA Polyunsaturated fatty acids
QIC Quasi-likelihood information criterion
TAG Triacylglycerol
WC Waist circumference

Introduction

Total NEFAhas beenwell documented to influence the path-
ogenesis of type 2 diabetes mellitus. Experimental work has
shown that exposure to high concentrations of NEFA can
induce insulin resistance in insulin-sensitive tissues such as
muscle and liver, and can impair pancreatic beta cell produc-
tion of insulin [1, 2]. Observational and clinical studies have
reported concordant findings, showing in particular, that

elevated total plasmaNEFAassociateswith an increased risk
for incident type 2 diabetes [3, 4].

Much of the previous experimental work on the role of
NEFA in type 2 diabetes utilised individual fatty acids such
as palmitic acid (16:0) or oleic acid (18:1 n-9) or alternatively
used specific oils such as soybean oil, which is high in the
polyunsaturated fatty acid (PUFA) linoleic acid (18:2 n-6), as
the exposure to characterise the metabolic impact of total
NEFA. However, fatty acids comprise multiple molecules
with diverse physiological functions and few studies have
analysed the effects of a broader spectrum of fatty acids. For
instance, one study suggested that eicosapentaenoic acid
(EPA; 20:5 n-3) can protect against the lipotoxic effect of
palmitic acid in the beta cells [5].

Despite a sizeable literature investigating the role of
total NEFA concentration in diabetes, there are important
gaps in this research. The majority of previous studies have
used animal models or cell lines [6, 7], have been short
term human trials [8–11] or have been epidemiological
studies that only looked at total NEFA and not individual
fatty acids [12–14]. To date, there have been no longitudi-
nal studies examining the role of the serum NEFA compo-
sition on the pathogenesis of diabetes, which is critical
given the protracted natural history of diabetes and the
growing appreciation of the divergent effects of individual
fatty acids. Therefore, our objective was to examine the
association between serum NEFA composition with differ-
ences over time in insulin sensitivity and beta cell function
in a longitudinal cohort. We hypothesised that higher
palmitic acid and lower PUFA, such as EPA, in the
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NEFA fraction would associate with declining insulin sen-
sitivity and beta cell function over 6 years.

Methods

Participants from London and Toronto, Canada, were recruit-
ed into the Prospective Metabolism and Islet Cell Evaluation
(PROMISE) cohort. Eligibility for recruitment into
PROMISE required having one or more risk factors for type
2 diabetes mellitus including obesity, hypertension, family
history of diabetes and/or a history of gestational diabetes or
giving birth to a macrosomic infant. Participants aged 30 years
and older (n = 736) attended the baseline visit between 2004
and 2006. Follow-up examinations in this cohort occurred
every 3 years, with three examination visits completed to date
(2004–2006, 2007–2009 and 2010–2013). Participants were
contacted annually by telephone. The current study used data
on participants who did not have diabetes at baseline, who
returned for one or more of the follow-up examinations and
had samples available for fatty acid measurements (n = 477).
A diagram showing the sample size at each visit is shown in
ESM Fig. 1. At each examination, participants underwent
metabolic characterisation, anthropometric measurements
and questionnaires on lifestyle and sociodemographic factors.
Research ethics approval was obtained from Mount Sinai
Hospital and the University of Western Ontario and all partic-
ipants provided written informed consent. Data collection
methods were standardised across the two centres and re-
search nurses were centrally trained.

