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Abstract

Elevated levels of non-esterified fatty acids (NEFA) play a role in insulin resistance, impaired beta-cell
function and is a denominator of the abnormal atherogenic lipid profile characterizing obese type 2
diabetes (T2DM) patients. We hypothesized that the GLP-1 receptor agonist liraglutide in combination with
metformin would reduce lipolysis. In a randomized, double-blind, placebo-controlled, cross-over trial 41
T2DM patients with coronary artery disease were randomized and treated with liraglutide-metformin vs.
placebo-metformin in 12 + 12-week periods with >2-weeks wash-out before and between the intervention
periods. NEFA kinetics were estimated by the Boston NEFA minimal model from plasma NEFA and glucose
levels measured during a standard 180 minutes frequently sampled intravenous glucose tolerance test.
Liraglutide-metformin reduced estimate of lipolysis. Furthermore, placebo-metformin increased estimates
of lipid oxidation; while, liraglutide abolished this effect. We conclude that liraglutide exerts a clinically
relevant reduction in estimates of lipolysis and lipid oxidation, partially explained by improved insulin

secretion during an intravenous glucose tolerance test.
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Introduction
Obesity, insulin resistance (IR) and type 2 diabetes mellitus (T2DM), are risk factors for cardiovascular

morbidity and mortality. Non-esterified fatty acids (NEFA) are important oxidative fuels but elevated levels
(lipotoxicity) plays a role in the development of IR in obesity and T2DM, however, it is suggested that other
pathophysiologic pathways may explain the relationship between NEFA and IR in obesity." Elevated plasma
NEFA level is also a major cause of impaired beta-cell function, increased gluconeogenesis and, in addition
by increasing VLDL secretion from the liver induces hypertriglyceridemia and facilitates appearance of small
dense low-density lipoproteins as well as endothelial dysfunction, all factors contributing to
arteriosclerosis®. IR accelerates lipolysis increasing NEFA concentrations, whereas acute reduction of NEFA
concentration in plasma lowers plasma glucose and improves insulin sensitivity in patients with T2DM?>.
High levels of NEFA are associated independently to increase risk for cardiovascular disease and adverse

outcome in patients with coronary artery disease (CAD)".

The incretin glucagon-like peptide-1 (GLP-1) is a powerful insulin-releasing hormone and its effect is glucose
dependent and exerted by a G-protein coupled receptor. Metformin enhances the secretion of GLP-1. The
GLP-1 receptor agonist (GLP-1-RA) liraglutide reduces NEFA plasma levels, primarily by increasing insulin
secretion’. However, elevated levels of NEFA contributes to impaired beta-cell responsiveness to GLP-1 and
improvements in lipid control increase the efficacy of incretin-based therapy®. Furthermore, the
mechanism by which liraglutide improves cardiovascular morbidity and mortality in T2DM patients is yet

debated. We hypothesized that liraglutide may impact on lipolysis and lipid oxidation in these patients. To
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obtain an estimate of the effect of liraglutide on these parameters we applied the Boston Minimal Model
for NEFA metabolism on the insulin modified frequently sampled intravenous glucose tolerance (im-

FSIGT).

Materials and methods
The study was an investigator-initiated, double-blind, randomized, placebo-controlled, cross-over trial.

Patients included had stable CAD and newly diagnosed (< 2 years) T2DM and with body mass index (BMl)
>25 kg/m”. The intervention was liraglutide + metformin vs. placebo + metformin. Details on time course
and intervention are presented in Supplementary Appendix, figure 1. In the beginning and end of each 12-
week treatment period each treatment effect was evaluated by an im-FSIGT using a standardized protocol
according to the Minimal Model approach (MINMOD Millenium used for calculations)®. A NEFA minimal
model was applied on NEFA and glucose’ (for further details on this: Supplementary appendix figure 2). For

assay specifications see supplementary appendix, table 1.

