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Abstract

Purpose Fatty acid esters of hydroxy fatty acids (FAHFASs) are a large family of endogenous bioactive lipids. To date, most
of the studied FAHFAs are branched regioisomers of Palmitic Acid Hydroxyl Stearic Acid (PAHSA) that were reported to
possess anti-diabetic and anti-inflammatory activity in humans and rodents. Recently, we have demonstrated that 9-PAHPA
or 9-OAHPA intake increased basal metabolism and enhanced insulin sensitivity in healthy control diet-fed mice but induced
liver damage in some mice. The present work aims to explore whether a long-term intake of 9-PAHPA or 9-OAHPA may
have similar effects in obesogenic diet-fed mice.

Methods C57BI16 mice were fed with a control or high fat-high sugar (HFHS) diets for 12 weeks. The HFHS diet was sup-
plemented or not with 9-PAHPA or 9-OAHPA. Whole-body metabolism was explored. Glucose and lipid metabolism as
well as mitochondrial activity and oxidative stress status were analyzed.

Results As expected, the intake of HFHS diet led to obesity and lower insulin sensitivity with minor effects on liver param-
eters. The long-term intake of 9-PAHPA or 9-OAHPA modulated favorably the basal metabolism and improved insulin
sensitivity as measured by insulin tolerance test. On the contrary to what we have reported previously in healthy mice, no
marked effect for these FAHFAs was observed on liver metabolism of obese diabetic mice.

Conclusion This study indicates that both 9-PAHPA and 9-OAHPA may have interesting insulin-sensitizing effects in obese
mice with lower insulin sensitivity.

Keywords FAHFA - Basal metabolism - Insulin sensitivity - Liver steatosis - Mitochondria - Oxidative stress mice

Introduction

The burden of nutrition-related chronic diseases is rapidly
increasing worldwide [1]. It is well known that the excessive
energy consumption and the reduction of physical activity
are determining factors in the prevalence of these diseases.

Electronic supplementary material The online version of this
article ( ) contains
supplementary material, which is available to authorized users.

P Christine Feillet-Coudray 4 INSERM, U1194, Network of Experimental Histology,

christine.coudray @inrae.fr BioCampus, CNRS, UMS3426, Montpellier, France
5 . . . .

1" DMEM, INRAE, Univ Montpellier, Montpellier, France ?rl;(nlg/iarsellle Univ, INSERM, INRAE, C2VN, Marseille,

2 . . A
InsFltut l.)f:s Blomolecu}es Max Mousseron (IBMM), . 6 Department of Metabolism of Bioactive Lipids, Institute
Université de Montpellier, CNRS, ENSCM, Montpellier, . . .
France of Physiology of the Czech Academy of Sciences, Videnska

1083, 142 20 Prague, Czech Republic
3 LNC UMRI1231, INSERM, Univ Bourgogne Franche-Comté,
Agrosup Dijon, LipSTIC LabEx, Dijon, France


http://orcid.org/0000-0001-8420-2811
http://crossmark.crossref.org/dialog/?doi=10.1007/s00394-020-02391-1&domain=pdf
https://doi.org/10.1007/s00394-020-02391-1

An energy-rich diet such as a diet high in fats and sugars,
combined with sedentarily, may induce an energy imbal-
ance responsible for weight gain and obesity. Overweight
and obesity are the main causes of the development of meta-
bolic disorders such as type 2 diabetes, hepatic steatosis and
cardiovascular diseases, which can lead to significant mor-
bidity and mortality [2]. Recently, the International Diabetes
Federation estimated that 463 million people in 2019 were
affected diabetes worldwide, representing approximately 4.2
million deaths and an estimated $760 billion in health care
costs [3, 4]. Non-alcoholic fatty liver disease (NAFLD) is
an other emerging global health issue which represents a
potential risk factor for insulin resistance and type 2 diabetes
[5]. Indeed, over 75% of patients with type 2 diabetes are
afflicted of NAFLD [6].

Recently, Branched Fatty Acid esters of Hydroxy Fatty
Acids (FAHFAs), a class of endogenous bioactive lipids in
mammals, has emerged as a new opportunity of treatment
for diabetes and inflammatory diseases. FAHFAs are pre-
sent in many foods [7, 8]. As there are naturally many fatty
acids (FAs) and many hydroxylated fatty acids (HFAs), mul-
tiple possible combinations exist and about 50 families of
FAHFAs have been recently identified [7, 9]. Interestingly,
important biological effects of some FAHFAs have been
reported. In particular, 5-PAHSA and 9-PAHSA have been
shown to have anti-diabetic and anti-inflammatory activ-
ity in humans and rodents [7, 10]. We have also recently
reported that the long-term intake of 9-PAHPA or 9-OAHPA
increased basal metabolism and insulin sensitivity in healthy
mice fed a control diet [11]. However, there are still many
questions about the biological roles of others FAHFAs in
different physio-pathological states.

The objective of this work was to explore whether a long-
term intake of 9-PAHPA or 9-OAHPA may induce similar
effects in obesogenic diet-fed mice. To address this ques-
tion, C57B16 mice were fed for 12 weeks with a high fat-
high sugar (HFHS) diet supplemented with 9-PAHPA or
9-OAHPA and whole-body metabolism was explored with
a particular focus on the liver functions as a key metabolic
organ regarding insulin action, glucose production and its
homeostatic control.

Materials and methods
Animals and diets

Forty 6-week-old male C57BL/6 J mice (Charles River,
L’Arbresle, France), weighing about 22 g, were housed
(5 per cage) under conditions of constant temperature
(20-22 °C), humidity (45-50%) and a standard dark cycle
(20.00-08.00 h). The mice were randomized, according to
their initial weight, into four groups of ten animals and fed

for 12 weeks with one of the four following semi-purified
diets: (1) control diet, (2) HFHS diet, (3) HFHS + 9-PAHPA,
(4) HFHS +9-OAHPA.

