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Protein kinase D2 modulates hepatic insulin
sensitivity in male mice
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Constanza Fernández-Hernández5,12, Esther Rey6, Julia Pose-Utrilla1,7,13, Carmelo García-Monzón6,8,
Águeda González-Rodríguez1,2,6, Guadalupe Sabio9,10, Antonia García5, Patricia Aspichueta3,4,8,
Teresa Iglesias1,7, Ángela M. Valverde1,2,**
ABSTRACT

Objectives: Protein kinase D (PKD) family is emerging as relevant regulator of metabolic homeostasis. However, the precise role of PKD2 in
modulating hepatic insulin signaling has not been fully elucidated and it is the aim of this study.
Methods: PKD inhibition was analyzed for insulin signaling in mouse and human hepatocytes. PKD2 was overexpressed in Huh7 hepatocytes
and mouse liver, and insulin responses were evaluated. Mice with hepatocyte-specific PKD2 depletion (PKD2DHep) and PKD2fl/fl mice were fed a
chow (CHD) or high fat diet (HFD) and glucose homeostasis and lipid metabolism were investigated.
Results: PKD2 silencing enhanced insulin signaling in hepatocytes, an effect also found in primary hepatocytes from PKD2DHep mice.
Conversely, a constitutively active PKD2 mutant reduced insulin-stimulated AKT phosphorylation. A more in-depth analysis revealed reduced IRS1
serine phosphorylation under basal conditions and increased IRS1 tyrosine phosphorylation in PKD2DHep primary hepatocytes upon insulin
stimulation and, importantly PKD co-immunoprecipitates with IRS1. In vivo constitutively active PKD2 overexpression resulted in a moderate
impairment of glucose homeostasis and reduced insulin signaling in the liver. On the contrary, HFD-fed PKD2DHep male mice displayed improved
glucose and pyruvate tolerance, as well as higher peripheral insulin tolerance and enhanced hepatic insulin signaling compared to control PKD2fl/fl

mice. Despite of a remodeling of hepatic lipid metabolism in HFD-fed PKD2DHep mice, similar steatosis grade was found in both genotypes.
Conclusions: Results herein have unveiled an unknown role of PKD2 in the control of insulin signaling in the liver at the level of IRS1 and point
PKD2 as a therapeutic target for hepatic insulin resistance.

� 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The liver plays a fundamental role in regulating glucose homeostasis
by maintaining blood glucose within a physiological range [1]. In the
fed state, insulin directly and indirectly regulates glucose metabolism
by binding to the insulin receptor (IR) in target tissues. Under path-
ological conditions, impaired hepatic insulin action causes insulin
resistance, resulting in the development of type 2 diabetes and its
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comorbidities including non-alcoholic fatty liver disease (NAFLD) [2],
recently renamed as metabolic dysfunction associated steatotic liver
disease (MASLD) [3,4].
Protein kinase D (PKD) family of serine/threonine kinases belongs to the
Ca2þ/Calmodulin-dependent protein kinase (CaMK) superfamily [5]. The
mammalian PKD family comprises PKD1, PKD2 and PKD3, encoded by
Prkd1, Prkd2 and Prkd3 (in human PRKD1, PRKD2 and PRKD3) genes,
respectively [6e9], whose levels and functions vary between tissues
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Abbreviations

ACC Acetyl-CoA carboxylase
AKT Protein Kinase B
ALT Alanine transaminase
AMPK AMP-activated protein kinase
BW Body weight
CHD Chow diet
DG Diacylglycerol
EE Energy expenditure
FA Fatty acid
FAO Fatty acid oxidation
FAS Fatty acid synthase
FOXO1 Forkhead Box O1
GSK3a/b Glycogen Synthase Kinase 3 a/b

GTT Glucose tolerance test
HFD High fat diet
IR Insulin receptor
IRS1 Insulin receptor substrate 1
ITT Insulin tolerance test
MASLD metabolic dysfunction associated steatotic liver disease
NAFLD Non-alcoholic fatty liver disease
PA palmitic acid
PKD Protein Kinase D
PL Phospholipid
PTT Pyruvate tolerance test
RER Respiratory exchange ratio
S6 Ribosomal Protein S6
TG Triglyceride
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[10]. In the last decades, it has become increasingly clear that PKD is at
the forefront of the diacylglycerol (DG) signaling network and plays
pivotal roles in regulating fundamental biological processes such as
signal transduction, membrane trafficking, differentiation, and prolifer-
ation [11e13]. In the liver, elevated DGs are attributed to different
factors including high fat/high sugar diets and limited expandability of
the adipose tissue, leading to an excess of circulating free fatty acids
(FAs) [14e16], or elevated oxidative stress [17,18].
Compelling recent evidence supports that PKD family controls glucose
homeostasis and insulin sensitivity in a tissue-specific manner. For
example, PKD1 hyperactivation in the pancreas increases insulin
secretion and protects obese mice against insulin resistance [19]. By
contrast, PKD1 depletion in pancreatic beta cells exacerbates high fat
diet (HFD)-induced insulin resistance (i.e. hyperglycaemia, hyper-
insulinemia and glucose intolerance), suggesting PKD1 as a protective
candidate against insulin resistance [20]. Also, a recent study [21]
showed that mice lacking PKD1 in adipocytes are less insulin resistant
and are protected against diet-induced obesity due to beiging in white
adipose tissue and increased energy expenditure (EE). Concerning
PKD3, its deficiency in hepatocytes increases triglyceride (TG) and
cholesterol content in the liver via sterol regulatory element binding
protein (SREBP) but, on the other hand, enhances insulin signaling
[22]. Related to PKD2, conflicting results have been reported. Whereas
global PKD2 deficiency in mice or a loss-of-function mutation in two
rhesus monkeys triggers hyperinsulinemia and metabolic disorders
[23], its systemic inactivation with a kinase dead mutant ameliorates
HFD-induced obesity and type 2 diabetes [24]. Besides, the specific
role of PKD2 as a modulator of insulin signaling in hepatocytes and the
impact of modulating hepatic PKD2 in vivo on insulin sensitivity remain
unexplored and are the aims of the present study.