Blood measurements At each examination, an 8–12 h fasting
blood sample was drawn from each participant, followed by a
75 g OGTT with a blood draw at 30 min and 2 h. All blood
samples were processed and frozen at −70°C. Alanine amino-
transferase (ALT) was measured using standard laboratory
procedures. Cholesterol, HDL and triacylglyceride (TAG)
were measured using Roche Modular’s enzymatic colorimet-
ric tests (Roche Canada, Mississauga, ON, Canada). Both
insulin and glucose were derived from the OGTT at fasting,
30 min and 2 h. Specific insulin was measured using the
Elecsys 1010 (Roche Diagnostics, Basel, Switzerland) immu-
noassay analyser and electrochemiluminescence immunoas-
say. This assay shows 0.05% cross-reactivity to intact human
proinsulin and the Des 31,32 circulating split form with a CV
of 9.3%. Glucose was determined using an enzymatic hexo-
kinase assay (Roche Canada) with a detection range of 0.11 to
41.6 mmol/l. The inter-assay CV is <1.1% and intra-assay CV
is <1.9%. All assays were performed at the Banting and Best
Diabetes Centre Core Lab at Mt. Sinai Hospital. Impaired
fasting glucose (IFG), impaired glucose tolerance (IGT) and
diabetes were categorised using the 2006 WHO criteria [15].

NEFA composition was quantified using stored fasting se-
rum samples from the baseline visit, which had been frozen at
−70°C for 4–6 years and had not been exposed to any freeze–
thaw cycles. Serum fatty acids have been documented to be
stable at these temperatures for up to 10 years [16]. A known
amount of heptadecanoic acid (17:0) was added to the serum
as an internal standard prior to extracting total lipids according
to the method of Folch et al 1957 [17]. Each serum lipid
fraction (NEFA, cholesteryl ester, phospholipid and TAG)
was isolated using thin layer chromatography; each fraction
was visualised under UV light after lightly spraying with 8-
anilino-1-naphthalene sulfonic acid (0.1% wt/vol.) and then
converted to fatty acid methyl esters with 14% boron
trifluoride in methanol at 100°C for 1 h. Fatty acid methyl
esters were separated and quantified using a Varian-430 gas
chromatograph (Varian, Lake Forest, CA, USA) equipped
with a Varian Factor Four capillary column and a flame
ionisation detector, which were injected in splitless mode.
Fatty acid concentrations (nmol/ml) were calculated by pro-
portional comparison of gas chromatography peak areas to
that of the internal standards [18]. There were 22 fatty acids
measured in the NEFA fraction. Given their diverse biology,
as well as the complexity of the analyses, findings for other
lipid fractions in this cohort are reported separately (see
Johnston et al 2016 [19] for the analysis of the phospholipid
and cholesteryl ester fractions).

Outcome variables Insulin sensitivity and beta cell function
indices were computed using the OGTT glucose and insulin
data. Insulin sensitivity was assessed using the HOMA2 of
insulin sensitivity (HOMA2-%S) [20] and the insulin sensi-
tivity index (ISI) [21]. HOMA2-%S largely reflects hepatic
insulin sensitivity, while ISI reflects whole-body insulin sen-
sitivity [22]. Beta cell function was assessed using the
insulinogenic index [23] over HOMA-IR (IGI/IR) and the
insulin secretion-sensitivity index-2 (ISSI-2) [24]. IGI/IR is a
measure of the first phase of insulin secretion while ISSI-2 is
analogous to the disposition index (but using OGTT values).
Each index has been validated against gold standard measures
[21, 24, 25]. Formulas used to calculate these measures can be
found in the ESM Methods: Equations for outcomes.

Anthropometrics and sociodemographic factors Height,
weight and waist circumference (WC) were measured at all
clinic examinations using standard procedures. WC was mea-
sured at the natural waist, defined as the narrowest part of the
torso between the umbilicus and the xiphoid process. BMI
was calculated by dividing weight (kg) by height (m) squared.
Sociodemographic information, including age, sex and ethnic-
ity, were determined using questionnaires administered at
each examination. In the lifestyle questionnaire, physical ac-
tivity was determined using a version of the modifiable activ-
ity questionnaire (MAQ) [26]. The MAQ collects information
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on leisure and occupational activity, including intensity, fre-
quency and duration, over the past year. Each reported activity
from the MAQ was weighted by its metabolic intensity
allowing for the estimation of metabolic equivalent of task
(MET) hours per week (MET-h/week).