Statistical analysis was performed with SAS 9.4 (SAS Institute Inc., Cary, North Carolina, USA). The area
under curve (AUC) was calculated using the trapezoidal rule. Data are reported as mean (SD) or median
(IQR). Student’s paired t-test/Wilcoxon’s Signed Rank were used when data were normally/non-normally
distributed. Two-sided p<0.05 was considered statistically significant. Power calculation was based on an
>70% improvement in disposition index (DI) and would require 22 patients in paired analyses provide a

statistical power of 80%°. Post-hoc power analysis is provided in the supplementary appendix.

The study was approved by the Regional Committee on Biomedical Research Ethics of the Capital Region of
Denmark and informed consent was obtained from all participants. The protocol was registered at

Clinicaltrials.gov with ID: NCT01595789.
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Results
The main result of the study was that liraglutide reduced indices of lipolysis and lipid oxidation during an

im-FSIGT.

NEFA: Fasting NEFA was reduced in both treatment arms but more so with liraglutide (difference: -9.4 (3.9)
umol/L, p < 0.0001). Both placebo-metformin and liraglutide-metformin reduced NEFAyc with no
difference between treatments (p = 0.75). However, NEFA,.qir was lower and reached earlier with liraglutide
treatment with a significantly difference between treatments of -24.3 (0.9) umol/L, p < 0.0001 (table 1 and

figure 1).

Lipolysis: The rate of provision of NEFA to the plasma pool, Sira, was non-significantly reduced by placebo-
metformin (p = 0.054) whereas, liraglutide-metformin significantly reduced the rate from 36.6 (10.4) to

25.9 (14.4) umol/L/min, p < 0.001 (Table 1), however non-significant between treatment periods. Baseline
net rate of lipolysis, LIPy, was not altered by liraglutide treatment, however the AUC;ip01ysis Was increased by
placebo but reduced by liraglutide, resulting in at difference between treatments of -774 (31) umol/L/min

(p <0.0001) (Table 1 and Supplementary appendix figure 3).

Lipid oxidation: The rate at which NEFAs left the plasma pool, Kira, Wwas reduced by liraglutide by -2.16
(1.34) %/min, p < 0.0001 compared to placebo. Liraglutide exerted a reduction of baseline net rate of
lipidoxidation, OX,, of -8.2 (5.1) pumol/L/min, p < 000.1 compared to placebo (table 1). AUCijiq oxidation Was
increased by placebo but reduced by liraglutide resulting in a difference between treatments of -850 (31)

umol/L/min, p < 0.0001 (Table 1 and Supplementary appendix figure 3).
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We have previously reported how liraglutide reduced hyperglycemia and increased insulin response to
glucose and doubling DI with no effect on insulin sensitivity (MINMOD Millennium analysis) despite an

expected net body weight loss of 2.7 kg® (Table 1).

The NEFA minimal model also derives additional glucometabolic parameters, thus compared to placebo; Ry,
the initial concentration of glucose in remote compartments, was significantly reduced by liraglutide by -
1.966 (1.525) mmol/L, p < 0001; the threshold, f;, in plasma glucose above which plasma glucose enters
remote compartments was increased by liraglutide by 1.63 (1.34) mmol/L, p < 0.0001; the delay, T
(minutes), of glucose entry into the remote compartment was reduced by liraglutide by -5.0 (3.44) min, p <
0.0001; the rate of movement of plasma glucose into the remote compartment and the clearance from

there, k;, was increased by 2.09 (2.06) %/min, p = 0.0001 with liraglutide.

Explanatory variables and carry-over effect: Baseline NEFA did not correlate to weight (R*=0.01; p=0.96),
BMI (R*=0.01; p= 0.7) or HOMA-IR (R*=0.03; p=0.28) and the variance of weight loss was not associated
with baseline weight, BMI, sequence of treatment and differences in treatment duration (R?=0.06; p=0.8)®.
Liraglutide induced a weight loss of 2.7 (-6.7 to -0.6) kg, p < 0.001% and the presence of a possible carry-over
effect was estimated using sum values by the t-test,® but no such effect was found with respect to weight

loss (p = 0.45), measures of insulin sensitivity (p = 0.21) nor beta-cell function (p = 0.88)%.