The detailed composition of the diets is given in the sup-
plementary Table 1. The control diet contains 5% lipids as a
mixture of rapeseed oil, high oleic sunflower oil, sunflower
oil and linseed oil (oil mixture of Carrefour), the HFHS diets
contain 25% lipids (5% of a mixture of rapeseed oil, high
oleic sunflower oil, sunflower oil and linseed oil and 20% of
lard) and 30% sucrose. The lipid fraction of the control diet
was composed of 12.2% saturated fatty acids (SFA), 60.6%
monounsaturated fatty acids (MUFA) and 27.3% polyun-
saturated fatty acids (PUFA) and that of the HFHS diet was
composed of 30.4% SFA, 53.4% MUFA and 16.3% PUFA
(supplementary Table 2).

The 9-PAHPA (molecular mass =510.5) or the 9-OAHPA
(molecular mass =537) was incorporated into the diet
after dissolution in the combined table oils (oil mixture of
Carrefour) and the final content of each FAHFA was set
at 300 umol/kg diet. For a mouse of 25 g that eats about
2.5 g diet/day, this corresponds to a FAHFA intake of about
30 pmol/day/kg b.w. of mice (i.e., about 15 mg/day/kg). The
administered dosage of the studied FAHFAs was based on
the work of Yore et al. 2014 [7] as well as on the recent work
of Paluchova et al. 2019 [12]. The synthesis of 9-PAHPA
and 9-OAHPA was performed using our previously reported
procedure [13].

Throughout the study, mice were given free access to tap
water and to their respective diets. Mice body weight was
followed weekly and food consumption was determined
every 2 days (during the week) or 3 days (the week-end).
Our institution guidelines for the care and use of labora-
tory animals were observed and all experimental procedures
were approved by the local ethical committee in Montpellier,
France (Reference APAFIS#12759-2017121912214385). A
detailed scheme of the study design is provided in Fig. 1.

Body composition and metabolic analyses

Mice whole-body composition (fat and lean masses) was
measured every 2 weeks throughout the study using an
EchoMRI-700 whole-body composition analyzer (Echo
Medical Systems, Houston, TX), according to the manufac-
turer’s instructions.

Oxygen consumption and carbon dioxide production were
measured using a Comprehensive Lab Animal Monitoring
System (CLAMS) (Columbus Instruments, Columbus, OH).
Mice were housed in individual cage inside a controlled
cabinet. Mice were acclimatized individually in metabolic
cages at 22 °C with ad libitum access to food and water for
24-h, prior to a 24-h period of automated recordings. Sam-
pled air from individual cages was passed through sensors
to determine O, and CO, content. Sensors were calibrated
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Fig.1 Design of the study. Forty 6-week-old male C57BL/6 were
fed for 12 weeks either a control diet, a high fat-high sucrose diet
(HFHS), a HFHS diet+9-PAHPA or a HFHS diet+9-OAHPA.
Whole body composition was measured every 2 weeks using an
EchoMRI-700 analyzer. Mice oxygen consumption and carbon diox-
ide production were measured using a Comprehensive Lab Animal

before each experiment with commercial gas mixtures of
accurately determined composition (20.5% 02, 0.5% CO2
and 79% N2). Volume of O, (VO,) and VCO, were meas-
ured 111 times in about 24 h. The respiratory exchange ratio
(RER) was calculated as the volume of CO, vs. volume of
0, (VCO,/VO,) ratio [14].

Oral glucose tolerance test (OGTT) and insulin
tolerance test (ITT)

Following an overnight fasting (16 h), mice were adminis-
trated glucose solution (2 g/kg) by oral gavage, and blood
were collected from the tail vein at the indicated times for
glucose and insulin determination. Insulin tolerance was also
assessed after 2 h fasting by administration of human insulin
(0.75 U/kg) and blood glucose monitoring. Glycemia was
measured using an OneTouch Verio glucometer (Lifescan).

Sampling and routine biochemical analyses

Four to five days after the OGTT or the ITT, blood from
12 h-fasted mice was collected from the retro-orbital sinus
and distributed into heparinized tubes. Blood tubes were
centrifuged at 1000 g for 10 min at 4 °C, plasma was col-
lected and stored at — 80 °C until analysis. After cervical
dislocation of mice, liver was removed, rinsed with 0.9%
NaCl, weighed, cut into several parts, plunged into liquid

Monitoring System the last weeks of the study. Oral glucose tolerance
test and insulin tolerance test were performed the last weeks of the
study. At the end of the study, blood was collected from retro-orbital
sinus for biochemical analyses. After cervical dislocation, the liver
was removed, rinsed, cut into several parts and frozen into liquid
nitrogen until analyses

nitrogen and then kept at — 80 °C until analysis. In addi-
tion, liver fresh samples were frozen in Tissue-Tek (Microm
Microtech) for histological analysis and stored at — 80 °C.
Moreover, white adipose tissue (WAT) was removed, rinsed
with 0.9% NaCl and kept at — 80 °C until analysis.

Plasma levels of glucose, total cholesterol, triglycerides
and free fatty acids as well as enzymatic activity of alanine
aminotransferase (ALT) were measured at the ANEXPLO/
CREFRE analysis platform (CHU RANGUEIL-BP 84225,
France). Plasma levels of insulin, leptin and IL-6 were quan-
tified with ELISA kits (Merck Millipore, Darmstadt, Ger-
many; Crystal Chem, Zaandam, Netherlands; Abcam, Paris,
France, respectively).

Liver neutral lipids measurement and histological
study

Liver samples were homogenized in NaCl solution (9 g/L)
and Triton X-100 (0.1%) and free fatty acids, triglycerides
and total cholesterol levels were quantified on the tissue
homogenate by enzymatic methods (Wako-NEFA-C kit,
Oxoid, Dardilly, France; Cholesterol CHOD-PAP SOBI-
ODA kit and triglycerides LQ SOBIODA kit, Sobioda 38330
Montbonnot-Saint-Martin, France) [15].

