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Avocatin B Protects Against Lipotoxicity and Improves
Insulin Sensitivity in Diet-Induced Obesity

Nawaz Ahmed, Matthew Tcheng, Alessia Roma, Michael Buraczynski, Preethi Jayanth,
Kevin Rea, Tariq A. Akhtar, and Paul A. Spagnuolo*

Scope: The effects of an avocado-derived fatty acid oxidation (FAO) inhibitor,
avocatin B (AvoB), on glucose and lipid metabolism in models of diet-induced
obesity (DIO) and in vitro models of lipotoxicity are evaluated. The safety of
its oral consumption in humans is also determined.
Methods and results: Mice are given high-fat diets (HFD) for 8 weeks.
Thereafter, AvoB or vehicle is administered orally twice weekly for 5 weeks.
AvoB inhibits FAO which led to improved glucose tolerance, glucose
utilization, and insulin sensitivity. AvoB’s effects on metabolism under
lipotoxic conditions are evaluated in vitro in pancreatic 𝜷-islet cells and C2C12
myotubes. AvoB inhibits FAO and increases glucose oxidation, resulting in
lowering of mitochondrial reactive oxygen species that improves insulin
responsiveness in C2C12 myotubes and insulin secretion in INS-1 (832/13)
cells, respectively. A randomized, double-blind, placebo-controlled clinical trial
in healthy human participants is conducted to assess the safety of AvoB
consumption (50 mg or 200 mg per day for 60 days). AvoB is well-tolerated
and not associated with any dose-limiting toxicity.
Conclusion: Therapeutic agents that are safe and effectively inhibit FAO and
improve DIO-associated pathologies are currently not available. AvoB’s
mechanism of action and favorable safety profile highlight its nutritional and
clinical importance.

1. Introduction

Diet-induced obesity (DIO) is a central risk factor for the onset
of metabolic complications like insulin resistance, type 2 dia-
betes (T2D) and cardiovascular diseases.[1–3] The mechanism(s)
by which lipotoxicity (i.e., elevated free fatty acids, FFAs) causes
metabolic dysfunction continues to be widely debated; however,
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Randle and colleagues[4] were the first
to show that metabolic flexibility, which
is the capacity of tissues to adapt fuel
oxidation to substrate availability,[5]

is heavily impaired in obese and di-
abetic patients. This led to a promi-
nent theory that insulin resistance is
driven by elevated rates of skeletal
muscle fatty acid oxidation (FAO; or
𝛽-oxidation).[6] Randle’s theory has been
challenged[7–11]; nonetheless, there is
a particular interest, given that FAO
is modifiable through drug-targeting,
in exploiting fatty acid metabolism
to improve metabolic complications
associated with DIO and lipotoxicity.
Incomplete mitochondrial FAO has

emerged as a key factor in skeletalmuscle
insulin resistance, as excess 𝛽-oxidation
in the post-prandial state gives rise to
incomplete FAO which produces lipo-
toxic acylcarnitines that impair carbohy-
drate utilization, deplete organic inter-
mediates of the tricarboxylic acid cycle,
and generates reactive oxygen species
(ROS).[12–15] In the pancreas, the site of in-
sulin synthesis and secretion, lipotoxicity

disrupts the glucose-fatty acid cycle in 𝛽-cells,[16,17] which im-
pairs glucose-stimulated insulin secretion (GSIS) resulting in
hyperinsulinemia in vitro and in vivo.[16,18–20] Therefore, in pe-
riods of lipotoxicity, diverting fuel source selection toward glu-
cose by inhibiting FAO in skeletal muscle and pancreatic 𝛽-cells
may improve insulin sensitivity and reduce hyperinsulinemia,
respectively.
Inhibiting FAO has indeed emerged as a potential thera-