Discussion

It was shown that liraglutide-metformin compared to placebo-metformin during an im-FSIGT reduced
estimates of lipolysis and lipid oxidation in patients with CAD and newly diagnosed T2DM. This is the first
study, to the best of our knowledge, which evaluated the effect of liraglutide on lipid oxidation and lipolysis

by minimal model analysis in humans.
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Metformin plus liraglutide reduced NEFA to a larger extend than metformin alone, which is in accordance
with the findings of Kim et al.>, however, they evaluated the effect of a liraglutide assisted weight loss
combined with an energy-restricted diet. Therefore, we suggest that our setup is more able to reveal the
effect of liraglutide treatment in at real-word setting, because only very few patients will be on a long-term
energy-restricted diet in real-life. We found the estimate of lipolysis (Si.) was not affected by metformin
but nevertheless suppressed during liraglutide therapy, though not significantly when corrected for
placebo. Liraglutide is a powerful insulin secretagogues® and NEFA.q; was significantly lower with
liraglutide treatment and was attained earlier (table 1). Both lipolysis and lipid oxidation during the 180
minutes test were reduced by liraglutide-metformin treatment but increased by placebo-metformin
(supplementary appendix figure 3). Metformin treatment has been shown to induce lipoprotein lipase

activity in muscles® and prevents NEFA-induced extrahepatic IR but not NEFA-induced hepatic IR™.

Based on our present results we speculate that the effects of liraglutide on lipid metabolism could in some
instances be counteracted by metformin (i.e. metformin increasing indices of lipid oxidation opposing the
effect of liraglutide), but with regards to other metabolic pathways e.g. glucose metabolism the effect of
metformin and liraglutide could be additive. Although weight loss and improvement in IR may mediate a
decrease in NEFA, liraglutide-induced modest weight loss did not reduce NEFA® in the study by Kim and
coworkers or improved insulin sensitivity in the present patients as previous reported®. Increasing plasma
NEFA by infusion to diabetic levels may cause hepatic IR and inhibition of insulin secretion in
normoglycemic subjects?. In T2DM the suppression of NEFA by insulin is diminished because of IR and also
increased NEFA levels impair insulin secretion'’ and aggravates IR . Reductions in NEFA excursions by

liraglutide assessed by meal tests has previously been reported®.
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To our knowledge there has been no previous reports on the effect of liraglutide on the additional
glucometabolic indexes provided by the Boston NEFA minimal model. This model employs two
compartments, plasma and tissue (remote compartment); liraglutide strongly decreases tissue level of
glucose and increases its clearance from plasma and tissue levels. Additionally, the delay of entry of glucose
to tissue level is reduced by liraglutide, it is suggested that this delay is associated to the transcapillary
transport and rate determining step for insulin action’. Our results, suggests that by reducing this delay,
liraglutide, significantly improves insulin action in tissues and thereby glucose clearance from plasma and

tissue, which is in accordance with previously published data®.

GLP-1, metformin and insulin are regulators of intestinal lipoprotein secretion®?, however, it is unclear to
what extent GLP-1 exerts a direct action on adipose tissue’ or the effect on NEFA metabolism is explained
by the increased insulin secretion per se. Nevertheless, the changes in NEFA concentrations observed after
liraglutide treatment are not likely to be due to weight loss or an associated improvement in IR>.
Additionally, the intestinal lipoprotein metabolism is dysregulated in insulin resistant states and T2DM",
however the present study design would tend to abolish intestinal NEFA production/uptake in the subjects
as they were fasting >10 hours before the im-FSIGT. Despite a moderate weight loss (<5 kg), there were no

carry-over effect between treatment periods in respect to weight loss or insulin sensitivity®.