2. MATERIAL AND METHODS

2.1. Reagents
Fetal bovine serum (FBS) and culture media were obtained from Ther-
moFisher Scientific (Waltham, MA, USA). TRIzol reagent, insulin, palmitic
acid (PA) and bovine serum albumin (BSA) were from Sigma Aldrich (St.
Louis, MO, USA). Bradford reagent, acrylamide and Clarity ECL Western
Blotting Substrate were purchased from Bio-Rad (Hercules, CA, USA).
Protein A agarose was purchased from Roche Diagnostics (Indianapolis,
IN, USA). CRT0066101 was from Tocris (Bristol, United Kingdom).
Methanol (MeOH), acetonitrile (AcN) and isopropanol (IPA), all LC-MS
grade, were acquired from Fisher Scientific (Waltham, MA, USA).
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Ammonium fluoride (NH4F) (ACS reagent,�98%) purchased from Sigma-
Aldrich, ammonia solution (28%, GPR RECTAPUR�), and glacial acetic
acid (AnalaR�NORMAPUR�) were obtained from VWR Chemicals (Rad-
nor, PN, USA). HPLC grade methyl tert-butyl ether (MTBE) used for lipid
extraction was also bought from Sigma-Aldrich. Reverse-osmosed ul-
trapure water obtained from a Milli-Qplus185 system (Millipore, Billerica,
MA, USA). Internal standards (IS) D-erythro-sphinganine (C17 base)
bought in Avanti Polar Lipids, Inc., and (R)-3-hydroxypalmitic acid (com-
mercial name d-31 palmitic acid) were purchased from Sigma-Aldrich.

2.2. Animal experimentation
Protocols were approved by the Animal Ethics Committees of CSIC and
Comunidad de Madrid in accordance with Spanish (RD53/2013) and
European Union (63/2010/EU) legislation (PROEX 246/19). To generate
mice with a specific depletion of PKD2 in hepatocytes, B6; 129-
Prkd1wt/flox, Prkd2wt/flox mice (provided by A. Harada, Graduate School
of Medicine, Osaka University, Suita, Japan) were crossed with C57BL/
6J mice to obtain Prkd1wt/wt-Prkd2fl/wt mice (Supplementary Fig. 1a).
After producing homozygous B6-Prkd2fl/fl mice (PKD2fl/fl), they were
mated with Alb-Creþ/� mice to generate mice with hepatocyte-
specific depletion of PKD2 (PKD2DHep mice). LoxP sites were inser-
ted in the introns flanking exon 2 in Prkd2 gene, where one of the two
cysteine-rich DG-binding domains is encoded [25,26] (Supplementary
Fig. 1b). Cre negative PKD2fl/fl littermates were used as controls. Mice
with hepatocyte-specific deletion of PKD1 (PKD1DHep) have been
generated using the Cre-LoxP system. Briefly, Alb-Creþ/� mice were
intercrossed with mice carrying LoxP-flanked PKD1 (PKD1fl/fl mice) to
generate PKD1DHep mice in a C57BL/6J genetic background (B6-Alb-
Creþ/�, PKD1fl/fl) (Supplementary Fig. 1c). LoxP sites were inserted in
the introns flanking exons 12 and 14 in the Prkd1 gene. Exons 13 and
14 encode the N-terminal region of the kinase domain including the
ATP-binding motif [27,28] (Supplementary Fig. 1d). Cre negative
PKD1fl/fl littermates were used as controls. C57BL/6J male mice were
used when indicated.
Eight-week-old male and female mice were maintained in 12-h light/
dark cycle, temperature (22 �C) and humidity-controlled rooms, and
fed ad libitum a chow diet (CHD, 8.4% (wt/wt) Kcal from fat, (ROD14,
Altromin Spezialfutter, Lage, Germany) or a HFD (60% (wt/wt) Kcal
from fat, D12492, Research Diets, New Brunswick, NJ, USA) for 14
weeks, with free access to water. Food intake was manually measured
and the results are expressed as g/mouse per day and kj/mouse per
day. Metabolic tests were conducted in the last 2e4 weeks prior to
sacrifice. Four h fasted mice were sacrificed by decapitation. Blood
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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was collected in tubes coated with ethylenediamine tetraacetic acid
(EDTA) to prevent clotting, and immediately centrifuged for 20 min at
15600 � g at 4 �C. Plasma was collected, frozen and stored
at �80 �C. The liver and skeletal muscle were dissected and snap-
frozen. Liver samples were placed in 4 % paraformaldehyde (PFA,
16005, Sigma-Aldrich) for paraffin or optimal cutting temperature
(OCT) compound inclusion. Collection of blood for plasma insulin
determination is indicated in section 2.7.

2.3. PKD2 overexpression in mouse liver
EGFP-PKD2-CA, a constitutively active human PKD2 fused to EGFP
protein where Ser706/Ser710 were mutated to glutamic acid to mimic
serine phosphorylation within PKD2 activation loop, was cloned from
pEGFP-PKD2-CA-C2 into a hepatocyte-specific human thyroxine binding
globulin (TBG) promoter plasmid to generate pAAV[Exp]-TBG > EGFP-
PKD2(S706E,S710E)-CA (Vector Builder, Chicago, IL, USA). pAAV[Exp]-
CMV > EGFP:WPRE was used as control AAV. AAV plasmids were
packaged into AAV-8 capsids to specifically target the liver at the CNIC
Viral Vector Unit (Madrid, Spain). Four-week-old C57BL/6J male mice
were injected 1 � 1011adenoviral particles via tail vein, and metabolic
tests and insulin signaling analysis were conducted after 10 weeks.

2.4. Indirect calorimetry
Indirect calorimetry analyses were carried out using a 16-chamber TSE
PhenoMaster monitoring system (TSE Systems GmbH, Bad Homburg,
Germany). Mice were placed in acclimatization cages similar to
experimental cages, with one mouse per cage. Acclimation starts 72 h
before the beginning of the experiment and the recording was moni-
tored for 5 consecutive days. Mice were on a 12 h light-dark cycle and
room temperature was maintained at 22� 2 �C. Food and water were
provided ad libitum in appropriated devices that allow to measure
cumulative food intake and drink consumption. Determination of
different parameters was carried out over a period of 72 h. RER was
estimated by calculating the ratio of VCO2/VO2. EE (H(1)) was calcu-
lated as: H(1) [kJ $ h�1$ kg�1] ¼ (3.185 þ 1.232 x RER) x VO2 x
4.184. Total locomotor activity (ambulatory and fine) was measured
simultaneously along the x and y axes using an infrared photocell
beam grid, and represented as the average of the total number of
beam breaks along the x and y axes during light and dark periods.