peutic strategy in DIO[21–27]; however, safe and well-tolerated
small molecules that effectively target this metabolic pathway
are currently unavailable. Our lab recently discovered that the
avocado-derived lipid, avocatin B (AvoB), is a FAO inhibitor
that accumulates in mitochondria to induce leukemia cell apop-
tosis without imparting toxicity toward normal cells.[28] How-
ever, AvoB’s mechanism of FAO inhibition and/or metabolic
modulation in other tissue types has not been studied; there-
fore, we sought to examine if AvoB can ameliorate the effects
of lipotoxicity in both skeletal muscle and pancreatic tissue in
vitro and in vivo and also test its safety in a Phase I human
study.
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Figure 1. Effects of avocatin B (AvoB) in a treatment mouse model of DIO. A) Treatment study design schematic. Mice (N = 28) received either a
high-fat diet (HFD) or a low-fat standard diet (STD) for 8 weeks. At the end of week 8, mice were randomly divided into three groups: i) vehicle-STD
(STD); n = 10, ii) vehicle-HFD (HFD); n = 9, and iii) HFD mice treated with 100 mg kg−1 b.w., AvoB twice weekly (HFD+AvoB; n = 9). STD and HFD
mice were treated with vehicle-control twice weekly. B) Mouse weights at treatment study termination (week 13). C) Gonadal (right) and mesenteric
(left) fat pads (GFP and MFP) were excised and weighed upon study termination. D) Effect of AvoB on glucose tolerance. For GTT, an i.p. glucose
injection was administered, after which blood glucose levels were monitored at regular intervals for 90 min. E) Area under the curve (AUC) calculated
for the glucose excursion curve of the GTT. F) Effect of AvoB on whole body insulin sensitivity. For ITT, an i.p. insulin injection was administered, after
which blood glucose levels were monitored at regular intervals for 60 min. G) AUC calculated for the glucose excursion curve of the ITT. H) HOMA-IR
index, a measure of insulin resistance, was calculated as described in the Experimental Section. I) Plasma free fatty acids and J) plasma triacylglycerols
(TAG) were measured at endpoint from ad libitum animals. K) Native pyruvate dehydrogenase (PDH) activity in whole gastrocnemius muscle lysates
in the presence of phosphatase inhibitors was measured. L) Phosphorylation of Akt-Ser473 (a marker of insulin signaling) and CPT-1A enzyme protein
levels were assessed via western blot on gastrocnemius muscle lysates from ad libitum animals. Figure shows representative western blots for pAkt-
Ser473, total AKT, CPT-1A, and GAPDH (loading control); histograms represent fold change in pAkt-Ser473 and CPT-1A levels relative to STD mice. For
(B-C) data presented as mean weight ± S.D., *p < 0.05, **p < 0.01, unpaired, two-tailed, student’s t-test. For (E, G, H, and K) data represents mean
± S.D., N = 8–10 per group. *p < 0.05, **p < 0.01; ***p < 0.001, one-way ANOVA, Bonferroni’s post hoc test or Mann–Whitney U test, as appropriate.

2. Experimental Section

2.1. Preclinical Mouse Study

As a treatment study, 12-week-old male C57BL/6J mice were pur-
chased from Jackson Laboratory (Bar Harbor, ME) and allowed
to acclimatize for 1 week. After acclimatization, mice received ei-
ther a high-fat diet (HFD) (60% kcal from lard; Research Diet
D12492; Research Diets, USA) or a standard diet (STD; 10–13%
kcal from fat; Teklad 2014; Envigo,USA) for 8weeks. At the end of

week eight, animals continued on their respective diets but were
administered AvoB (100 mg kg−1 body weight [b.w.]) or vehicle
via gavage twice weekly for 5 weeks (see Figure 1A). AvoB was
formulated in a self-emulsifying drug delivery system (SEDDS)
as previously described[29] where the oil phase for both vehicle
and AvoB containing SEDDS comprised of Tween 80 (5% v/v;
Sigma, MO, USA) and a medium chain triglyceride oil: NeoBee
M5 (5% v/v; Gattefosse, St-Priest, France). Animal weights were
monitored twice weekly. At study completion, ad libitum ani-
mals were euthanized (10–12 h into their dark cycle) via CO2

Mol. Nutr. Food Res. 2019, 1900688 © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900688 (2 of 10)



www.advancedsciencenews.com www.mnf-journal.com

followed by exsanguination, after which tissue and blood was
collected.
All animal studies were carried in accordance to the regula-

tions of the Canadian Council on Animal Care (CCAC) and with
the approval of the Animal Care Committee at the University of
Guelph. Please refer to Section S1.1, Supporting Information,
for detailed descriptions of glucose and insulin tolerance tests,
measurement of complete blood counts and plasma or tissue
biochemical markers, insulin resistance index measurement cal-
culations, and gastrocnemius muscle pyruvate dehydrogenase
(PDH) activity.

2.2. In Vitro Studies

All methods related to in vitro studies are described in Section
S1.2, Supporting Information.

2.3. Statistical Analysis

Unless otherwise stated, in vitro results are presented as mean
± SEMwhereas in vivo results are presented as mean ± SD. Data
were analyzed with GraphPad Prism 6.0 (GraphPad Software,
USA) using one- or two-way ANOVA with Bonferroni’s or Dun-
nett’s post hoc analysis for between group comparisons. Stan-
dard student’s t-tests were also used where appropriate. p ≤0.05
was accepted as being statistically significant. Normality for all
data sets was verified by using the Shapiro-Wilk normality test
on GraphPad Prism 6.0 and non-parametric tests were used to
analyze some data as specified in their figure legends.

2.4. Avocatin B Oral Consumption Pilot Clinical Study

Our previous demonstrated that up to 200 mg of AvoB can be
present in the dry weight of one Hass avocado pulp.[30] As such, a
single centre, double-blind, placebo-controlled, randomized, pi-
lot clinical study was executed to determine the safety of con-
suming 50 (equivalent to consuming a quarter Hass avocado
pulp) or 200 mg (equivalent to consuming one Hass avocado
pulp) AvoB per day for 60 days in healthy human participants
(NCT03898505). Please refer to Section S1.4, Supporting Infor-
mation, for a description of AvoB and placebo supplement prepa-
ration and all clinical trial protocol specific details. All study pro-
tocols were approved by the research ethics board at the Univer-
sity of Guelph andHealth Canada’s Natural andNon-prescription
Health Products Directorate.