The effects on lipolysis and lipid oxidation observed may also reflect a change from NEFA to glucose
utilization as liraglutide treatment reduces glucose levels indicating an increased glucose clearance
suggesting a shift from lipid to glucose oxidation. This interpretation is consistent with our findings with a
significant all-over reduction in lipolysis and lipid oxidation during liraglutide treatment. This may also

indicate that liraglutide therapy is able to induce or improve metabolic flexibility*.
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Our data adds to the knowledge of the effect of liraglutide on glucose and lipid metabolism, and may add
to the explanation of the improved long-term outcome in patients with CAD and T2DM since reducing NEFA
levels also improves cardiac function®. However, the present experimental setting may not directly

translate into a clinical setting and further research is warranted.

References

1. Karpe F, Dickmann JR, Frayn KN. Fatty acids, obesity, and insulin resistance: Time for a reevaluation.
Diabetes. 2011;60(10):2441-2449. doi:10.2337/db11-0425.

2. DeFronzo R a. Insulin resistance, lipotoxicity, type 2 diabetes and atherosclerosis: the missing links.
The Claude Bernard Lecture 2009. Diabetologia. 2010;53(7):1270-1287. doi:10.1007/s00125-010-
1684-1.

3. Astiarraga B, Chueire VB, Souza AL, et al. Effects of acute NEFA manipulation on incretin-induced

insulin secretion in participants with and without type 2 diabetes. Diabetologia. 2018;61(8):1829-
1837. d0i:10.1007/s00125-018-4633-z.

4. Rutenberg HL, Pamintuan JC, Soloff LA. Serum-free-fatty-acids and their relation to complications
after acute myocardial infarction. Lancet. 1969;2(7620):559-564.
http://www.ncbi.nlm.nih.gov/pubmed/4185532. Accessed April 29, 2014.

5. Kim SH, Liu A, Ariel D, et al. Pancreatic beta cell function following liraglutide-augmented weight loss
in individuals with prediabetes: analysis of a randomised, placebo-controlled study. Diabetologia.
2014;57(3):455-462. doi:10.1007/s00125-013-3134-3.

6. Kang ZF, Deng Y, Zhou Y, et al. Pharmacological reduction of NEFA restores the efficacy of incretin-
based therapies through GLP-1 receptor signalling in the beta cell in mouse models of diabetes.
Diabetologia. 2013;56(2):423-433. d0i:10.1007/s00125-012-2776-x.

7. Boston RC, Moate PJ. A novel minimal model to describe NEFA kinetics following an intravenous
glucose challenge. Am J Physiol Regul Integr Comp Physiol. 2008;294(4):R1140-7.
doi:10.1152/ajpregu.00749.2007.

8. Anholm C, Kumarathurai P, Pedersen LR, et al. Liraglutide effects on beta-cell, insulin sensitivity and
glucose effectiveness in patients with stable coronary artery disease and newly diagnosed type 2
diabetes. Diabetes, Obes Metab. 2017;19(6):850-857. do0i:10.1111/dom.12891.

9. Ohira M, Miyashita Y, Murano T, Watanabe F, Shirai K. Metformin promotes induction of lipoprotein
lipase in skeletal muscle through activation of adenosine monophosphate-activated protein kinase.
Metabolism. 2009;58(10):1408-1414. doi:10.1016/j.metabol.2009.04.024.

10. McLaughlin T, Abbasi F, Lamendola C, Kim HS, Reaven GM. Metabolic changes following
sibutramine-assisted weight loss in obese individuals: role of plasma free fatty acids in the insulin

This article is protected by copyright. All rights reserved.



11.

12.

13.

14.

15.

16.

resistance of obesity. Metabolism. 2001;50(7):819-824. doi:10.1053/meta.2001.24220.