2.5. Glucose, insulin, and pyruvate tolerance tests (GTT, ITT, PTT)
For GTT and PTT, 16 h-fasted mice received an intraperitoneal (i.p.) in-
jection of 2 g D-glucose/kg body weight (BW) or 1.5 g sodium pyruvate/kg
BW, respectively. For ITT, 4 h-fastedmice received an i.p. injection of 0.75
U insulin/kg BW. Blood glucose was measured with a glucometer (Accu-
Check, Roche Diagnostics) before and at 15, 30, 60, 90 and 120 min
post-injection, and the area under the curve (AUC) was calculated.

2.6. In vivo insulin signaling
Four h-fasted mice were injected 0.75 U/kg BW insulin and sacrificed
15 min later. Blood, liver and skeletal muscle samples were stored
at �80 �C.

2.7. Analysis of plasma insulin levels
For insulin determination, plasma was collected from blood ob-
tained from the tail vein with capillary tubes either in fed state or
after 24 h fasting. In particular, the blood was centrifuged 20 min
at 11600 � g at 4 �C; the plasma was then collected and snap-
frozen. Plasma insulin levels were measured by ELISA in accor-
dance with the manufacture guidelines (10-1247-01, Mercodia,
Uppsala, Sweden).
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2.8. Analysis of TG levels in plasma
Plasma TGs levels were measured with a colorimetric kit (11528e
11529, Biosystems, Barcelona, Spain) following the manufacturer’s
instructions.

2.9. Determination of cholesterol levels in plasma
Plasma cholesterol levels were measured using a colorimetric kit
(Ref. 1001092, Spinreact, Gerona, Spain) following the manufacturer’s
instructions.

2.10. Determination of free fatty acids in plasma
Free FA levels were measured using a colorimetric kit (Non-Esterified
Fatty Acid (NEFA) Assay Kit, Fujifilm Healthcare solutions, Lexington,
MA, USA) following the manufacturer’s instructions.

2.11. Analysis of ALT activity in plasma
ALT activity was determined by direct measurement with the Reflotron
test (Ref. 10745120, Roche Diagnostics, Basel, Switzerland).

2.12. Histological analysis of liver sections
Hematoxylin and eosin (H&E) staining was performed in paraffin-
embedded liver sections. Liver was fixed in 4% (wt/vol) PFA for
24 h, washed twice with phosphate buffered saline (PBS) and dehy-
drated with ascending ethanol solutions, incubated with xylene and
then embedded in paraffin. Blocks were cut in 5 mm sections. Prior to
H&E staining, sections were deparaffinized in xylene and hydrated in
descending ethanol solutions and distilled water. The slides were
stained with Mayer’s hematoxylin (MHS32-1L, Sigma-Aldrich) for
15 min and eosin (1.15935.0025, Merck) for 1 min. After dried and
mounted, images were captured with an Axiophot light microscope
(Zeiss, Oberkochen, Germany) using a 20x objective. Liver biopsies
were evaluated by a single blinded hepatopathologist. Steatosis was
assessed as outlined by Kleiner et al. [29] grading percentage
involvement by steatotic hepatocytes as follows: grade 0,<5 %; grade
1, 5e33 %; grade 2, >33e66 %; and grade 3, >66 %. In addition,
this scoring system was used to evaluate the degree of hepatocellular
ballooning and lobular inflammation (grade of activity).

2.13. Oil Red O (ORO) staining
Liver sections were fixed overnight with 4% PFA and cryoprotected in
subsequent gradients of 15 and 30% sucrose (in PBS) at 4 �C. After-
wards, samples were frozen in Tissue-Tek OCT (Sakura Finetek USA,
Torrance, CA, USA) and sectioned at 5 mm using a Leica CM3050 S
cryostat. Tissue slides were then left at room temperature for 10 min
and the remaining OCT was washed with PBS. Slides were then placed
in 60% isopropanol for 15 s before filtering ORO (O0625, Merck) solution
(60% isoropranol in water) for 15 min. After washing the slides with
PBS, they were stained with Carazzi’s hematoxylin for 1 min. The excess
of the hematoxylin was washed with PBS, after which the slides were
mounted in 50% glycerol (in PBS) and sealed. After drying, the images
were collected with an Axiophot light microscope (Carl Zeiss).

2.14. Lipidomic studies

2.14.1. Lipid extraction
Approximately 50 mg of liver samples were accurately weighed,
transferred to a 2 ml eppendorf tube and thawed in ice to obtain the
homogenate. Ten ml of a mixture of MeOH:H2O 1:1 v/v for each
milligram of tissue were added to each tube together with 2 units of
2.8 mm stainless steel balls and the homogenate was obtained by
applying 5 cycles of Tissue Lyser QIAGEN� 50 Hz, 5 min each. One
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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hundred ml of the homogenate was used for the lipid extraction. One
hundred ml of cold MeOH with 3 ppm of C17-sphinganine and 6 ppm of
d31-palmitic acid were added plus 100 ml of MTBE. Samples were
vortexed 1 h at RT and after that, centrifuged for 20 min at 15 �C and
16100 � g. Finally, 100 ml of the supernatant was transferred to a
chromatography vial (with an insert) twice, one for ESI þ ve ionization
and the other for ESI eve ionization analysis. Before direct injection
into the UHPLC-QTOF/MS (Agilent 1290 Infinity II UHPLC system),
vials were centrifuged for 10 min at 15 �C and 2500 � g to avoid
bubbles.