3. Results

3.1. AvoB Inhibits FAO and Improves Glucose Tolerance and
Insulin Sensitivity after DIO is Established in Mice

AvoB was assessed in vivo in a conventional treatment model of
DIO. C57BL/6J mice were given a standard (STD; 10–13% kcal
from fat) or HFD (60% kcal from fat) for a total of 12 weeks.

At week 8, AvoB (100 mg kg−1 b.w.) or vehicle control was ad-
ministered by oral gavage twice weekly for a total of 5 weeks
(Figure 1A). At study completion, HFD mice treated with AvoB
weighed significantly less than HFD-control mice (Figure 1B;
t(16) = 3.84, p < 0.01) with lower gonadal and mesenteric fat
pad (GFP and MFP) weights (Figure 1C; GFP: t(16) = 3.34;
p < 0.01; MFP: t(16) = 2.50; p < 0.05). AvoB had no effect on
blood markers of toxicity (Figure S1, Supporting Information).
HFD mice treated with AvoB had significantly improved glucose
tolerance compared to HFD-control mice (Figure 1D,E; F(2,25)
= 51.27; p < 0.0001) and also had greater insulin sensitivity (Fig-
ure 1F,G; F(2,23) = 6.37; p < 0.01). The homeostasis model as-
sessment index for insulin resistance (HOMA-IR) was increased
in HFD-control mice (Figure 1H) whereas AvoB-treated-HFD
mice had HOMA-IR index values comparable to lean, STD mice
(Figure 1H; F(2,25) = 17.22; p < 0.0001). AvoB treatment also in-
creased plasma levels of FFA (Figure 1I; U= 0, p< 0.001) and tria-
cylglyercols (TAG) (Figure 1J; U= 0, p< 0.001) in ad libitummice
compared to control-HFD ad libitum mice, which together are
indirect indicators of decreased whole body FAO and increased
glucose utilization as has been previously reported.[24,25,31] The
plasma FFA and triacylglycerol levels of ad libitum lean mice on
standard diets were observed to be higher than HFD-mice due to
significant differences in carbohydrate and fat content of the two
diets.
The activity of muscle PDH (a mitochondrial enzyme that fa-

cilitates pyruvate oxidation to acetyl-CoA) is suppressed in DIO
due to excessive FAO which impairs the balance between fatty
acid and glucose oxidation.[32] Given its role in the measure of
metabolic flexibility in obese and diabetic patients[33,34] and in
mouse models of DIO,[35] we quantified native PDH activity in
skeletal muscle excised from ad libitum mice at endpoint. HFD-
control mice had decreased gastrocnemius muscle and native
PDH activity consistent with elevated FAO. In contrast, PDH
activity in AvoB-treated-HFD mice was restored to that of lean,
STD mice (Figure 1K; F(2,25) = 9.235, p < 0.001) suggesting
higher glucose oxidation in AvoB-treated-HFD mice. In addi-
tion to higher PDH activity, AvoB-treated-HFD mice also had in-
creased phosphorylation of AKTSer473, a keymarker of insulin sig-
naling, in gastrocnemius muscle compared to HFD-control mice
(Figure 1L). Furthermore, HFD-control mice had higher protein
levels of CPT-1A in gastrocnemius muscle compared to AvoB-
treated-HFD mice, which eludes to higher post-prandial glucose
utilization in AvoB-treated-HFD mice and higher rates of FAO
in HFD-control mice (Figure 1L). Collectively, these results sug-
gest AvoB inhibited whole body FAO and altered skeletal muscle
substrate preference from fatty acids to glucose thereby reversing
insulin resistance in a treatment model of DIO.

3.2. AvoB Inhibits FAO during Lipotoxicity in Pancreatic 𝜷-Islet
Cells Which Improves Glucose Stimulated Insulin Secretion