Defronzo R a. Banting Lecture. From the triumvirate to the ominous octet: a new paradigm for the
treatment of type 2 diabetes mellitus. Diabetes. 2009;58(4):773-795. doi:10.2337/db09-9028.

Xiao C, Dash S, Morgantini C, Lewis GF. New and emerging regulators of intestinal lipoprotein
secretion. Atherosclerosis. 2014;233(2):608-615. doi:10.1016/j.atherosclerosis.2013.12.047.

Arca M. Alterations of intestinal lipoprotein metabolism in diabetes mellitus and metabolic
syndrome. Atheroscler Suppl. 2015;17:12-16. doi:10.1016/S1567-5688(15)50004-4.

Basu R, Basu A, Chandramouli V, et al. Effects of pioglitazone and metformin on NEFA-induced
insulin resistance in type 2 diabetes. Diabetologia. 2008;51(11):2031-2040. doi:10.1007/s00125-
008-1138-1.

Goodpaster BH, Sparks LM. Metabolic Flexibility in Health and Disease. Cell Metab. 2017;25(5):1027-
1036. d0i:10.1016/j.cmet.2017.04.015.

Labbé SM, Noll C, Grenier-Larouche T, et al. Improved cardiac function and dietary fatty acid
metabolism after modest weight loss in subjects with impaired glucose tolerance. Am J Physiol
Endocrinol Metab. 2014;1(819). doi:10.1152/ajpendo.00638.2013.

10

This article is protected by copyright. All rights reserved.



Placebo

Liraglutide P Difference p
before after before after

NEFA, (umol/L) 369.5 (1.8) 324.4 (1.4) <0.0001 394.1(1.8) 339.6 (2.7) <0.0001 9.4 (3.9) <0.0001
NEFAuc (pmol/L/**min) 43857 (212) 36290 (178) <0.001 42869 (204) 35874 (187)  <0.0002 572 (392) 0.75
Ro (mmol/L) 1.921 (0.593) 1.103 (0.595) <0.001 3.641 (0.628) 0.857 (1.108)  <0.0001 -1.966 (1.525)  <0.0001
k. (%/min) 3.69 (1.52) 2.32(0.21) <0.001 4.36(1.21) 5.07 (0.64) 0.03 2.09 (2.06) 0.0001
Stta (LMol/L/min) 33.9 (6.8) 29.3 (7.0) 0.05 36.6 (10.4) 25.9 (5.4) <0.001 -6.1(15.2) 0.1
Keta (%/min) 4.37 (0.82) 6.76 (0.52) <0.0001 5.02 (0.87) 5.25 (0.32) 0.2 -2.16 (1.34) <0.0001
fs (mmol/L) 3.73 (0.645) 4.69 (0.639) <0.0001 2.09 (0.451) 4.68(0.882)  <0.0001 1.63 (1.344)  <0.0001
T (min) 3.52 (0.58) 6.99 (3.34) 0.0001 7.93 (0.32) 6.39 (0.50) <0.0001 -5.0 (3.44) <0.0001
LIP (umol/L/min) 17.1(3.5) 20.2 (1.6) 0.002 15.6 (3.4) 16.7 (1.9) 0.2 -2.0(5.5) 0.1
LIP1g0 (umol/L/min) 14.3 (2.5) 18.6 (1.4) <0.0001 14.5 (2.4) 17.2 (1.4) 0.0002 -1.5 (4.0) 0.1
Lipolysisayc (pmol/L/**min) 1856 (20) 2382 (10) <0.0001 2059 (20) 1812 (9) <0.0001 -774 (31) <0.0001
0X, (Hmol/L/min) 16.2 (3.0) 21.9 (1.7) <0.0001 19.8 (3.4) 17.4 (1.5) <0.01 -8.2(5.1) <0.0001
OX1g0 (umol/L/min) 12.9 (2.4) 17.2 (1.3) <0.0001 13.6 (2.4) 15.2 (1.4) <0.02 2.7 (3.9) <0.01
Lipid oxidationayc (umol/L/**min) 1931 (19) 2453 (10) <0.0001 2182 (20) 1854 (9) <0.0001 -850 (31) <0.0001
NEFAagir (Rmol/L) 190.3 (0.5) 149.8 (0.4) <0.0001 187.5 (0.5) 122.7 (0.4) <0.0001 -24.3(0.9) <0.0001
Tomin (Minutes) 76 (0.04) 74 (0.04) <0.0001 74 (0.04) 68 (0.04) <0.0001 -4 (0.08) <0.0001