Histological liver analysis was performed on ten pm cry-
ostat sections, stained with Oil Red O or Sirius Red. For
Oil Red O staining, the sections were fixed in PBS, 4%



paraformaldehyde at room temperature for 5 min, washed
in H,O, incubated with 60% isopropanol for 5 min and then
incubated in oil Red O solution (0.6%) for 7 min. The sec-
tions were then briefly washed with 60% isopropanol, incu-
bated with Harris’s Hematoxylin for 30 s, washed in H,O for
3 min, and mounted.

For Sirius Red staining, the sections were fixed in PBS,
4% PFA at room temperature 5 min, washed in H,O and
incubated in 0.01% Sirius Red F3B 1 h. The sections were
then washed twice in acidified water, dehydrated thrice in
100% ethanol, then cleared in xylene and mounted. For the
morphometric analysis, liver sections were scanned using
a NanoZoomer (Hamamatsu Photonics, Japan) with a 20
X objective. The degree of hepatic steatosis and liver fibro-
sis were, respectively, evaluated on Oil Red O and Sirius
Red stained slides, and scored using Image J software as
described [16].

Liver oxidative stress status

Liver samples were homogenized in phosphate buffer
(50 mM, pH 7) 1 g for 9 ml buffer, using a Polytron homog-
enizer and long-established oxidative stress parameters were
performed. The liver thiobarbituric acid reactive substances
(TBARS) and total glutathione (GSH) levels were measured
in homogenate according to the methods of Sunderman [17]
and Griffith [18], respectively. The remaining homogenate
was centrifuged at 1000 g for 10 min at 4 °C and the super-
natant was used for the analyses of oxidative stress. Protein
oxidation was assessed by measurement of thiol groups [19].
Catalase activity was measured according to the method of
Beers and Sizer [20]. Glutathione peroxidase (GPx) was
measured according to the method of Flohe and Gunzler
[21]. Total superoxide dismutase (SOD) was measured
according to the method of Marklund [22].

The liver isoprostanoid levels, considered as a refer-
ence method of lipid peroxidation, were measured based
on micro-LC-MS/MS technique [23]. Briefly, after lipid
extraction with Folch mixture, the extracts were mixed with
a cocktail of internal standards, and an alkaline hydrolysis
was performed. The metabolites were concentrated thanks
to a solid phase extraction step conducted on weak-anion
exchange materials. The metabolites were then analyzed
by micro-LC-MS/MS. Mass spectrometry analysis was
performed with an AB Sciex QTRAP5500 (Sciex Applied
Biosystems), using electrospray in negative mode as the ion-
ization source. Detection of the fragmentation ion products
from each deprotonated molecule was performed in the mul-
tiple reaction monitoring modes. Metabolites quantification
was done, using MultiQuant 3.0 software, by measuring the
ratio of area under the specific metabolite peak/area under
the internal standard peak and compared to the ratio of area

under the metabolite calibration peak/area under the internal
standard peak.

Liver mitochondrial enzymatic activities

The enzymatic activity of the different mitochondrial res-
piratory complexes was determined as previously described
[24]. Citrate synthase (CS) activity was measured accord-
ing to Srere [25]: the activity of the enzyme is measured
by following the color of 5-thio-2-nitrobenzoic acid, which
is generated from 5,5'-dithiobis-2-nitrobenzoic acid present
in the reaction of citrate synthesis, and caused by the dea-
cetylation of Acetyl-CoA. Complex I activity was measured
spectrophotometrically at 600 nm during 45 s by follow-
ing the reduction of 2,6-dichloroindophenol by electrons
accepted from decylubiquinol, itself reduced after oxidation
of NADH by complex I [26]. Complex II (CII) activity was
measured spectrophotometrically at 600 nm by following the
reduction of 2,6-dichloroindophenol by the succinate dur-
ing 120 s [24]. Complex II+III (CII + CIII) activities were
measured spectrophotometrically by following the oxidation
of oxidation of cytochrome ¢ at 550 nm during 90 s [27].
Cytochrome c¢ oxidase (COX) activity was measured spec-
trophotometrically by following the oxidation of reduced
cytochrome ¢ at 550 nm during 30 s [28]. In addition, mito-
chondrial B-hydroxyacyl-CoA dehydrogenase (f-HAD), a
marker of last step of mitochondrial p-oxidation activity, was
determined spectrophotometrically according to the proce-
dure described by Clayton et al. [29].

Protein isolation and western blotting analysis

Frozen liver samples were homogenized using an Ultra
Turax homogenizer in an ice cold extraction buffer contain-
ing 20 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, 0.5%
Triton X-100, 0.1% SDS, 1 mM PMSF, 10 uM leupeptin,
and 1 uM pepstatin. Proteins (50 ug) were separated with
6-15% SDS-PAGE and then transferred to a nitrocellulose
membrane (120 min, 100 V). Membranes were blocked in
5% fat-free milk for 1 h at room temperature. Then, mem-
branes were incubated overnight with primary antibody
against ChREBP, GLK, GLUT2, PEPCK, p-ACC, ACC,
FAS, FATP4, PGCla, L-CPT1, IL-6, and TNF-a in block-
ing buffer (See supplementary Table 3). After washes in
TBS/Tween under gentle agitation, membranes were incu-
bated for 1 h with horseradish peroxidase-labeled antibody.
After further washes, blots were treated with enhanced
chemiluminescence detection reagents (ThermoScientific,
Illkirch, France). B-actin or a-tubulin was used as loading
references, and blot intensities were measured using Image
Lab™ Software 5.2.1 (Bio-Rad Laboratories, Marnes-la-
Coquette, France).