To determine the mechanism by which AvoB ameliorates mi-
tochondrial lipid overload (i.e., lipotoxicity), we first confirmed
its ability to inhibit FAO in pancreatic 𝛽-cells (INS-1 (832/13)
in the presence of excess lipids that cause mitochondrial
dysfunction but not cell death (i.e., >250µM palmitate-BSA
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Figure 2. AvoB inhibits fatty acid oxidation (FAO) in INS-1 (832/13) cells which ameliorates effects of lipotoxicity and improves glucose stimulated
insulin secretion. A) INS-1 (832/13) cells were treated for 24 h with 0.5% BSA/1 mm l-carnitine (Control) or 0.5 mm palmitate-BSA/1 mm l-carnitine
(PA) or PA+ 25 µm AvoB (AvoB+PA) or PA+ 100 µm etomoxir (ETO+PA) in low-glucose (5.5 mm)media. After 24 h, FAO was determined by measuring
[14C] incorporation into CO2 and acid solublemetabolites (ASMs), representing complete and incomplete oxidation, respectively. B) Palmitate supported
oxygen consumption rate (OCR) was measured using high-resolution respirometry (HRR) in INS-1 (832/13) cells treated as described in (A) except with
0.25 mm palmitate-BSA/1 mm l-carnitine; basal, uncoupled (oligomycin addition), and maximal uncoupled (FCCP + pyruvate addition) respiration was
assessed. C) INS-1 (832/13) cells were treated for 24 h as described in (A) and glucose oxidation was determined by measuring [14C] incorporation
into CO2 representing complete glucose oxidation. D) To indirectly assess metabolic flexibility toward glucose utilization, OCR was measured using
HRR in INS-1 (832/13) cells treated as described in (A) except with 0.25 mm palmitate-BSA/1 mm l-carnitine for 24 h. After treatment, cells were
trypsinized, collected, and subjected to d-glucose addition (10 mm) for 15 min prior to HRR measurements; basal, uncoupled, and maximal uncoupled
respiration was assessed as described in (C). E) INS-1 (832/13) cells were treated for 24 h as described in (A) and GSIS assay was performed where
insulin secreted into media (KRB) was quantified using an ELISA kit. Insulin in KRB was normalized to total protein content as described in Experimental
Section. F) Data from (E) presented as the glucose-dependent insulin secretory index (GSIS16/3), defined as the ratio between the insulin secretion at
16 mm (stimulatory, surrogate to postprandial glucose levels) and 3 mm (basal, surrogate to fasting glucose levels) glucose. G) Mitochondrial ROS
was measured in INS-1 (832/13) cells treated as described in (A) using MitoSOX Red. H) Mitochondrial membrane potential was measured in INS-1
(832/13) cells treated as described in (A) using JC-1 dye. I) Total cellular ATP content was measured in INS-1 (832/13) cells treated as described in (A).
J) Cytoplasmic Ca2+ was measured in INS-1 (832/13) using Fluo-3AM dye. Cells were treated as described in (A) and with 10 µm TMB-8 (endoplasmic
reticulum calcium blocker) or 25 nm cyclosporin (mitochondrial calcium blocker) in the presence of PA. K) Phosphorylation of AMPK𝛼 (Thr-172), and
peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1alpha (PGC-1𝛼) protein levels were assessed via western blot on INS-1 (832/13)
cells treated as described in (A) and also with 2.5 µm rosiglitazone (RGZ). Figure shows representative western blots for pAMPK𝛼-Thr172, total AMPK𝛼,
PGC-1𝛼, and GAPDH (loading control); histograms (right) represent fold change in pAMPK and PGC-1𝛼 levels relative to vehicle control. Data represent
means ± SEM from three independent experiments performed in triplicate. Two- or one-way ANOVA with Sidak’s or Dunnett’s post hoc test performed
with *p < 0.05; ***p < 0.001; ****p < 0.0001 versus vehicle control.

(PA-BSA) with 1 mM l-carnitine for 24 h; herein referred to
as lipotoxic conditions; Figure S2, Supporting Information).
In 𝛽-cells, AvoB inhibited complete FAO, as determined by
measuring [1-14C]-palmitate oxidation to CO2 (Figure 2A; F(3,16)
= 46.76; p < 0.0001), and did not increase levels of acid soluble

metabolites (ASM), an indicator of incomplete FAO (Figure 2A;
F(1,16) = 55.59; p < 0.0001). FAO inhibition under lipotoxic
conditions was also tested using high-resolution respirome-
try (HRR) where AvoB inhibited palmitate supported basal
and maximal-uncoupled respiration in INS-1 (832/13) cells
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(Figure 2B; F(6,24) = 14.44; p < 0.0001; see Figure S3A, Sup-
porting Information, e.g., HRR oxygraphs). AvoB imparted
this activity at concentrations fourfold lower than etomoxir
(ETO), a conventional FAO inhibitor used as a positive con-
trol, and had no effect on cell viability (Figure S2, Supporting
Information).
To determine whether AvoB-induced inhibition of FAO could

increase glucose utilization in INS-1 cells, we measured oxida-
tion of d-[14C(U)]-glucose to CO2. Under lipotoxic conditions,
AvoB caused greater glucose oxidation compared to cells treated
with palmitate only (Figure 2C; F(3,8) = 77.25, p < 0.0001). We
confirmed this effect using HRR, where 𝛽-cells were incubated
under high-fat/low-glucose conditions in the presence or ab-
sence of AvoB for 24 h and then challenged with 10 mm glucose
for 15 min prior to injection into the respirometer. Addition of
glucose, in the presence of AvoB, increased basal and maximal
respiration compared to the palmitate-only control (Figure 2D;
F(2,24) = 10.81; p < 0.0001; see Figure S3C, Supporting In-
formation, for HRR oxygraphs). These results demonstrate that
AvoB inhibits FAO and increases glucose utilization in pancreatic
tissue.
Lipotoxicity desensitizes 𝛽-islet cells to glucose resulting in re-