2.14.2. UHPLC-QTOF/MS analysis
The lipidomic analysis was performed based on the method previously
developed by the CEMBIO group [30]. Randomized samples, for both in
ESI þ ve and eve ionization conditions, were directly injected at the
Agilent 1290 Infinity II UHPLC system coupled to an Agilent 6545
quadrupole time-of-flight (QTOF) mass spectrometer. This equipment
includes an Agilent 1290 Infinity II Multisampler system with a mul-
tiwash option, with an injection volume of 1 ml. The multisampler
temperature was set at 15 �C to preserve compounds and avoid lipid
precipitation. An Agilent InfinityLab Poroshell 120 ECeC18
(3.0 � 100 mm, 2.7 mm) (Agilent Technologies) column and a
compatible guard column (Agilent InfinityLab Poroshell 120 ECeC18,
3.0 � 5 mm, 2.7 mm) were used and kept at 50 �C inside the oven.
The eluents used in the mobile phase for both ESI þve and eve
ionization modes contained: (A) 10 mM ammonium acetate and
0.2 mM ammonium fluoride in 9:1 water/methanol; (B) 10 mM
ammonium acetate and 0.2 mM ammonium fluoride in 2:3:5 aceto-
nitrile/methanol/isopropanol. The flow rate was established at 0.6 ml/
min and keeping constant during the analysis. The elution gradient was
from 0 to 1.0 min 70.0% of B and 30.0% of A, to 86.0% of B and
14.0% of A at 3.5e10.0 min, ending with 100.0% of B at 11.0e
17.0 min. After that, there was a 2 min re-equilibration time to recover
the starting conditions. The total running time was 19.0 min. The
multiwash strategy consisted in a mixture of methanol:isopropanol
(50:50, v/v) with the wash time set at 15 s, and aqueous phase:organic
phase (30:70, v/v) mixture to assist in the starting conditions. The
Agilent 6545 QTOF mass spectrometer equipped with a dual AJS ESI
ion source was set with the parameters shown in Table 1. Data were
collected in ESI þ ve and eve ionization modes in separate runs, in a
full scan mode from 50 to 1800m/z with a scan rate of three spectra/s.
In addition, a solution consisting of two reference mass compounds
was also used during the analysis (Table 1). An Agilent 1260 Iso Pump
is capable of infusing into the system these mentioned masses at 1 ml/
min (split ratio 1:100) to provide constant mass correction. For both
ESI þve and eve ionization modes, 10 iterative MS/MS runs were
performed, 5 of them with collision energy of 20 eV, and the other 5 at
a 40 eV. They were operated with an MS and MS/MS scan rates of 3
spectra/s, 40e1800 m/z mass window, a narrow (w1.3 amu) MS/MS
isolation width, 3 precursors per cycle, and 5000 counts and 0.001%
of MS/MS threshold.
Table 1 e Parameters of ESI source and reference masses used in the lipidom

Parameters of ESI source

150 V fragmentor 10 L/min nebulizer gas flow
65 V skimmer 200 �C gas temperature
3500 V capillary voltage 50 psi nebulizer gas pressure
750 V octopole radio frequency voltage 12 L/min sheath gas flow
300 �C sheath gas temperature
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2.14.3. Data treatment and lipid annotation
Data were collected using MS1 and tandem mass spectrometry (MS2
or MS/MS) from the UHPLC-MS analysis in both ESI positive (þve) and
negative (eve) ionization modes. MS/MS data were used for accurate
lipid annotation with in silico databases (Agilent MassHunter Lipid
Annotator 1.0) to achieve the most thorough characterization possible
using the available bioinformatics and annotation tools. After annota-
tion, data were processed with Agilent MassHunter Profinder B.10.0.2.
Following chromatogram alignment, datasets were extracted using the
Batch Targeted Feature Extraction workflow with our in-house
metabolite library of over 600 manually curated lipids and the list
obtained from Lipid Annotator. The algorithm then related the signals
to a feature/compound based on retention time, m/z (mass/charge),
compound mass, and isotopic pattern using MS1 data. Subsequently,
data filtering and removal of noise peaks and duplicates were per-
formed. It is important to note that the formation of possible adducts
was considered: [M þ H]þ and [M þ NH4]

þ in ESI positive ionization
mode, and [M�H]- and [M þ CH3COOH-H]

- in ESI negative ionization
mode. Additionally, the option to find features in at least one sample
group was selected, considering that we are analyzing two different
groups and some features might only appear in one group. Finally, the
integration of all peaks was manually reviewed, and annotation was
further evaluated based on the MS/MS fragmentation spectra.

2.14.4. Univariate and multivariate analysis
Univariate (UVDA) and multivariate (MVDA) analysis was performed in
order to study the possible differences between groups. For both
analysis, Metaboanalyst 6.0 online tool was used [31]. Statistical one-
factor analysis was carried out. No variance filter, reliability filter or
abundance filter was introduced, and also no normalization was
introduced in the software. The normalization was done by calculation
of relative areas respect to the IS before UVDA and MVDA analysis. Log
transformation of the data and pareto scaling was carried out. On one
hand, UVDA with Fold Change analysis and t-tests were developed. On
the other hand, we did MVDA with a first exploratory PCA for a pre-
liminary evaluation of the clustering of the samples and examination of
QC grouping. After that, a supervised model Partial Least Squares e
Discriminant Analysis (PLS-DA) was built. The quality of the models
was assessed by the explained variance (R2 value) and the predicted
variance (Q2 value), both supplied by the software. Finally, statistically
relevant lipids were selected according to VIP score �1 (variable
importance in VIP projection) (Tables 2 and 3). The two arrays obtained
from each ionization mode were treated separately. A total of 82
compounds have been annotated and arranged in different lipid class,
together with their corresponding mass, molecular formula, RT
(retention time), fold of change comparing PKD2DHep versus PKD2fl/fl

mice, p-values and VIP score.

2.15. Analysis of hepatic lipid concentration
Pieces of liver tissue (30 mg) were homogenized in PBS and lipids
were extracted as described before [32]. TG, DG and phospholipids
ic analysis.

Reference masses

Purine (C5H4N4) m/z 121.0509 for the þve
m/z 119.0363 for the -ve

HP-0921 (C18H18O6N3P3F24) m/z 922.0098 for the þve
m/z 980.0163 (þacetate) for the -ve

his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 2 e List of relevant features/lipids annotated by this methodology, summarizing all the lipids seen in ESID ve and -ve ionization modes and
in all univariate (UVDA) and multivariate (MVDA) analysis. Each feature is listed with its experimental mass, molecular formula, retention time (min),
ionization mode (ESI þ ve or -ve) and the corresponding values of Fold Change (FC), p-value (relevant if < 0.05) and VIP score (relevant if � 1) obtained from
both statistical analysis.