Real-time quantitative RT-qPCR analysis

Real-time Quantitative Polymerase Chain Reaction (RT-
gPCR) was used to measure target genes mRNA expression
in liver. Total RNA was extracted with Trizol reagent (Inv-
itrogen Life Technologies, Cergy Pontoise, France). Reverse
transcription reaction was performed with 2 pg total RNA.
cDNA was synthesized with the use of PrimeScript RT rea-
gent Kit (Perfect Real Time) (TAKARA) and Oligo (dT)
primers + Randoms 6 mers. The mRNA expressions of target
genes were determined by RT-qPCR, using a Step One Plus
detection system (AB Applied Biosystems) and SYBR Pre-
mix Ex Taq II (TAKARA). Results were normalized with
the gene encoding RPS9 used as the reference. The primer
sequences used for real-time RT-PCR are given in the sup-
plementary Table 4.

Real-time Quantitative Polymerase Chain Reaction (RT-
gPCR) was also applied to measure genes mRNA expression
in the adipose tissue. RNA from WAT was extracted with
Trizol reagent (Invitrogen Life Technologies, Cergy Pon-
toise, France). Reverse transcription reaction was performed
with 1 pg total RNA. cDNA was synthesized with the use
of moloney murine leukemia virus reverse transcriptase
for first strand cDNA synthesis and random primers. The
mRNA expressions of target genes were determined by RT-
gPCR. RT-qPCR analysis was performed using SYBR Green
Mastermix (Eurogentec, liege, Belgium) with a Mx3005P
Real-Time PCR System (Stratagene, La Jolla, CA). Results
were normalized with the gene encoding 18S. For the primer
sequences used for real-time RT-PCR, see supplementary
Table 4.

Statistical analysis

The number of mice required for this study was based on the
expected difference in OGTT between the control and the
HFHS groups. As the starting hypothesis was that the HFHS
diet would increase the OGTT, we expected a 30% increase
in OGTT in the HFHS group compared to the control group
with a possible standard deviation of 20% of the higher mean
value. Thus, for a type 1 risk a of 0.05 and a power (1-) of
85%, the number of mice required was 7 per group. How-
ever, because we have 4 experimental groups this study was
designed with 10 mice/group.

Results were expressed as means + SD. HFHS diet vs.
control diet was tested by a student # test; *p < 0.05 for HFHS
vs. control diet. Inside the three HFHS diets, the effects of
FAHFA intake was tested by a one-way ANOVA test, fol-
lowed up by a Fisher’s Least Significant Difference test. The
means not sharing the same letter significantly differ. Cor-
relations were performed with the Spearman method. The
limit of statistical significance was set at p <0.05. Statistical

analyses were performed using the StatView program (SAS
Institute, Cary, NC, USA).

Results

9-PAHPA and 9-OAHPA intake had no effect
on obesity and hyperlipidemia induced by the HFHS
diet

We observed that mice mean food intake decreased in
the HFHS diet-fed mice (Control: 2.79 +0.06 g/mice/
day, HFHS: 2.55+0.13 g/mice/day, HFHS + 9-PAHPA:
2.51+0.4 g/mice/day, HFHS +9-OAHPA: 2.72+0.12 g/
mice/day). However, mice being housed 5 per cage, the
sample size (n=2) was too small to perform statistical anal-
ysis. The final body weight and fat mass, as well as lean
mass, were significantly increased with the HFHS diet by
comparison to controls. No specific effect of 9-PAHPA or
9-OAHPA intake was observed on any of these parameters.
As expected, plasma leptin level was significantly increased
in mice fed the HFHS diet, while plasma IL6 level was not
modified (Fig. 2a). In addition, plasma triglycerides and total
cholesterol levels were significantly increased with HFHS
diet reflecting hyperlipidemia induced by this diet (Fig. 2a).
However, no specific effect of 9-PAHPA or 9-OAHPA intake
was observed on any of these parameters.

9-PAHPA and/or 9-OAHPA intake modulated basal
metabolism and carbohydrate oxidation

Mice basal metabolism was investigated by measur-
ing oxygen consumption (VO,) and carbon dioxide pro-
duction (VCO,) using CLAMS system. VO, reflecting
the basal metabolism was significantly decreased with
HFHS diet (Fig. 2b). Interestingly, while supplementation
with 9-OAHPA had no impact on VO,, 9-PAHPA intake
restored VO, to control values. VCO, was also significantly
decreased with HFHS diet, while 9-PAHPA and 9-OAHPA
intake limited this decreases (Fig. 2¢). Moreover, HFHS diet
significantly decreased RER (VCO,/VO,) compared to the
control diet, suggesting a higher preference for lipid oxida-
tion (Fig. 2d). Interestingly, both 9-PAHPA and 9-OAHPA
intake significantly increased RER by comparison to HFHS
diet, thus favouring carbohydrate oxidation, however, with-
out reaching the carbohydrate oxidation value obtained with
the control diet (Fig. 2d). It is worth to notice that RER
value was higher in mice supplemented with 9-OAHPA by
comparison to 9-PAHPA (Fig. 2d). It should be pointed out
that the HFHS phenotype obtained in this study was not
extreme enough to unmask everything, explaining prob-
ably why FAHFAs has no marked effect on body weight
and fat mass and non-significant change in food intake,
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while energy expenditure is decreased. At least, it is possi-
ble that 9-PAHPA and 9-OAHPA exerted lipid remodeling/
futile substrate cycling burning energy as we have seen with
5-PAHSA [12].