duced GSIS and hyperinsulinemia; hallmarks of obesity and in-
sulin resistance.[16,18–20] To further understand themechanism by
which AvoB-induced FAO inhibition improves insulin sensitiv-
ity in vivo, we determined its effect on GSIS, generation of mito-
chondrial superoxide, cellular ATP levels along with cytosolic cal-
cium levels in INS-1 cells. Lipotoxicity blunted GSIS (Figure 2E;
p< 0.0001); a phenotype that was rescued in the presence of AvoB
(Figure 2E; p < 0.001; Figure 2F; p < 0.001). AvoB also lowers
palmitate-induced increases in mitochondrial superoxide levels
(Figure 2G; F(2,12) = 11.69, p = 0.0015)and mitochondrial mem-
brane potential (MMP) (Figure 2H; F(1,12) = 109.9, p = 0.001).
AvoB restores total cellular ATP content in palmitate challenged
cells to control levels (Figure 2I; F(9,20) = 8.52, p < 0.0001). To-
gether, these results are indicative of AvoB’s ability to restore ox-
idative metabolism and improve efficiency of the electron trans-
port system.
Chronic exposure to excess palmitate can alter calcium home-

ostasis and cause calcium leak from the endoplasmic reticulum
into the cytosol which perturbs GSIS.[36] Consistent with these
findings, palmitate treated cells had increased cytosolic Ca2+

levels under non-stimulatory glucose conditions where AvoB,
ETO and the endoplasmic reticulum calcium blocker, TMB-8
were able to reduce cytosolic Ca2+ (Figure 2J; F(7,16) = 23.08,
p < 0.0001). These results provide direct support to the observa-
tion that in lipotoxicity GSIS was higher in the presence of the
FAO inhibitors (i.e., AvoB and ETO). Last, the effects of AvoB in
INS-1 cells were determined to be independent of AMP-activated
protein kinase (AMPK) activation (Figure 2K) and mitochon-
drial biogenesis, which was assessed by measuring protein lev-
els of peroxisome proliferator-activated receptor-gamma coacti-
vator (PGC)-1alpha (PGC-1𝛼; Figure 2K) and the fluorescent dye
NAO (Figure S4A, Supporting Information). Collectively, these
results demonstrate that AvoB acts as a metabolic modulator to
restore GSIS in pancreatic 𝛽-islet cells under lipotoxic conditions
by inhibiting FAO that improves glucose utilization, mitochon-
drial oxidative stress, and calcium homeostasis.

3.3. AvoB Inhibits FAO during Lipotoxicity in C2C12 Myotubes
Which Improves Insulin Signaling

Skeletal muscle accounts for approximately 70% of whole body
glucose disposal[37]; thus, the interplay between pancreatic in-
sulin secretion and skeletal muscle glucose utilization is key to
whole-body insulin sensitivity. Similar to INS-1 cells, AvoB in-
hibited complete FAO in C2C12 myotubes (Figure 3A; F(3,20) =
24.64; p < 0.0001) and did not increase incomplete FAO as as-
sessed by ASM levels (Figure 3A; F(1,20) = 61.69; p < 0.0001).
Inhibition of FAO in C2C12 myotubes was further confirmed
with HRR where AvoB inhibited palmitate supported basal and
maximal-uncoupled respiration (Figure 3B; F(6,24) = 6.074;
p< 0.001; see Figure S3B, Supporting Information, for HRR oxy-
graphs). Consistent with the known effects of FAO inhibition,
AvoB increased basal and insulin stimulated glucose oxidation in
C2C12myotubes in the presence of excess palmitate asmeasured
by oxidation of d-[14C(U)]-glucose to CO2 (Figure 3C; F(3,16) =
5.284, p < 0.01) and HRR (Figure 3D; F(2,24) = 6.978, p < 0.004;
see Figure S3D, Supporting Information, for HRR oxygraphs).
Products of incomplete FAO have been shown to directly in-

hibit insulin signaling in skeletal muscle,[12,38] thus, we evalu-
ated if AvoB induced FAO inhibition under lipotoxic conditions
in C2C12 myotubes would restore or improve insulin signaling.
AvoB was able to restore the suppressive effects of lipotoxicity
on insulin stimulated phosphorylation of AKTSer473 (Figure 3E;
F(3,16) = 11.58; p < 0.0003), and also reduce palmitate induced
phosphorylation of mitogen-activated protein kinases (MAPK):
ERK1/2 and P38 (Figure 3E). Consistent with improving glu-
cose oxidation and reducing the attenuation of insulin signaling
under lipotoxic conditions, AvoB also increased glucose uptake
compared to palmitate only treated cells as measured using the
fluorescent glucose analogue, 2-NDBG, which accumulates via
the skeletal muscle dominant glucose transporter, glucose trans-
porter 4[39] (Figure 3F; F(2, 17) = 16.03; p < 0.001).
Similar to observations in INS-1 cells, AvoB lowers palmi-

tate induced increases in mitochondrial superoxide levels
(Figure 3G; F(2,12) = 4.644, p < 0.05) and MMP (Figure 3H;
F(1.12) = 83.56, p < 0.0001) in C2C12 myotubes. AvoB also re-
stored cellular ATP content to that of control cells (Figure 3I; F(9,
20) = 2.951, p = 0.021) suggesting restoration of mitochondrial
function under lipotoxic conditions. Consistent with previous
literature on metabolic modulation in DIO, the PDH kinase
inhibitor, dichloroacetate (DCA)[40] restored cellular ATP content
(Figure 3I) and insulin signaling (Figure 3J) whereas the partial
FAO inhibitor trimetazidine (TRI) did not exert such effects.[31]