Compound Experimental
mass

Molecular
formula

RT (retention time,
min)

ESI ionization
mode

FC (Fold
Change)

p-value
(<0.05)

VIP score
(�1)

Fatty acids
FA (16:0) 256.2409 C16 H32 O2 3.5 Negative 0.99 0.022 <1
FA (18:2) 280.2410 C18 H32 O2 3.1 Negative 1.06 0.293 1.5
FA (18:3) 278.2248 C18 H30 O2 2.6 Negative 0.70 0.067 1.8
Fatty acyl of hydroxyl fatty acid
FAHFA (38:6) 582.4630 C38 H62 O4 3.1 Negative 1.99 0.569 2.1
Carnitines
CAR (10:0) 315.2368 C17 H33 N O4 0.9 Positive 0.79 0.064 1.1
Ceramides
Cer (d40:2) 619.5770 C40 H77 N O3 11.8 Negative 1.87 0.040 1.8
HexCer (d18:1/22:0) 783.6588 C46 H89 N O8 11.9 Positive 0.84 0.042 1.0
Diacylglycerols
DG (16:0_18:3_0:0) 590.4923 C37 H66 O5 9.5 Negative 1.68 0.031 1.8
DG (16:1_18:1_0:0) 592.5068 C37 H68 O5 11.3 Positive 2.61 0.055 2.5
DG (16:1_18:2_0:0) 590.4924 C37 H66 O5 9.5 Negative 1.68 0.034 1.8
DG (32:1) 566.4925 C35 H66 O5 11.0 Positive 1.68 0.032 2.0
DG (34:1) 594.5239 C37 H70 O5 11.8 Positive 1.72 0.017 2.0

Negative 1.71 0.039 1.8
DG (34:2) 592.5077 C37 H68 O5 11.3 Negative 1.67 0.030 1.7
Phosphatidylcholines
PC (0:0/20:3) 545.3479 C28 H52 N O7 P 2.2 Positive 1.38 0.034 1.4
PC (0:0/20:4) 543.3341 C28 H50 N O7 P 1.9 Positive 1.39 0.017 1.4
PC (14:0_18:2) 729.5301 C40 H76 N O8 P 6.2 Positive 0.78 0.023 1.3
PC (16:0/18:2) 757.5639 C42 H80 N O8 P 7.7 Positive 0.81 0.021 1.2
PC (16:0/18:3) 755.5466 C42 H78 N O8 P 6.8 Positive 0.66 0.034 1.7

Negative 0.63 0.039 1.3
PC (16:0/22:5) 807.5743 C46 H82 N O8 P 8.9 Positive 0.84 0.050 1.0
PC (18:0/16:0) 761.5951 C42 H84 N O8 P 11.1 Positive 0.84 0.020 1.1
PC (16:1_18:2) 755.5467 C42 H78 N O8 P 6.8 Negative 0.63 0.039 1.3
PC (18:0/16:3) 755.5464 C42 H78 N O8 P 7.0 Positive 0.68 0.040 1.6

Negative 0.63 0.039 1.3
PC (18:0/20:1) 815.6397 C46 H90 N O8 P 11.8 Positive 0.72 0.002 1.7
PC (18:0_18:3) 783.5746 C44 H82 N O8 P 11.1 Positive 0.86 0.005 1.0
PC (18:1/20:1) 813.6261 C46 H88 N O8 P 11.5 Positive 0.67 0.007 1.7

Negative 0.57 0.047 1.3
PC (18:1_20:4) 807.5793 C46 H82 N O8 P 8.1 Positive 0.53 0.049 1.7
PC (18:2/18:2) 781.5620 C44 H80 N O8 P 7.4 Positive 0.71 0.015 1.6
PC (19:0_18:2) 799.6050 C45 H86 N O8 P 10.9 Positive 0.60 0.012 1.9

Negative 0.70 0.044 1.0
PC (20:0_20:2) 841.6594 C48 H92 N O8 P 11.9 Positive 0.72 0.001 1.7

Negative 0.70 0.039 1.0
PC (33:3) 741.5309 C41 H76 N O8 P 8.2 Positive 0.56 0.000 2.4

Negative 0.56 0.004 1.6
PC (39:6) 819.5796 C47 H82 N O8 P 7.9 Positive 0.72 0.049 1.4
PC (40:3) 839.6419 C48 H90 N O8 P 11.7 Positive 0.73 0.007 1.5
PC (40:5) 835.6068 C48 H86 N O8 P 11.5 Positive 0.70 0.001 1.8
PC (42:4) 865.6552 C50 H92 N O8 P 11.9 Positive 0.67 0.002 1.8
PC (42:5) 863.6375 C50 H90 N O8 P 11.5 Positive 0.71 0.028 1.5
PC (O-18:0/20:4) 795.6148 C46 H86 N O7 P 10.9 Positive 0.68 0.080 1.4
PCO-32:1/PCP-32:0 717.5657 C40 H80 N O7 P 8.6 Positive 0.71 0.020 1.6
PCO-33:6/PCP-33:5 721.5040 C41 H72 N O7 P 7.7 Positive 0.78 0.031 1.3
PCO-35:4/PCP 35:3 753.5665 C43 H80 N O7 P 11.3 Positive 0.70 0.055 1.5
PCO-37:1/PCP-37:0 787.6467 C45 H90 N O7 P 11.6 Positive 0.61 0.004 2.0
PCO-37:10/PCP-37:9 769.5050 C45 H72 N O7 P 7.5 Positive 0.30 0.184 2.1
PCO-38:4/PCP-38:3 795.6149 C46 H86 N O7 P 10.9 Positive 0.68 0.080 1.4
PCO-39:10/PCP-39:9 797.5360 C47 H76 N O7 P 9.0 Positive 0.69 0.004 <1
PCO-39:7/PCP-39:6 803.5823 C47 H82 N O7 P 11.7 Positive 0.67 0.020 1.6
PCO-39:8/PCP-39:7 801.5691 C47 H80 N O7 P 11.7 Positive 0.69 0.022 1.6
PCO-41:11/PCP-41:10 823.5522 C49 H78 N O7 P 9.6 Positive 0.67 0.022 1.6
PCO-42:7/PCP-42:6 845.6292 C50 H88 N O7 P 11.6 Positive 0.60 0.035 1.8
Phosphatidylethanolamines
PE (0:0/18:2) 477.2869 C23 H44 N O7 P 2.0 Positive 0.71 0.024 1.5

Negative 0.68 0.005 1.2
PE (16:0/18:2) 715.5128 C39 H74 N O8 P 7.9 Positive 0.57 0.011 2.1

Negative 0.52 0.007 1.5

(continued on next page)
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Table 2 e (continued )