9-PAHPA and 9-OAHPA intake ameliorated
peripheral insulin resistance but had no effect
on glucose intolerance induced by HFHS diet

Insulin tolerance test (ITT) reflects mainly insulin-stimu-
lated peripheral utilization of glucose by tissues (in par-
ticular muscle) but also insulin ability to suppress (more or
less completely) glucose production by the liver [30]. This
test confirmed that HFHS diet induced insulin resistance in
mice, and showed that both 9-PAHPA and 9-OAHPA intake

24 hours

RER

followed up by a Fisher’s Least Significant Difference test. The means
not sharing the same letter significantly differ. The limit of statisti-
cal significance was set at p <0.05. For each mouse, VO2 and VCO2
were measured 111 times in about 24 h. The respiratory exchange
ratio (RER) was calculated as the volume of CO2 vs. volume of oxy-
gen (VCO2/VO2) ratio. Mean VO2, VCO2 and RER values are mean
of 8 mice for each group considering all the cycles

increased insulin sensitivity in comparison to HFHS diet
alone, yet without recovering the control values (Fig. 3a).
The oral glucose tolerance test (OGTT) is the refer-
ence method for the assessment of glucose tolerance [30].
It reflects the ability of the pancreas to secrete insulin and
the responsiveness of the whole body in response to blood
glucose levels. We observed that the HFHS diets, with or
without 9-PAHPA or 9-OAHPA, rendered the mice diabetic
as evidenced by the fasting hyperglycemia found in HFHS
diet-fed mice (Fig. 3b). Nevertheless, neither 9-PAHPA nor
9-OAHPA showed any effect on glucose tolerance (Fig. 3b).
Fasted plasma glucose was increased with HFHS diet
(Fig. 3c). In addition, insulin levels were up regulated with
HFHS diet both in fast and in fed conditions (Fig. 3¢) but
no specific effect of 9-PAHPA or 9-OAHPA were observed
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Fig.3 Glucose and insulin parameters. a insulin tolerance test (ITT),
b Glucose tolerance test (OGTT), ¢ glycemia in fasted state and insu-
linemia in fasted or fed state (30 min glucose injection), HOMA
index and plasma total GLP-1 level and d liver protein expres-
sion of markers of glucose metabolism. Results were expressed as
means +SD, n=8-10 animals per group. HFHS diet vs. control diet
was tested by a student ¢ test; *p <0.05 for HFHS vs. control diet.

by comparison to HFHS alone. Moreover, HOMA index,
reflecting mainly hepatic insulin resistance [30], was sig-
nificantly increased with HFHS diet compared to controls.
Surprisingly, no specific effects of 9-PAHPA or 9-OAHPA
intake were observed on any of these parameters, suggest-
ing increased peripheral utilization of glucose with these
FAHFAs but no modification of liver glucose production
or pancreas insulin secretion. Fasting level of plasma total
GLP-1, an incretin promoting insulin secretion, was not
modified whatever the diet (Fig. 3c), but was, however, posi-
tively correlated with fasted plasma insulin level (r=0.520,
p=0.0038). Regarding the abundance of proteins involved
in the glucose metabolism, liver expression of glucose trans-
porter GLUT2 was decreased with the HFHS diet, while
the expression of phosphoenolpyruvate carboxykinase
(PEPCK), a key enzyme of gluconeogenesis, glucokinase

GLK ChREBP

Inside the three HFHS diets, the effects of FAHFA intake was tested
by a one-way ANOVA test, followed up by a Fisher’s Least Signifi-
cant Difference test. The means not sharing the same letter signifi-
cantly differ. The limit of statistical significance was set at p <0.05.
GLP-1: glucagon like peptide-1, GLUT2: glucose transporter 2,
PEPCK: phosphoenol pyruvate kinase, GLK: glucokinase, ChREBP:
carbohydrate-responsive element-binding protein

(GLK) and the glucose-activated transcription factor
(CHREB) remained unchanged whatever the diet (Fig. 3d).
No specific effect of 9-PAHPA or 9-OAHPA intake was
observed on the expression of any of these proteins.

9-PAHPA and 9-OAHPA intake had no effect on liver
steatosis nor fibrosis

Liver triglycerides, total cholesterol, free fatty acid and
total lipid contents were measured in liver samples by col-
orimetric method. No modification was observed whatever
the group of diets (Fig. 4b). Furthermore, histologic analy-
sis revealed a slight increase in hepatic steatosis with the
HFHS diet by comparison to controls. However, no signifi-
cant impact of 9-PAHPA or 9-OAHPA intake was observed
(Fig. 4c). However, it should be noticed that liver slices for
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Fig.4 Liver morphology and steatosis investigation. a Liver weight
after 12 weeks of diet, b hepatic lipid content measured on tissue
homogenate by enzymatic methods, ¢ Oil red O staining of liver,
pictures are representative from each group, d liver gene expres-
sion of key players in de novo lipogenesis, e liver f-HAD activ-
ity and f protein expression of key players in de novo lipogenesis.
Results were expressed as means +SD, n=9-10 animals per group.
HFHS diet vs. control diet was tested by a student ¢ test; *p <0.05
for HFHS vs control diet. Inside the three HFHS diets, the effects of

histological analysis were cut from the edge of the liver
lobe and that such a sample is prone to smearing of lipid
bodies [31, 32]. Accordingly, at necropsy macroscopical
normal livers were observed independently of 9-PAHPA or
9-OAHPA intake (images not shown), a fatty liver was not
recorded unlike to our previous observations with FAHFA
supplementation of healthy mice [11]. In addition, liver gene
expression of major players in hepatic de novo lipogenesis,
fatty acid synthase (FAS) and peroxisome proliferator-acti-
vated receptors (PPAR) a and 8, were unchanged whatever
the diet (Fig. 4d). Moreover, liver protein expression of long-
chain fatty acid transport protein 4 (FATP-4), carnitine pal-
mitoyltransferase I (L-CPT1), essential in the p-oxidation
of long chain fatty acids, PGC1-a, a master regulator of
mitochondrial biogenesis, as liver 3-hydroxyacyl CoA

FAHFA intake was tested by a one-way ANOVA test, followed up
by a Fisher’s Least Significant Difference test. The means not shar-
ing the same letter significantly differ. The limit of statistical signifi-
cance was set at p <0.05. Representative Oil Red O (D) of livers from
all the mice (magnificationx 10), n=10 animals per group. f-HAD
B-hydroxyacyl-CoA dehydrogenase, PPARa peroxisome proliferator-
activated receptor alpha, PPARy peroxisome proliferator-activated
receptor gamma, ACC acetyl-CoA carboxylase, FAS/Fasn fatty acid
synthase

dehydrogenase activity (f-HAD), involved in p-oxidation
remained unmodified whatever the diet (Fig. 4e). The
p-ACC/ACC ratio (Acetyl-CoA carboxylase), involved in
the biosynthesis of fatty acids was significantly decreased
with the HFHS diet. However, 9-PAHPA or 9-OAHPA sup-
plementation could not prevent these p-ACC/ACC ratios
from decreasing (Fig. 4f).