Finally, the effects of AvoB in C2C12 myotubes were determined
to be independent of AMPK activation and mitochondrial
biogenesis (Figure 3K; Figure S4B, Supporting Information).
Collectively, AvoB reduces the negative impact of lipotoxicity

on insulin signaling in C2C12myotubes by improvingmitochon-
drial function and increasing glucose uptake and oxidation.

3.4. AvoB was Well-Tolerated in a Pilot Clinical Study

A combination of dose-limiting toxicities and lack of speci-
ficity have prevented the clinical use of currently available FAO
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Figure 3. AvoB inhibits fatty acid oxidation in C2C12 myotubes which ameliorates effects of lipotoxicity and improves insulin signaling. A) C2C12
myotubes were treated for 24 h with 0.5% BSA/1 mm l-carnitine (Control) or 0.5 mm palmitate-BSA/1 mm l-carnitine (PA) or PA + 25 µm AvoB
(AvoB+PA) or PA + 100 µm etomoxir (ETO+PA) in low-glucose media. After 24 h, FAO was determined by measuring [14C] incorporation into CO2 and
acid soluble metabolites (ASMs), representing complete and incomplete oxidation, respectively. B) Palmitate supported oxygen consumption rate (OCR)
was measured using high-resolution respirometry (HRR) in C2C12 myotubes treated as described in (A) except with 0.25 mm palmitate-BSA/1 mm l-
carnitine; basal, uncoupled (oligomycin addition), and maximal uncoupled (FCCP + pyruvate addition) respiration was assessed. C) C2C12 myotubes
were treated as described in (A). After 24 h, glucose oxidation was determined in insulin stimulated and non-insulin stimulated (basal) conditions
by measuring [14C] incorporation into CO2 representing complete glucose oxidation. D) Metabolic flexibility toward glucose utilization was measured
using HRR in C2C12 myotubes treated as described in (A) except with 0.25 mm palmitate-BSA/1 mm l-carnitine for 24 h. After treatment, cells were
trypsinized, collected, and subjected to d-glucose addition (10 mm) for 15 min prior to HRR measurements; basal, uncoupled, and maximal capacity
for electron flux (by FCCP-uncoupling) were then assessed. E) C2C12 myotubes treated as described in (A) after which myotubes were starved and
stimulated with 100 nm insulin for 30 min prior to lysis for western blot. Insulin signaling was measured by assessing phosphorylation of Akt-Ser473.
Inflammatory stress was assessed by phosphorylation of ERK1/2 and phosphorylation of P38. Figure shows representative western blots for pAkt-Ser473,
total AKT, pERK1/2, total ERK, pP38, total p38, and GAPDH (loading control); histograms (right) represent fold change in pAkt-Ser473, pERK1/2, and
pP38 relative to vehicle control (basal). F) Insulin stimulated glucose uptake was measured using the fluorescent glucose analogue 2-NDBG via flow
cytometry in C2C12 myotubes treated as described in (A). Data presented as percentage incorporated 2-NDBG relative to control. G) Mitochondrial
ROS was measured using MitoSOX Red in C2C12 myotubes treated as described in (A). H) Mitochondrial membrane potential was measured in C2C12
myotubes treated as described in (A) using JC-1 dye. I) Total cellular ATP content was measured in C2C12 myotubes treated as described in (A) as well as
with two other metabolic modulators: 1 mmDichloroacetate (DCA), and 25 µm trimetazidine (TRI) in the presence or absence of PA. J) The effect of DCA
and TRI on insulin signaling (pAkt-Ser473) in C2C12 myotubes was also assessed via western blot as described for (E). K) Phosphorylation of AMPK𝛼
(Thr-172) and peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1alpha (PGC-1𝛼) protein levels were assessed via Western Blot on
C2C12 myotubes treated as described in (A) and also with 1 mmmetformin (MET). Figure shows representative western blots for pAMPK𝛼-Thr172, total
AMPK𝛼, PGC-1𝛼, and GAPDH (loading control); histograms (right) represent fold change in pAMPK and PGC-1𝛼 levels relative to vehicle control.
Data represent means ± SEM from three independent experiments performed in triplicate. Two- or one-way ANOVA with Sidak’s or Dunnett’s post hoc
test performed with *p < 0.05; ***p < 0.001; ****p < 0.0001 versus vehicle control.
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Table 1. Characteristics of participants in placebo, low dose, and high dose
group at baseline.