PE (16:0/20:4) 739.5166 C41 H74 N O8 P 7.7 Positive 0.77 0.032 1.3
PE (16:0/22:5) 765.5304 C43 H76 N O8 P 8.5 Positive 0.43 0.105 1.9
PE (16:0/22:6) 763.5176 C43 H74 N O8 P 7.4 Positive 0.77 0.045 1.3
PE (18:0/18:1) 745.5602 C41 H80 N O8 P 11.5 Positive 0.71 0.051 1.4
PE (18:0/18:2) 743.5467 C41 H78 N O8 P 9.9 Negative 0.55 0.001 1.7
PE (18:0/20:3) 769.5608 C43 H80 N O8 P 10.9 Positive 0.71 0.001 1.7
PE (18:0/22:4) 795.5778 C45 H82 N O8 P 11.6 Positive 0.58 0.014 2.0

Negative 0.53 0.024 1.5
PE (18:0/22:5) 793.5602 C45 H80 N O8 P 10.9 Positive 0.40 0.126 1.8
PE (18:1/18:2) 741.5309 C41 H76 N O8 P 8.2 Positive 0.56 0.000 2.4

Negative 0.56 0.004 1.6
PE (18:1/20:4) 765.5311 C43 H76 N O8 P 8.0 Positive 0.77 0.029 1.3
PE (O-18:0_20:4) 753.5664 C43 H80 N O7 P 11.3 Positive 0.70 0.053 1.5
PE (0e18:1_20:3)/PE (P-
18:0_20:3)

753.5665 C43 H80 N O7 P 11.3 Positive 0.71 0.055 1.4

PE (O-18:1/20:4)/PE (P-18:0/20:4) 751.5515 C43 H78 N O7 P 11.1 Positive 0.70 0.026 1.6
Negative 0.70 0.032 1.0

PE (O-20:1_22:5)/PE (P-
20:0_22:5)

773.5348 C45 H76 N O7 P 11.1 Positive 0.71 0.024 1.5

PE (40:9) 785.4978 C45 H72 N O8 P 7.4 Positive 0.79 0.048 1.2
PEO-42:7/PEP-42:6 803.5777 C47 H82 N O7 P 11.7 Positive 0.73 0.026 1.5

Negative 0.52 0.026 1.6
Phosphatidylinositol
PI (16:0/18:1) 836.5399 C43 H81 O13 P 6.9 Positive 0.80 0.023 1.2
PI (16:0/18:2) 834.5265 C43 H79 O13 P 6.0 Positive 0.72 0.012 1.5

Negative 0.56 0.015 1.5
PI (16:0/20:3) 860.5385 C45 H81 O13 P 6.1 Positive 0.84 0.030 1.1
PI (16:0/20:4) 858.5234 C45 H79 O13 P 5.9 Positive 0.73 0.029 1.5
PI (18:0/18:2) 862.5578 C45 H83 O13 P 7.1 Negative 0.62 0.034 1.2
PI (18:0/20:4) 886.5584 C47 H83 O13 P 7.0 Positive 0.86 0.008 1.1
PI (18:1/18:1) 862.5578 C45 H83 O13 P 7.1 Negative 0.62 0.034 1.2
Phosphatidylserines
PS (40:6) 835.5350 C46 H78 N O10 P 6.9 Positive 0.74 0.024 1.4
Sphingomyelin
SM(d-18:0/16:0) 704.5826 C39 H81 N2 O6 P 7.6 Positive 0.74 0.055 1.3
SM (d18:0/24:1) 814.6932 C47 H95 N2 O6 P 12.1 Positive 0.68 0.012 1.7
SM (d18:1/14:0) 674.5356 C37 H75 N2 O6 P 5.7 Negative 0.66 0.028 <1
SM (d18:1/15:0) 688.5510 C38 H77 N2 O6 P 6.3 Positive 0.82 0.041 1.1
SM (d18:1/17:0) 716.5839 C40 H81 N2 O6 P 7.7 Positive 0.74 0.036 1.4
SM (d18:1/23:0) 800.6750 C46 H93 N2 O6 P 12.0 Positive 0.75 0.050 1.3
SM (d18:1/24:0) 814.6932 C47 H95 N2 O6 P 12.1 Positive 0.68 0.011 1.7

Negative 0.66 0.027 1.1
SM (d18:2/23:0)/SM(d19:1/22:1) 798.6601 C46 H91 N2 O6 P 11.6 Positive 0.70 0.027 1.5
SM (d19:1/16:0) 716.5829 C40 H81 N2 O6 P 7.7 Positive 0.73 0.037 1.4
SM (d19:1/22:1)/SM(d18:2/23:0) 798.6601 C46 H91 N2 O6 P 11.6 Positive 0.71 0.026 1.5
SM (d18:2/22:0) 784.6414 C45 H89 N2 O6 P 11.3 Negative 0.63 0.034 1.3

Original Article
(PLs) were separated by thin layer chromatography (TLC) as described
previously [33]. TLC plates were scanned using a ChemiDoc image
acquirer and band corresponding to TG, DG and PLs were quantified
using Image Lab software (BioRad) as detailed in [34].

2.16. Measurement of fatty acid oxidation (FAO) rate
The FAO rate was assessed as described before [35]. Briefly, 30 mg of
freshly isolated liver pieces were homogenized in cold homogenization
STE buffer (25 mM Tris-HCl, 500 nM sucrose, 1 mM EDTA-Na2 pH 7.4)
and sonicated for 10 s. Then, the homogenates were centrifuged at 420
� g for 10 min at 4 �C and the supernatant was collected. 500 mg of
protein from the liver homogenates were used for the assay in a volume
of 60 ml. The reaction started by adding 340 ml of assay buffer con-
taining 0.5 mCi/ml [1e14C]-Palmitic acid to the samples. Samples were
incubated for 30 min at 37 �C in eppendorf tubes with a Whatman paper
circle in the cap. The reaction was stopped by adding 200 ml of 3 M
perchloric acid, after adding 1 M NaOH in the Whatman cap to collect all
the evaporated [14C]-CO2. After 1 h, the Whatman caps were removed
and the associated radioactivity was measured in a scintillation counter.
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2.17. Measurement of de novo lipogenesis
De novo lipogenesis was performed as previously described [36] with
slight modifications. In brief, freshly isolated tissue slices (around
40 mg) were incubated in high glucose DMEM with insulin (150 nM)
and [H3] acetic acid 20 mCi/ml for 4 h. Tissue slices were washed five
times in cold PBS, homogenized in PBS and lipids were extracted as
previously described [32]. Then, lipids were separated by TLC [33],
each lipid was scraped and the radioactivity was measured in a
scintillation counter.