Fibrosis was also investigated using Sirius red staining
(Fig. 5a). Fibrosis in percentage, evaluated by analysis imagen
was not modified with HFHS diet (Fig. 5b) and no signifi-
cant impact of 9-PAHPA or 9-OAHPA intake was observed.
Plasma ALAT activity, a biochemical marker of hepatic lysis/
fibrosis, was significantly increased with the HFHS diet, but
with no significant effect of 9-PAHPA or 9-OAHPA intake
(Fig. 5¢). No modification of gene expression of major players
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Fig.5 Liver fibrosis investigation. a Sirius Red staining of liver, pic-
tures are representative from each group (magnification x 10). b % of
fibrosis and ¢ plasma ALT activity. d Gene expression of liver fibrosis
markers and e liver inflammation markers by qPCR. f Protein expres-
sion of TNF-a and IL-6 by western blot and representative pictures
from each group. Results were expressed as means+SD, n=9-10
animals per group. HFHS diet vs. control diet was tested by a stu-
dent ¢ test; *p <0.05 for HFHS vs. control diet. Inside the three HFHS

involved in liver fibrosis was observed whatever the group of
diet, except for collagen Col1Al1 that increased with the HFHS
diet but without specific effect of 9-PAHPA or 9-OAHPA
(Fig. 5d). All these results reflect little or no fibrosis with the
HFHS diets.

Finally, no liver inflammation was observed as liver gene
expression of TNF-a and MCP1 and liver protein expression
of TNF-a and IL-6 remained unchanged whatever the diet
(Fig. 5e, 1).

L6

diets, the effects of FAHFA intake was tested by a one-way ANOVA
test, followed up by a Fisher’s Least Significant Difference test. The
means not sharing the same letter significantly differ. The limit of sta-
tistical significance was set at p <0.05. ALT alanine aminotransferase,
CollA collagen type al, aSMA a-smooth muscle actin, MMP2 matrix
metalloproteinase-2, CD68 cluster of differentiation 68, TNFa tumor
necrosis factor o, Mcpl monocyte chemoattractant protein 1, IL-6
interleukin 6

9-PAHPA and 9-OAHPA intake had little effects
on mitochondrial activity and liver oxidative stress
alteration induced by HFHS diet

Mitochondrial dysfunction and oxidative stress are inter-
connected and known to be involved in the development of
steatosis to steatohepatitis and fibrosis [33]. No modifica-
tion of mitochondrial respiratory chain complexes activ-
ity was observed with the HFHS diet (Fig. 6a). However,
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Fig.6 Mitochondrial activity and hepatic oxidative stress parameters.
a Mitochondrial respiratory chain activities. b Citrate synthase activ-
ity. ¢ SOD, MnSOD, Catalase and GPx activities. d TBARS and -SH
values. € GSH and GSSG values. f Phytoprostanes, Isoprostanes and
Neuroprostanes values. Results were expressed as means +SD, n=10
animals per group. HFHS diet vs. control diet was tested by a stu-
dent # test; *p <0.05 for HFHS vs. control diet. Inside the three HFHS
diets, the effects of FAHFA intake was tested by a one-way ANOVA
test, followed up by a Fisher’s Least Significant Difference test. The
means not sharing the same letter significantly differ. The limit of
statistical significance was set at p <0.05. CI complex I, CII complex

citrate synthase (CS), a marker of mitochondrial activ-
ity, was significantly decreased with the HFHS diet by
comparison to control (Fig. 6b), most likely to limit de
novo lipogenesis [34]. 9-PAHPA intake had no impact.
However, 9-OAHPA intake significantly decreased liver
CS activity by comparison to HFHS diet alone (Fig. 6b).
Liver GSH and GSSG contents, but not GSH/GSSG ratio
(data not shown) were increased with HFHS diet, with no
significant effect of 9-PAHPA or 9-OAHPA (Fig. 6e). The
other markers of oxidative stress measured in this study
(antioxidant enzymes, oxidized lipids and proteins) were
not modified with HFHS diets (Fig. 6¢, d, f).

Phytoprostanes  Isoprostanes  Neuroprostanes

1L, CII + III complexes I1+1II, COX cytochrome c oxidase, CS citrate
synthase, SOD total superoxide dismutase, MnSOD manganese super-
oxide dismutase, GPx glutathione peroxidase, TBARS thiobarbituric
acid reactive substances, -SH thiols, GSH reduced glutathione, GSSG
oxidised glutathione, Phytoprostanes: ent-16-B,-phytoprostane,
ent-9-L,-phytoprostane; Phytofuran: ent-16(RS)-13-epi-ST-A l4_g.
phytofuran; Isoprostanes: 15(S)-15-F,-isoprostane, 15(R)-15-F,-
isoprostane, S5(RS)-5-F,-isoprostane, 5(RS)-5-F, -isoprostane; Neu-
roprostanes: 10(S)-10-F,-neuroprostane, 10(R)-10-F -neuroprostane,
4(RS)-4-F,-neuroprostane

9-OAHPA but not 9-PAHPA intake induced
thermogenic phenotype in WAT

Certain depots of WAT, in response to appropriate stimuli
such as chronic cold exposure or certain pharmacologic
treatments, undergo a process known as browning [35].
Gene expression of three markers of thermogenic fat cells,
UCP1, PRDM16 and Cidea, was determined in epididy-
mal WAT (Fig. 7a—c). UCP1 and Cidea gene expression
were increased with HFHS diet with no significant effect
of 9-PAHPA or 9-OAHPA (Fig. 7a, b). PRDM16 was not
modified with the HFHS diet by comparison to controls but
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Fig.7 Gene expression of markers of thermogenic fat cells in
epididymal WAT by qPCR. Results were expressed as means + SD,
n = 9-10 animals per group. HFHS diet vs. control diet was tested
by a student ¢ test; * p < 0.05 for HFHS vs control diet. Inside the
three HFHS diets, the effects of FAHFA intake was tested by a one-

was significantly increased with 9-OAHPA while not with
9-PAHPA (Fig. 7c).