Baseline characteristic Placebo Low dose
avocatin B

[50 mg per day]

High dose
avocatin B

[200 mg per day]

Number of participants 10 10 10

Ratio of male to female [%] 60:40 40:60 30:70

Mean age [years] 30.3 ± 10.1 24.4 ± 3.9 30.5 ± 11.4

Mean body weight [kg] 74.4 ± 14.8 73.4 ± 15.0 69.8 ± 11.2

Mean BMI [kg m−2] 24.3 ± 3.8 25.0 ± 3.6 22.3 ± 1.4

Average hours exercise per week [h] 4.6 ± 2.9 5.4 ± 3.8 4.6 ± 2.4

Table 2. Summary of adverse events.

Adverse event Placebo Low dose
avocatin B

[50 mg per day]

High dose
avocatin B

[200 mg per day]

Number of participants 10 10 10

Abdominal distention/bloating
(Grade I)

4 (40%) 5 (50%) 4 (40%)

Diarrhea (Grade I) 1 (10%) 1(10%) 1(10%)

Nausea (Grade I) 2 (20%) 2 (20%) 3 (30%)

Hand–foot skin rash (Grade I) 0 (0%) 0 (0%) 3 (30%)*

*p < 0.05 versus placebo

inhibitors for the treatment of Diabetes or obesity.[41] Thus, as a
first step in assessing AvoB’s potential clinical utility, a Phase I pi-
lot study (NCT03898505) was undertaken to determine the safety
of its general use. Here, 50 or 200 mg (equivalent to consum-
ing a quarter or one Hass avocado) per day or placebo was con-
sumed for 60 days and serological and physiological assessments
were measured at baseline (day 0) and days 30 and 60 (see Figure
4A for study schematic, Table 1 for participant baseline charac-
teristics and Figure S5, Supporting Information, for supplement
description). Analysis of adverse events (AE) revealed that AvoB
was generally well-tolerated with minor gastrointestinal issues
noted across all groups (Table 2). Three participants in the high
dose group developed a skin rash 2 weeks into supplementation.
While this resolved after 1 week of supplement discontinuation,
one participant resumed supplementation to day 30 whereas two
withdrew from the study prior to day 30 (see Figure S6, Sup-
porting Information, for trial CONSORT diagram of participant
flow). Supplementation with AvoB had no effect on several blood
markers of kidney, liver, and muscle toxicity (Figure 4B–E) or
complete blood counts (Figure S7, Supporting Information) com-
pared to placebo. Levels of all safety markers were within normal
reference ranges as reported by the third-party diagnostic labo-
ratory (LifeLabs Canada) that performed the blood analysis. In-
terestingly, we observed a trend where decreases in body weight
were noted in both AvoB supplemented groups between baseline
and day 30 relative to placebo (Figure 4F). Even though the trend
in weight change was not statistically significant, due to the small
sample size (p = 0.10), it is likely that future and larger Phase II
efficacy studies will be able to link human supplementation with
the noted preclinical activity of AvoB on body weight. No clini-
cally relevant changes from baseline in body mass index or gly-

cated hemoglobin (HbA1c) were observed in either AvoB treated
groups compared to placebo (Figure 4G–H). Overall, the results
of this pilot clinical study highlight the translational relevance,
potential bioactivity, and favorable safety profile of AvoB.

4. Discussion

High dietary fat intake has long been associated with insulin re-
sistance and studies directly point to mitochondria of metaboli-
cally active tissues as a central therapeutic target. While our find-
ings are unable to reconcile the current controversy on whether
HFD-induced insulin resistance precedes or is followed by mito-
chondrial dysfunction, our results clearly point toward a shift in
metabolic substrate preference as being an importantmediator of
insulin sensitivity. These findings are in agreement with a grow-
ing body of literature supporting FAO inhibition as a strategy
in the management of DIO-induced insulin resistance.[23,42] The
most compelling evidence in support of excess FAO contribut-
ing to the pathophysiology of HFD-induced insulin resistance is
from transgenic studies where mice engineered to increase flux
through FAO develop insulin resistance. In contrast, transgenic
mice with limited FAO capacity challenged with HFDs had nor-
mal insulin sensitivity.[12,43–45]

Accelerating FAO as a means to process excess FFAs has
been proposed as a therapeutic strategy to overcome nutri-
ent overload.[46–51] However, these studies question the tradi-
tional view of the Randle cycle in skeletal muscle and ar-
gue that impaired glucose oxidation is a direct result of de-
fective insulin stimulated glucose uptake, neither of which is
related to increased FAO.[10,11] More recent studies however
point to nutrient overload causing pathologies as a result of
high rates of incomplete FAO (that produce lipotoxic acyl car-
nitines) and/or increases in oxidative stress (i.e., excessive ROS
production).[1,12] Moreover, HFDs cause insulin resistance in ro-
dents while increasing skeletal muscle mitochondrial biogen-
esis and 𝛽-oxidation[35,52] where induced alterations in skeletal
muscle mitochondrial structure and function occur only after
the onset of insulin resistance.[53] In further support of this are
key observations that skeletal muscle oxidative capacity is far
in excess of the energy demands of resting muscle[54] and that
despite reductions in mitochondrial content observed in obese
and diabetic patients, insulin-resistant skeletal muscle have nor-
mal mitochondrial function.[55,56] Our study further adds to this
literature[12,24–26,31,46] in showing that FAO inhibition following
DIO-induced mitochondrial dysregulation is a viable therapeutic
strategy to improve, and even, restore insulin sensitivity.
The ability of avocado-derived AvoB to inhibit FAO, lower ROS