Statistical analysis The primary outcome variables for this
analysis were HOMA2-%S, ISI, IGI/IR and ISSI-2; outcome
variables were log-transformed for the statistical modelling.
The primary predictor variables for this analysis were 22 in-
dividual NEFA as molar percentages (mol%) of the total frac-
tion and as concentrations (nmol/ml). Pearson correlation co-
efficients were computed to assess the relationships of indi-
vidual NEFAwith other continuous variables.

For the primary analysis, generalised estimating equation
(GEE) models [27] were used to determine the longitudinal
associations between the outcome variables and the predictor
variables. Given the longitudinal design an auto-regressive of
order 1 correlation matrix was chosen for the GEE models,
though other matrices (e.g. exchangeable) had similar fit (data
not shown). GEE is well suited to longitudinal cohort studies
given its capacity to handle any missed visits and for the
correlation of variables between time points. See ESM
Methods: Further description of statistical methods for more
detail on GEE. The predictor variables and continuous covar-
iates were scaled (mean centred and standardised). The NEFA
variables were classified as time-independent (held constant)
as they were measured only at the baseline visit, while the
outcome variables were set as time-dependent. No imputation
was conducted on missing values and incident diabetes cases
were excluded from the analysis (follow-up data were includ-
ed until date of diagnosis). A GEE model is applied for each
combination of outcome and NEFA (as either mol% or
nmol/ml).

Covariate selection was based on previous literature, di-
rected acyclic graph [28–30] recommendations (see ESM
Fig. 2 and ESM Fig. 3) and quasi-likelihood information cri-
terion (QIC) [31]. See ESM Methods: Further description of
statistical methods for more detail on QIC and the directed
acyclic graphs. ESM Table 1 shows the covariates compared
using QIC. We selected the model (M9) that had the fewest
covariates and that had similar fit between the outcome mea-
sures. The final GEEmodel included the covariates years from
baseline (time), sex (female or male), ethnicity (European an-
cestry or non-European ancestry), baseline age, WC, ALTand
MET-h/week (physical activity). Sex, ethnicity and baseline
age were time-independent variables. See ESM Methods:
Further description of statistical methods for more detail on
the covariate inclusion. After scaling and log-transforming the
model variables, then exponentiating the GEE estimates, the
interpretation of the GEE results is as an expected percentage
difference in the outcome variable for every SD increase in the
predictor variable, for the same covariate values (e.g. same

age or sex). With the main effect associations (not with a time
interaction), this interpretation is applied consistently at each
time point and thus represents associations of baseline NEFA
for each future value of the outcomes. Since TAG is a risk
factor for diabetes and since NEFA contribute to TAG produc-
tion [32], TAG may act as a mediator between NEFA and the
outcomes. To determine the role of TAG in the association
between NEFA and the outcomes, TAG was included in the
GEE model in a sensitivity analysis. Finally, for the GEE
models, we tested for an interaction with sex, ethnicity or time
by the predictor term for each outcome variable.

While GEE accounts for the longitudinal design of the data,
this approach is limited in that it cannot analyse the inherent
multivariate nature of the composition of the NEFA fraction,
as each model only contains data from a single fatty acid.
Therefore, to confirm the results of the GEE analyses in a
multivariate environment (with all NEFAvariables in a single
model), partial least squares (PLS) was used with the out-
comes as the dependent variable.

All analyses were performed using R 3.4.2 [33], along with
the R packages geepack 1.2.1 for GEE [34] and the package
pls 2.6.0 for the PLS analysis. The R code and output for all
analyses of this manuscript is available at https://doi.org/10.
6084/m9.figshare.3472433. Results were considered
statistically significant at p < 0.05, after adjusting for
multiple testing using the Benjamini–Hochberg false
discovery rate (FDR) [35]. Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) was used
as a guideline for reporting [36].