Discussion

The term “FAHFASs” has been introduced in 2014 for bioac-
tive lipids found in adipocytes, with potential antidiabetic
and anti-inflammatory properties [7, 8]. Branched FAHFAs
are biosynthesized and stored in adipose tissue as nones-
terified FAHFAs and FAHFA-containing triacylglycerols
(FAHFAs-TG), FAHFA-TGs serving most likely as a stor-
age form of FAHFAs under nutrient-rich conditions [12,
36]. FAHFAs were also detected in many others tissues
[7, 8]. To date, most of the saturated FAHFAs studied are
branched regioisomers of Palmitic Acid Hydroxyl Stearic
Acid (PAHSA) and nearly all of these studies indicated that
both 5-PAHSA and 9-PAHSA may have anti-diabetic and
anti-inflammatory activity in humans and rodents [7, 8, 10].
Yet, some disparate results have been recently reported,
probably because of design differences in the experimen-
tal and analytical methodologies [37-39]. Some isomers of
docosahexaenoic acid-derived fatty acid esters of hydroxy
fatty acids and of linoleic acid acid-derived fatty acid esters
of hydroxy fatty acids were also studied and it was observed
that both 13(S)-DHAHLA and 13-LAHLA exerted anti-
inflammatory properties [9, 40]. We have recently reported
that other saturated branched FAHFAs may exhibit bioactive
properties and insulin sensitizing effects. Indeed, long-term
intake of 9-PAHPA or 9-OAHPA has been shown to increase
basal metabolic rate and insulin sensitivity in healthy control
diet-fed mice [39]. However, the insulin sensitizing effect of
these specific FAHFAs was associated with slight adverse
metabolic effects, as liver steatosis and fibrosis develop-
ment in some of these mice. Regarding the great interest

CIDEA
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B HFHS

B HFHS+9-PAHPA
B HFHS+9-OAHPA

Relative value

PRDM16

way ANOVA test, followed up by a Fisher’s Least Significant Differ-
ence test. The means not sharing the same letter significantly differ.
The limit of statistical significance was set at p< 0.05. UCP1 uncou-
pling protein 1, CIDEA Cell death activator CIDE-A, PRDM16 PR
domain-containing 16

of these issues in the obesity and diabetic states, whether
a long-term intake of 9-PAHPA or 9-OAHPA may induce
similar effects in obesogenic diet-fed mice was explored in
the present study.

9-PAHPA and 9-OAHPA intake modulated basal
metabolic rate in obesogenic diet-fed mice

Compared to the control mice, the HFHS diet-fed mice had
higher calorie intake associated with a decrease in their
basal metabolism. Accordingly, this positive energy bal-
ance resulted in an increased body weight and in obesity.
Moreover, HFHS diet-fed mice exhibited lower respiratory
exchange ratio (RER) than control mice, indicating a switch
from carbohydrate to fat as the major energy source. In fact,
a high RER suggests that carbohydrates are being predomi-
nantly utilized as source of fuel, whereas a low RER indi-
cates fatty acid oxidation preference. Such an effect of HFHS
diet has been already largely reported in the literature [41].

In a previous study, we reported that 9-PAHPA and
9-OAHPA intake increased basal metabolic rate in the
healthy control diet-fed mice [11]. In the present study, the
intake of 9-PAHPA but not the 9-OAHPA restored basal
metabolism in the HFHS diet-fed mice to the level of control
mice. It has been reported that increased energy expenditure
contributes to body weight loss and protects against diet-
induced obesity [42]. However, although its favorable effect
on basal metabolism, 9-PAHPA intake did not modify body
weight, fat mass and lean mass. This is in agreement with a
recent report indicating that PAHSA treatment had no effect
on body weight and fat mass [43]. Interestingly, 9-PAHPA
or 9-OAHPA intake attenuated the preferential use of fatty
acids over glucose as energy source observed in the HFHS
diet-fed mice alone, as previously observed in healthy mice,
and this effect was most pronounced with 9-OAHPA. The



results indicate also that 9-PAHPA and 9-OAHPA modu-
late differently basal metabolism and substrates oxidation in
HFHS diet-fed mice. To our knowledge, the effect of others
FAHFAs on these parameters has not yet been reported. A
tentative explanation may be find in the browning of white
fat. Indeed, recent data indicate that some FAHFAs (from the
PAHSASs family) can promote browning of white fat tissues
[44] and it was shown that enhanced brown adipose tissue
metabolic function could lead to increased oxygen consump-
tion [45]. Interestingly, we observed that 9-OAHPA intake,
but not that of 9-PAHPA, led to an increased PRDM16 gene
expression, known as an inducer of thermogenic phenotype
in fat cells [46].