2.18. Homogenization and preparation of tissue extracts
Frozen liver tissues were homogenized in ice-cold lysis buffer con-
taining 50 mM Tris-HCl, 1% (vol/vol) Triton X-100, 2 mM EGTA, 10 mM
EDTA acid, 100 mM NaF, 1 mM Na4P2O7, 2 mM Na3VO4, 100 mg/ml
phenylmethylsulphonyl fluoride (PMSF), 2.5 mg/ml protease inhibitors
(P8340, ThermoFisher Scientific) and PhosSTOP inhibitor tablet
(Sigma-Aldrich) by using the Brinkman PT 10/35 Polytron. Extracts
were always kept ice-cold. Tissue extracts were cleared twice by ul-
tracentrifugation at 40000 � g for 40 min at 4 �C. Protein
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 3 e List of Triglycerides annotated by this methodology, summarizing all the TGs seen in ESI D ve and -ve ionization modes and in all
univariate (UVDA) and multivariate (MVDA) analysis. Each feature is listed with its experimental mass, molecular formula, retention time (min), ionization
mode (ESI þ ve or -ve) and the corresponding values of Fold Change (FC), p-value (relevant if < 0.05) and VIP score (relevant if � 1) obtained from both
statistical analysis.

Compound Experimental mass Molecular formula RT (retention time, min) ESI ionization mode FC (Fold Change) p-value (<0.05) VIP score (�1)

Triglycerides
TG (10:0_18:1_18:2) 772.6573 C49 H88 O6 12.9 Positive 0.78 0.059 1.2
TG (12:0_18:2_18:2) 798.6731 C51 H90 O6 12.9 Positive 0.81 0.120 <1
TG (14:2_18:2_18:2) 822.6721 C53 H90 O6 13.1 Positive 0.98 0.862 <1
TG (16:0_18:1_22:6) 904.7511 C59 H100 O6 13.3 Positive 0.79 0.392 <1
TG (18:0_18:1_22:6) 932.7812 C61 H104 O6 14.4 Positive 0.86 0.481 <1
TG (18:1_18:1_20:0) 914.8306 C59 H110 O6 15.7 Positive 0.89 0.419 <1
TG (18:1_18:1_22:2) 938.8299 C61 H110 O6 14.9 Positive 0.76 0.219 <1
TG (18:1_18:3_18:1) 928.7477 C61 H100 O6 13.7 Positive 0.85 0.410 <1
TG (18:2_18:2_18:3) 876.7206 C57 H96 O6 13.2 Positive 0.97 0.919 <1
TG (18:2_18:2_20:5) 900.7194 C59 H96 O6 12.9 Positive 0.90 0.748 <1
TG (18:2_20:3_20:0) 936.8124 C61 H108 O6 14.5 Positive 0.73 0.352 <1
TG (18:3_20:3_20:5) 924.7210 C61 H96 O6 13.2 Positive 0.90 0.768 <1
TG (22:5_18:1_18:1) 932.7836 C61 H104 O6 13.9 Positive 0.47 0.192 1.5
TG (46:1) 776.6895 C49 H92 O6 13.5 Positive 1.02 0.738 <1
TG (46:2) 774.6720 C49 H90 O6 13.1 Positive 0.93 0.114 <1
TG (48:0) 806.7360 C51 H98 O6 14.4 Positive 0.95 0.186 <1
TG (48:1) 804.7212 C51 H96 O6 13.9 Positive 1.17 0.339 <1
TG (48:2) 802.7057 C51 H94 O6 13.5 Positive 1.13 0.491 <1
TG (48:3) 800.6897 C51 H92 O6 13.1 Positive 0.98 0.843 <1
TG (49:2) 816.7202 C52 H96 O6 13.7 Positive 1.05 0.501 <1
TG (49:3) 814.7050 C52 H94 O6 13.3 Positive 0.95 0.166 <1
TG (50:1) 832.7532 C53 H100 O6 14.4 Positive 1.18 0.282 <1
TG (50:2) 830.7379 C53 H98 O6 13.9 Positive 1.18 0.352 <1
TG (50:3) 828.7218 C53 H96 O6 13.5 Positive 1.18 0.352 <1
TG (50:4) 826.7053 C53 H94 O6 13.2 Positive 1.07 0.605 <1
TG (51:2) 844.7517 C54 H100 O6 14.1 Positive 1.11 0.419 <1
TG (51:3) 842.7362 C54 H98 O6 13.7 Positive 1.02 0.857 <1
TG (52:1) 860.7836 C55 H104 O6 15.0 Positive 1.07 0.698 <1
TG (52:2) 858.7697 C55 H102 O6 14.4 Positive 1.17 0.365 <1
TG (52:3) 856.754 C55 H100 O6 13.9 Positive 1.05 0.774 <1
TG (52:4) 854.7378 C55 H98 O6 13.5 Positive 0.95 0.808 <1
TG (52:5) 852.7194 C55 H96 O6 13.3 Positive 0.90 0.652 <1
TG (52:6) 850.7029 C55 H94 O6 13.5 Positive 1.17 0.327 <1
TG (53:6) 864.7176 C56 H96 O6 13.7 Positive 1.04 0.705 <1
TG (54:2) 886.7996 C57 H106 O6 14.9 Positive 1.08 0.650 <1
TG (54:3) 884.7852 C57 H104 O6 14.4 Positive 1.09 0.658 <1
TG (54:4) 882.7694 C57 H102 O6 13.9 Positive 0.97 0.825 <1
TG (54:5) 880.7531 C57 H100 O6 13.7 Positive 0.97 0.833 <1
TG (54:6) 878.7375 C57 H98 O6 13.4 Positive 0.91 0.713 <1
TG (54:7) 876.7208 C57 H96 O6 13.5 Positive 0.96 0.815 <1
TG (54:8) 874.7014 C57 H94 O6 13.3 Positive 0.91 0.645 <1
TG (56:10) 926.7315 C61 H98 O6 13.1 Positive 0.90 0.747 <1
TG (56:3) 912.8152 C59 H108 O6 14.9 Positive 0.96 0.860 <1
TG (56:4) 910.7992 C59 H106 O6 14.4 Positive 0.87 0.558 <1
TG (56:5) 908.7807 C59 H104 O6 14.1 Positive 0.90 0.577 <1
TG (56:6) 906.7683 C59 H102 O6 13.7 Positive 0.91 0.686 <1
TG (56:7) 904.7514 C59 H100 O6 13.4 Positive 0.78 0.346 <1
TG (56:8) 902.7329 C59 H98 O6 13.6 Positive 0.84 0.241 <1
TG (58:6) 934.7997 C61 H106 O6 14.1 Positive 0.68 0.372 <1
TG (58:8) 930.7637 C61 H102 O6 14.1 Positive 0.90 0.574 <1
concentration was determined by using the Pierce BCA Protein Assay
Kit (23227, ThermoFisher Scientific).
Muscle extracts were prepared in cold lysis buffer containing 50 mM
Tris-HCl pH 7.5, 1 mM EGTA, 1 mM EDTA, 50 mM NaF, 1 mM sodium
b-glycerophosphate, 5 mM sodium pyrophosphate, 0.27 M sucrose,
1% (vol/vol) Triton X-100, 0.1% (vol/vol) b-mercaptoethanol, 1 mM
Na3VO4, 100 mg/ml PMSF and 2.5 mg/ml protease inhibitors by
using the Brinkman PT 10/35 Polytron. Lysates were centrifuged at
19000 � g for 20 min at 4 �C and protein content of the supernatants
was determined by the Bradford method (5000006, Bio-Rad
Laboratories).
MOLECULAR METABOLISM 90 (2024) 102045 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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2.19. Primary culture of mouse hepatocytes
Primary mouse hepatocytes were isolated from non-fasting male
mice by a two-step perfusion with collagenase [37]. Cells were
seeded on collagen IV pre-coated plates (Corning, New York, NY,
USA), cultured in DMEM-Ham’s F-12 medium (1:1) with heat-
inactivated 10% (vol/vol) FBS supplemented with 2 mM glutamine,
15 mM glucose, 20 mM HEPES, 100 U/ml penicillin, 100 mg/ml
streptomycin and 1 mM sodium pyruvate, and maintained for 24 h at
37 �C in a humidified atmosphere with 5% CO2. Then, medium was
replaced to serum-free DMEM supplemented with 5.5 mM glucose
2 h prior to insulin stimulation. To inhibit PKDs, CRT0066101 was
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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added at the same time as the medium was replaced. After 2 h,
hepatocytes were stimulated with insulin.