Results

Basic characteristics of the PROMISE cohort For this study,
there were 349 (73.2%) females and 336 (70.4%) had
European ancestry (see Table 1). The mean follow-up time
was 5.6 ± 1.0 years, where 88.7% of participants attended all
three visits. The mean age of the participants at baseline was
50.1 ± 9.8 years and the mean BMI was 31.1 ± 6.4 SD kg/m2.
Most of the participants (64.8%) had a family history of dia-
betes. Insulin sensitivity and beta cell function measures
showed a significant median decline from baseline to 6 years
of between 14% to 21% (p < 0.001, based on a time-adjusted
GEE model) in this analysis. Consistent with this decline,
there were 42 (9%) and 96 (20%) individuals diagnosed with
diabetes and pre-diabetes (IFG and IGT), respectively, over
the 6 years. Individuals with diabetes were excluded from
GEE analyses (1, 28 and 13 individuals were excluded at 0,
3 and 6 year visits, respectively). Follow-up data were includ-
ed until date of diagnosis. Certain medications (e.g. lipid med-
ications such as statins or fibrates) could influence the associ-
ation between NEFA and the outcomes. There were 60 and
103 participants who used lipid modifying medications at the
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baseline and 6 year visit, respectively. Use of these medica-
tions did not influence NEFA composition, the outcomes or
their associations as analysed from the GEE models (data not
shown).

Figure 1 shows the compositional distribution of NEFA in
the study participants. Four individual NEFAmade up the vast
majority (89.3%) of the total NEFA fraction. The largest con-
tributors were 18:1 n-9 (36.6%), 16:0 (23.4%), 18:0 (15.2%)
and 18:2 n-6 (14.1%). Raw concentration values are shown in
ESMTable 2. All individual NEFA as well as the total fraction
had correlations that ranged from weak to null (r < 0.3) with
participant characteristics (see ESM Fig. 4 and ESM Fig. 5).

GEE modelling A number of associations were seen in the
unadjusted GEE models (see Fig. 2), particularly for NEFA
modelled as a concentration. There were several fatty acids
(18:1 n-7, 20:5 n-3, 22:1 n-9, 22:4 n-6, 20:4 n-6, 16:0, 18:1 n-
9, 20:2 n-6 and total NEFA) that had significant associations
with both insulin sensitivity and beta cell function outcomes.

14:0
16:0
18:0
20:0
22:0

18:1 n-9
20:1 n-9
22:1 n-9
24:1 n-9
14:1 n-7
16:1 n-7
18:1 n-7
18:2 n-6
18:3 n-6
20:2 n-6
20:3 n-6
20:4 n-6
22:4 n-6
18:3 n-3
20:5 n-3
22:5 n-3
22:6 n-3

0 100 200 300

Concentration (nmol/ml)

N
E

F
A

Fig. 1 Concentrations (nmol/ml) of each NEFA in PROMISE partici-
pants at the baseline visit (2004-2006)

Table 1 Basic characteristics of
the PROMISE participants at
each of the three clinic visits

Measure Baseline 3 years 6 years

Sample size (n) 477 476 423

HOMA2-%S 88.8 (54.2–136.7) 76.8 (49.1–121.8) 73.7 (49.5–110.1)

ISI 13.6 (8.7–21.8) 11.6 (6.9–19.1) 11.6 (7.5–17.5)

IGI/IR 7.1 (4.2–10.6) 5.6 (3.6–9.8) 5.6 (3.5–9.0)

ISSI-2 727.5 (570.0–922.5) 613.4 (493.9–836.7) 622.5 (472.5–810.3)