9-PAHPA and 9-OAHPA intake increased insulin
sensitivity in obesogenic diet-fed mice

Various methods exist to investigate glucose metabolism and
insulin resistance, including the glucose and insulin toler-
ance tests, and the homeostasis model assessment (HOMA)
index. Our present study indicated that the HFHS diet-fed
mice developed hyperglycaemia and insulin resistance, and,
therefore, diabetes, in line with the decreased RER observed
in these mice. This observation was expected as the mouse
model of diet-induced obesity is a well described model
of obesity and insulin resistance [47]. However, intake of
9-PAHPA or 9-OAHPA did not prevent or protect from
hyperglycemia and hyperinsulinemia observed with the
HFHS diet. However, these both studied FAHFAs nicely
increased insulin sensitivity as measured in ITT. The OGTT
and ITT in this work do not assess the same aspect of car-
bohydrate homeostasis. While the OGTT reflects the ability
of the pancreas to secrete insulin and the responsiveness of
the whole body in response to high blood glucose levels,
HOMA index reflects hepatic insulin resistance and ITT
measures mainly insulin-stimulated peripheral utilization of
glucose by muscle [30]. The pyruvate tolerance test (PTT)
is also used to evaluate hepatic gluconeogenesis. However,
this is an oversimplification as pyruvate is utilized by many
other tissues. Analysis of neoglucogenesis with only PTT
may make interpretation hazardous. Indeed, the optimal
method to assess gluconeogenesis is the measurement of
endogenous glucose fluxes with use of tracers. Howeyver, this
involves the generation of a set of mice dedicated only to this
experiment which is not possible because of the quantity of
FAHFAs needed on the one hand and the number of addi-
tional animals which poses an ethical problem on the other
hand. While exploring molecular glucose metabolism in the
liver, we observed that HFHS diet altered the expression of
the glucose transporter GLUT 2 but not of other proteins
involved in glucose metabolism and we observed that neither
9-PAHPA nor 9-OAHPA had any impact on their expres-
sion. In healthy mice, we previously showed that glucose

tolerance was not changed by any diet although intake of
9-PAHPA or 9-OAHPA nicely increased the insulin sen-
sitivity too. A possible explanation may be that the innate
glucose tolerance is satisfactory and sufficient in healthy
mice [11].

The results obtained in the HFHS diet-fed mice may
suggest that the insulin sensitizing effect of 9-PAHPA and
9-OAHPA may be exerted mainly on some peripheral tissues
(skeletal muscle and heart). Zhou et al. [43] have recently
reported that 5-PAHSA and 9-PAHSA enhance both hepatic
and systemic insulin sensitivity. Moreover, 5-PAHSA and
9-PAHSA were previously shown to enhance glucose toler-
ance and insulin-sensitivity, insulin and GLP-1 secretion in
chow- and high fat-diet fed mice, and to augment glucose-
stimulated insulin secretion in human islets from healthy or
diabetic people [7, 48, 49].

9-PAHPA and 9-OAHPA intake did not affect hepatic
steatosis or fibrosis in obesogenic diet-fed mice

Measurement of liver lipid content in HFHS diet-fed mice by
biochemical methods did not show any difference with con-
trol mice for liver free fatty acids, cholesterol and triglycer-
ides contents. Inflammation, mitochondrial dysfunction and
oxidative stress were shown to be implicated in the progres-
sion of liver steatosis into steatohepatitis and fibrosis [50,
51]. However, no major change in plasma or liver inflam-
mation marker was observed in mice fed with the HFHS
diet. There was also no major change in mitochondrial or
oxidative stress markers. Moreover, no fibrosis marker was
modified with HFHS diet. It was previously shown that
increased levels of liver triglycerides were only observed
after 24 weeks of HFHS in mouse liver [41]. These observa-
tions support ours and confirm that the 12-week HFHS mice
model is rather a model of diabetes than of liver steatosis,
and that development of liver steatosis may require longer
duration of HFHS diet at least in mouse [52].

We have recently demonstrated that long-term intake of
9-PAHPA or 9-OAHPA with a control diet induced liver
steatosis and fibrosis in some healthy mice [11]. In the cur-
rent study, the 9-PAHPA or 9-OAHPA intake seemed to
increase liver steatosis, in some few mice fed the HFHS diet,
as revealed by histological staining and visualization. How-
ever, this effect was not confirmed by biochemical analysis
of lipid parameters and may rather result from smearing of
lipid bodies in the slice from the edge of the liver lobe as
this effect was not observed on whole liver. Moreover, minor
fibrosis was observed with HFHS diet with no amplifica-
tion by 9-PAHPA or 9-OAHPA intake, contrary to what was
observed in the healthy mice fed the control diet. Indeed,
the possible explanation for this difference if that in the pre-
sent study the HFHS mice may have received a lower dose
of 9-PAHPA or 9-OAHPA compared to the healthy mice



fed the control diet in our previous study [11]. This may be
due to a lower food intake from the HFHS diet and a lower
distribution of FAHFA in these obese mice because of their
higher body weight compared to the control mice. All these
results indicate that 9-PAHPA or 9-OAHPA intake may have
no major effects on liver when given with a HFHS diet, in
the contrary to what we previously observed with the healthy
mice fed the control diet [11]. Yet, these results also indicate
no beneficial impact of these FAHFAs on liver metabolism.
Few studies have reported the impact of others FAHFAs
on liver lipid metabolism. In particular, it was shown that
chronic 5-PAHSA and 9-PAHSA treatment had no impact on
liver triglyceride levels in HFD-fed mice, despite improved
hepatic insulin sensitivity [43] and that 5-PAHSA promoted
fatty liver and inflammation in db/db mice, a type 2 diabetes
mouse model characterized by extreme hyperglycemia [53].

Conclusion

In this study, we showed that long-term intake of 9-PAHPA
or 9-OAHPA modulated basal metabolism and had insu-
lin sensitizing effect in obesogenic diet-fed mice. Inter-
estingly, unlike what was observed in our previous study
[11] on healthy control diet-fed mice supplemented with
9-OAHPA or 9-PAHPA, these FAHFAs had no major
adverse effect on liver metabolism and homeostasis. Both
9-PAHPA and 9-OAHPA were given with the HFHS diet in
initially non-obese animals to investigate their effect during
the development of obesity and glucose/lipid metabolism
perturbation. It would be interesting to explore their insu-
lin-sensitizing effect in nutritionally or genetically animal
models, where obese/insulin-resistance was already installed
before 9-PAHPA and 9-OAHPA treatment.
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