Age (years)*

Males (n(%))*

Weight (kg)*

BMI (kg/m%)*

Fasting Glucose (mmol/L)*
HbA1c (mmol/mol)*
HOMA-IR*

AIRg (mU x L™ x min)*

Baseline

62.3 (7.6)

31 (8079.5%)

96.9 (17.1)
31.6 (4.8)
6.9 (6.1;7.4)
47 (6)
4.9 (3.0;7.5)
101 (45;247)
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-4.5 (-6.3;-1.4)
-1.4(1.2)
-1.0 (-1.42;-0.53)
-4.3 (4.23)
-1.29 (-2.68;0.29)
497 (343;626)

Placebo

-0.7 (-2.4;1.0)
-0.3(0.8)
-0.73 (-1.18;-0.23)
-1.06 (4.93)
-0.7 (-1.82;0.05)

80 (8;146)

Difference

-2.7(-6.7;-0.6)
1.1(1.4)
-0.35(-0.87;0.13)
3.3 (6.5)
-0.18 (-2.58;1.12)

402 (243;601)

n

p

0.0004
0.0002
0.025
0.0096
0.24
<0.0001




DI*

SI((mU/L)* x min™)*
AUCgilycose (mmOI/L/lsomin)*
AUCinsyiin (Pmol/L/**min)”

Table 1.

807 (1840) 902(593)
2.28 (1.16;3.45) -0.07(-0.98;0.9)
1567 (176) -346 (196)
51612 (20701) 22600 (33848)

Table 1 Legend:

302(1115)
0.1 (-1.38;0.56)
-105 (208)
-1065 (28537)

766(824)
-0.37 (-1.84;1.68)
-241 (141)
23666 (33211)

30

30
30

NEFA model parameters and indices. Values are mean (SD). P-values without prefix “<” are exact values. NEFA,) initial concentration of NEFA in

plasma, Ry) initial concentration of glucose in remote compartments. k.) rate constant describing the movement of plasma glucose into the remote

compartment and the clearance of glucose from the remote compartment. Sg4) rate of provision of NEFA to the plasma pool; an estimate of lipolysis.

Krra) rate constant describing the rate at which NEFAs leave the plasma pool; an estimate of lipid oxidation. f;) a threshold in plasma glucose
concentration above which elevated levels of plasma glucose result after a delay of T (min), in entry of plasma into a remote compartment. LIP) the
rate of lipolysis and OX) net rate of oxidation of NEFA at time 0 and 180 min. T,;,) the time in minutes to NEFA,.q4i is reached. Lipolysisayc and Lipid

oxidationayc are changes in AUC during the 180 minutes (see Supplementary Appendix figure 3).” *) excerpts of data published previously in Diabetes,
Obesity and Metabolism (2017)® and AIRg, Dl and SI from MinMod Millenium analysis.®
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Figure 1) Time course of plasma NEFA. Dots are measured values (means) and lines are fitted values. Error bars denotes SEM. Red; start of placebo
period, Green; end of placebo period (AUC, p < 0.001). Brown; start of liraglutide period, Blue; end of liraglutide period (AUC, p < 0.0002). Difference
between placebo and liraglutide (AUC, p = 0.75). X-axis; minutes. Y-axis NEFA pmol/L. Detailed data are presented in Table 1.
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