BMI (kg/m2) 31.1 ± 6.4 31.4 ± 6.5 31.1 ± 6.6

WC (cm) 98.5 ± 15.5 99.3 ± 15.7 100.4 ± 15.7

Age (years) 50.1 ± 9.8 53.2 ± 9.7 56.5 ± 9.6

MET-h/week 45.2 ± 59.7 48.5 ± 60.5 44.1 ± 57.1

ALT (U/l) 29.6 ± 16.0 28.4 ± 19.5 25.9 ± 16.9

TAG (mmol/l) 1.5 ± 0.8 1.4 ± 0.8 1.4 ± 0.7

Cholesterol (mmol/l) 5.2 ± 0.9 5.1 ± 1.0 5.1 ± 0.9

HDL (mmol/l) 1.4 ± 0.4 1.3 ± 0.4 1.4 ± 0.4

NEFA (nmol/ml) 383.1 ± 116.3

Fasting glucose (mmol/l) 5.0 ± 0.5 5.3 ± 0.8 5.3 ± 0.7

2 h glucose (mmol/l) 5.7 ± 1.4 6.5 ± 2.3 6.4 ± 1.8

Fasting insulin (pmol/l) 75.3 ± 56.3 83.8 ± 64.1 85.9 ± 57.0

2 h insulin (pmol/l) 428.0 ± 368.4 528.1 ± 496.6 480.4 ± 416.6

Ethnicity

European 336 (70)

Latino 58 (12)

Other 51 (11)

South Asian 32 (7)

Sex

Female 349 (73)

Male 128 (27)

Values are in median (IQR), mean ± SD, or n (%)

The proportion of ethnic and sex groups did not change over the 6 years

Outcome variables sample size ranges from 367-470 over the 3 visits
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Most associations were negative, however, only 20:5 n-3
(EPA) had positive associations with insulin sensitivity as
both a mol% and as a concentration. One fatty acid, 18:1 n-7
(vaccenic acid), had consistent negative associations with all
four outcomes.

After full model adjustment (Fig. 3), most significant asso-
ciations were attenuated, particularly with insulin sensitivity.
The remaining fatty acids (20:5 n-3 [EPA], 16:0, 18:1 n-9,
18:2 n-6 and total NEFA) had significant associations, of
which only EPA had a significant association (with

log HOMA2-%S log ISI log IGI/IR log ISSI-2 
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Fig. 2 Longitudinal associations
of individual NEFA (mol% and
nmol/ml) with insulin sensitivity
and beta cell function over 6 years
in the PROMISE cohort. Models
are only adjusted for time. x-axis
values represent a percentage
difference with 95% CI in the
outcome per SD increase in the
fatty acid. p values were adjusted
for the Benjamini–Hochberg
FDR. The larger black dot
represents a statistically
significant association at p<0.05
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Fig. 3 Longitudinal associations
of individual NEFA (mol% and
nmol/ml) with insulin sensitivity
and beta cell function over the 6
years in the PROMISE cohort.
GEE models were fully adjusted.
x-axis values represent a
percentage difference with 95%
CI in the outcome per SD increase
in the fatty acid. p values were
adjusted for the Benjamini–
Hochberg FDR. The larger black
dot represents a statistically
significant association at p<0.05
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HOMA2-%S) as a mol% and was the only fatty acid with a
positive association. All other fatty acids had negative associ-
ations with IGI/IR and ISSI-2. The magnitude of association
for each of these variables was fairly consistent for each beta
cell function measure. For every one SD increase in any of the
NEFA variables associated with beta cell function, there was
an average predicted 7.7% lower IGI/IR and 8% lower ISSI-
2 at any given clinic visit.

Sensitivity analyses revealed that adjustment for WC was
responsible for attenuating the unadjusted results (see ESM
Fig. 6). Adjusting for TAG attenuated all associations with
IGI/IR and ISSI-2 (data not shown), though this may be due
to the fact that only a subset of participants at the 6 year visit
had TAG measured. Sensitivity analyses examining associa-
tions with the sum of fatty acid classes (saturated vs unsatu-
rated) revealed similar findings as compared with the adjusted
GEE model for total NEFA (data not shown). There were no
significant interaction effects of time, sex or ethnicity in either
unadjusted or adjusted models. Medication use for controlling
lipid and cholesterol did not influence the results (data not
shown). Raw values from the GEE models are shown in
ESM Table 3 for unadjusted models and ESM Table 4 for
fully adjusted models. Consistent with the GEE modelling,
results from modelling all NEFA in a multivariate environ-
ment using PLS showed no discernible clustering nor was it
predictive of the outcomes (data not shown).