and improve glucose oxidation under conditions of lipotoxicity
highlights the Randle cycle as an important mediator of insulin
resistance. The interplay between pancreatic 𝛽-cell insulin se-
cretion and skeletal muscle glucose uptake is often underplayed
in scientific literature, likely owing to the larger role of skele-
tal muscle in absorbing systemic glucose. To our knowledge,
no study to date has examined the effects of small molecule-
induced FAO inhibition on glucose oxidation or insulin secretion
in pancreatic tissue. Importantly, a pilot in vivo study to assess
pharmacokinetics showed accumulation of AvoB in both skeletal
muscle (soleus and gastrocnemius) and pancreas following oral
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Figure 4. AvoB does not impart toxicity after human oral consumption. A) Schematic of clinical study design. Healthy human participants consumed
placebo, low dose AvoB or high dose avocatin B supplement once per day for 60 days. Participants dropped out of the study at different times as denoted
by the “N” value at day 0, 30, or 60 of the clinical trial. Mean changes between day 30–day 0 and day 60–day 0 are presented for B) total bilirubin, C)
alanine aminotransferase (ALT), D) creatinine, E) creatine phosphokinase, F) body weight, G) body mass index (BMI), H) glycated hemoglobin (HbA1c).
Data expressed as mean ± S.D., Kruskal–Wallis: One-way analysis of variance on ranks.
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administration (unpublished data). Our study shows that AvoB
inhibits excessive FAO in 𝛽-cells which improves mitochondrial
glucose oxidation and restored GSIS (i.e., through improved mi-
tochondrial function and reduced ER calcium leak). These im-
provements in pancreatic 𝛽-cell function alongwith the improved
insulin sensitivity in skeletal muscle likely combine to contribute
to the beneficial whole-body insulin responsiveness and glucose
tolerance observed in vivo. AvoB did not effect incomplete FAO in
both INS-1 and C2C12 myotubes. This is critical to AvoB’s favor-
ablemechanism of action given previous work suggests reducing
ROS or incomplete FAO is key to reversing insulin resistance in
DIO.[1,12,15] Collectively, and in keeping with Randle’s original hy-
pothesis of the mutually exclusive fuel selection process between
glucose and fatty acid substrates, inhibiting and not accelerating
FAO by the addition of molecules like AvoB is key to increasing
glucose utilization and reversing insulin resistance.
The preclinical findings reported in this work also warrant

further investigation on AvoB’s mechanism of action. First, de-
termining the inhibitory effects of AvoB and its individual con-
stituents (avocadene and avocadyne) on all enzymatic steps of
the mitochondrial 𝛽-oxidation pathway in muscle and pancre-
atic cells in vitro and in vivo is important to define a structure-
function relationship. Our initial report that AvoB accumulates in
mitochondria to induce cell death in leukemia cell lines indepen-
dent of CPT-1[28] suggests AvoB targets a specific enzymatic step
of the 𝛽-oxidation pathway. Second, AvoB’s effects on peroxiso-
mal FAO (a key organelle interconnected with mitochondria[57])
need to be determined as peroxisomal FAO and lipotoxicity are
strongly correlated in muscle[45] and 𝛽-islet cells.[58]

AvoB was well tolerated in mouse and human studies which
makes it superior to conventional FAO inhibitors that impart
dose-limiting toxicities such as ETO.[59,60] Other pharmacologi-
cal agents that directly or indirectly inhibit FAO have shown a
wide-range of protective benefits in DIO[24,25,31,61]; however, these
are limited by their variable preclinical effectiveness, availability,
and/or lack of clinical testing. Indeed, ranolazine, a partial FAO
inhibitor used to treat angina, was recently approved for use in
combination therapies for obesity and diabetes; however; its ben-
eficial activity is primarily in the liver via amechanismnot related
to FAO.[27,31,62] Moreover, these pharmacological agents have no
reported activity in pancreatic tissue, the site of insulin secretion.
In this study, we directly link FAO inhibition with improved in-
sulin sensitivity through increased glucose utilization and mod-
ulation of ROS using a novel small molecule that imparts activity
in both pancreatic and skeletal muscle tissue. In a Phase I study,
AvoB exerted no toxicity. Taken together, throughmetabolic mod-
ulation, avocado-derived AvoB has potential clinical utility and
warrants further development as an agent for the treatment of
obesity and associated metabolic disorders.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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