Discussion

In a Canadian population of adults who were at risk for dia-
betes, we found that higher total NEFA concentrations inde-
pendently predicted lower beta cell function over 6 years.
While we found negative associations with palmitic acid
(16:0), oleic acid (18:1 n-9) and linoleic acid (18:2 n-6) for
the concentration (nmol/ml) modelling, no associations were
seen for these fatty acids as a proportion, an observation that
was further confirmed by multivariate cluster techniques,
which found no ability of these individual NEFA to predict
beta cell function. We did find that one fatty acid as a mol%,
EPA (20:5 n-3), had a positive association with insulin sensi-
tivity. In general, these observations suggest that the absolute
size of the total NEFA fraction, rather than its specific com-
position (aside from EPA), likely influences the pathogenesis
of diabetes, at least within a population at risk for diabetes.

The role of total NEFA in the aetiology of diabetes is well
documented. Epidemiological studies have shown that higher
NEFA associates with lower insulin secretion and a higher risk
for developing diabetes [3, 4, 14, 37]. In a cross-sectional
analysis of the Reading, Imperial, Surrey, Cambridge, and
Kings (RISCK) cohort, total NEFA had a negative association
with insulin sensitivity and a particularly strong negative as-
sociation with beta cell function [13]. Another cross-sectional

study found a null association of total NEFA with beta cell
function [38], however, C-peptide was used to estimate beta
cell function in this study. Experimentally, several potential
mechanisms have been elucidated for the role of NEFA on
beta cell function, particularly for palmitic acid. Prolonged
exposure to elevated NEFA can induce apoptosis in the beta
cells, possibly through endoplasmic reticulum stress, forma-
tion of ceramides and generation of nitric oxide, as well as
impairment of proinsulin production and mitochondrial func-
tion [2, 6, 39, 40]. One longitudinal study also found an in-
verse association between total NEFA and beta cell function
over 10 years in 77 Japanese individuals with type 2 diabetes
[41]; in this study C-peptide was used to estimate beta cell
function. The present analysis is the first study to our knowl-
edge to examine the longitudinal association of a broad spec-
trum of individual NEFA on beta cell function in a large co-
hort. We found that there was a strong signal of higher total
NEFA, palmitic acid, oleic acid and linoleic acid modelled as
concentrations with lower beta cell function. No fatty acid as a
mol% had associations with beta cell function. Taken together,
these results suggest that it is the absolute size of the circulat-
ing NEFA fraction, irrespective of any specific composition of
fatty acids, that is responsible for the hypothesised lipotoxic
effects of NEFA on the beta cells.

Biologically, in free-living populations, chronic eleva-
tion of NEFA may be mediating its association with meta-
bolic outcomes through TAG. In normal metabolism,
NEFA enters the liver and assists in the production of
TAG that is to be processed into very-low density lipopro-
teins (VLDL) [42]. As such, higher NEFA may contribute
to hypertriglyceridaemia, which is a known risk factor for
diabetes. In the sensitivity analysis adjusting for TAG, all
associations with beta cell function were attenuated, sug-
gesting that NEFA may in fact be mediating its association
with beta cell dysfunction through higher TAG.

There is substantial experimental evidence highlighting the
role of increased NEFA and the subsequent increase in insulin
resistance via impairment of insulin signalling cascades, as
reviewed in previously published articles [43–45]. However,
in this longitudinal analysis, we saw in general no association
of any individual or total NEFAwith hepatic (HOMA2-%S) or
whole-body insulin sensitivity (ISI), except for EPA. There is
some evidence [46–48] that EPA may be involved with low-
ering the risk for diabetes, potentially due to its role in inflam-
mation [49]. However, since we found the association only
with HOMA2-%S and not with ISI, the significant association
could be a chance finding, which will require future studies to
confirm. We also identified WC as having a powerful attenu-
ating effect on the associations between unadjusted and ad-
justed models. There are some possible explanations for our
null findings for the insulin sensitivity measures and the influ-
ence of WC on the results. First, WC may be a strong causal
link in previously reported associations between NEFA and
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insulin sensitivity, given the role adipocytes play in metabo-
lism (e.g. leptin and adiponectin). Second, there may be dif-
ferences in physiology between fasting and postprandial
NEFA kinetics that we are not able to investigate but that
may explain our null findings for fasting NEFA and insulin
sensitivity. For instance, some experimental studies using
clamp protocols found that fasting NEFAwas a weak predic-
tor of insulin sensitivity compared with postprandial concen-
trations of NEFA [11, 50]. Inefficiencies in NEFA uptake into
the adipose tissue (as seen in individuals with obesity and
larger WC) following postprandial TAG lipolysis via lipopro-
tein lipase may result in NEFA spilling over into the blood and
a subsequent increase in circulating NEFA [51], whichmay be
more metabolically active given postprandial activity. Third,
the null findings seen may be due to the high-risk population
examined in PROMISE, as the majority of participants had a
high WC and BMI. It may be that in this population, insulin
resistance has become well established and NEFA may not
contribute to insulin resistance at this somewhat more ad-
vanced stage in the pathogenesis of diabetes.

Few studies have examined the composition of NEFA
on metabolic functioning. One recent, well-analysed study
used a variety of advanced fatty acid measurement and
statistical techniques to explore the multivariate relation-
ship between NEFA composition and components of the
metabolic syndrome [52]. Specifically, the authors identi-
fied that NEFA 16:1 n-9, 20:1 n-9 and 22:4 n-6 correlated
with components of the metabolic syndrome. Another
similar study examining diabetes found that 16:0, 18:0,
18:1, 18:2, 18:3 may be useful biomarkers to identify
healthy individuals compared with those living with dia-
betes [53]. However, both studies were limited by smaller
sample sizes (approximately 100 participants) and the
cross-sectional design.

There are a few important limitations to our study. NEFA
concentration and composition was only quantified at the
baseline visit and as such we cannot investigate whether there
were concomitant changes in NEFA and the metabolic mea-
sures over time. However, we believe this strengthens our
specific objective as the potential impact that reverse causality,
due to the tight integration between fatty acid and glucose
metabolism, may have on the results is lower. This is also an
observational cohort and there may be some residual con-
founding we have not considered or that could not be mea-
sured. Nonetheless, potential covariates were empirically
analysed prior to inclusion in the GEE models to best under-
stand and minimise potential confounding. While there may
be potential overadjustment due to controlling for WC, both
QIC and directed acyclic graph outputs recommended includ-
ing WC in the GEE model. Nevertheless, we ran sensitivity
analyses and identifiedWC as the covariate that attenuated the
unadjusted results. This attenuation may be due to the fact that
higher NEFA may be reflective of greater adipose tissue mass

and act as a mediator between the adipose tissue and insulin
sensitivity (since adipose tissue is an active endocrine organ).

We used indices of insulin sensitivity and beta cell function
estimated from glucose and insulin values collected during
OGTTs. While these indices have all been validated against
gold standard measures, it is possible our measures may con-
tain some degree of measurement misclassification and are
thus not sensitive enough to identify potential associations
with NEFA. Finally, our cohort consists of individuals at risk
for diabetes, who were primarily female and of European an-
cestry and while sex and ethnicity did not influence the results
presented from this cohort, our findings may not entirely be
generalisable to other populations. However, given these lim-
itations, our study also has several strengths, including the
longitudinal design and the rigorous statistical techniques
and methods applied, which are specifically suited to investi-
gating temporal relationships and to handling the multivariate
nature of the data. Finally, our cohort contains highly detailed
and comprehensive variable measurements at each collection
visit and has both concentration and mol% data for the fatty
acids.

In conclusion, we found that total NEFAwas a strong pre-
dictor for lower beta cell function over 6 years, irrespective of
the specific composition of the NEFA fraction, suggesting that
efforts at lowering circulating total NEFA through medication
and/or lifestyle strategies to reduce the risk of diabetes are well
warranted.We also found that higher EPAwas associated with
higher hepatic insulin sensitivity. While future studies are
needed to confirm these findings, our results reinforce the
importance of continuing to investigate the role of circulating
NEFA concentration on the natural history of diabetes.
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