2.20. Silencing of Prkd1 and Prkd2 in primary mouse hepatocytes
by siRNA transfection
siRNA oligos were synthesized by Dharmacon RNAi Technologies for
gene silencing of mouse Prkd1 and Prkd2. Primary mouse hepatocytes
were seeded in 6 cm dishes and incubated at 37 �C with 5% CO2
overnight. The following day cells were transfected with siRNA for
Prkd1 or Prkd2, respectively, or with a scramble siRNA at 25 nM
concentration following DharmaFECT General Transfection Protocol
(Dharmacon, Lafayette, CO, USA). After 36 h, medium was replaced to
serum-free DMEM supplemented with 5.5 mM glucose for 2 h and
then, cells were stimulated with insulin.

2.21. Culture of human and mouse hepatic cell lines
Huh6 and Huh7 human hepatocarcinoma cells, free of mycoplasma,
were cultured in DMEM supplemented with 10% (vol/vol) heat-
inactivated FBS, 100 U/ml penicillin and 100 mg/ml streptomycin.
Generation of immortalized mouse hepatocytes was previously
described [38]. For experiments, culture medium was replaced to
serum-free DMEM supplemented with 5.5 mM glucose 2 h prior to
insulin stimulation.

2.22. Lentiviral silencing of Prkd2 in immortalized mouse
hepatocytes
Lentiviral suspensions were prepared in HEK293T cells as follows:
HEK293T were transfected with lentiviral vectors containing either
Prkd2 shRNA (MISSION pLKO.1-puro-Prkd2 shRNA Plasmid DNA,
Sigma-Aldrich) or control shRNA (MISSION pLKO.1-puro Empty Vector
Control Plasmid DNA, Sigma-Aldrich) and packaging vectors (psPAX2
and pMD2.G plasmids) using PEI reagent (Polyethylenimine, Linear,
MW 25000, Transfection Grade, Polysciences Inc. Warrington, PA,
USA) and OPTIMEM media (ThermoFisher Scientific) for 24 h. Medium
was then changed to DMEM supplemented with 10% (vol/vol) heat-
inactivated FBS, penicillin (100 U/ml), and streptomycin (100 U/ml).
Supernatants were collected after 24 h. Immortalized mouse hepato-
cytes were transduced with these supernatants containing lentiviral
particles bearing shRNA for Prkd2 (shPrkd2). Control shRNA lentiviral
particles were used as a control (shControl). In parallel and to test the
transduction efficiency, hepatocytes were infected with lentiviral par-
ticles bearing EGFP (pWPXL-EGFP). After 5 days, culture medium was
replaced to serum-free DMEM supplemented with 5.5 mM glucose 1 h
prior to insulin stimulation. Gene knockdown was confirmed by
measuring pPKD1/2 protein levels.

2.23. EGFP-PKD2-CA overexpression in Huh7 cells
Huh7 cells were transfected with pEGFP-C2 empty vector or containing
a constitutively active version of PKD2 (EGFP-PKD2-CA) using 0.5 mg of
DNA and 5 ml of Lipofectamine 2000 reagent (ThermoFisher Scientific,
Waltham, MA, USA) per well, according to the manufacturer’s speci-
fications. EGFP-PKD2-CA is a constitutively active human PKD2
mutant, where Ser706 and Ser710 residues were mutated to glutamic
acid to mimic serine phosphorylation within the activation loop of
PKD2. Medium was changed at 8 h post-transfection. After 16 h, cells
were serum-starved for a further 2 h and then stimulated with insulin.

2.24. Co-immunoprecipitation assays
Cells were scraped off in lysis buffer containing 10 mM Tris-HCl, 5 mM
EDTA, 50 mM NaCl, 30 mM disodium pyrophosphate, 50 mM NaF,
100 mM Na3VO4, 1% (vol/vol) Triton X-100, 1 mM PMSF and 2.5 mg/ml
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protease inhibitors (pH 7.6). Cellular lysates were clarified by centri-
fugation at 12000 � g for 10 min. Protein content was determined by
the Bradford method (5000006, Bio-Rad Laboratories), and equal
amount of proteins (500 mg) were immunoprecipitated at 4 �C with the
anti-IRS1 or anti-PKD2 antibodies (Table 4). Immune complexes were
collected on Protein A-Agarose beads (Roche, Basel, Switzerland) and
subjected to Western blot analysis.

2.25. Preparation of protein lysates from hepatic cells
After culture and treatments, cells were washed twice with PBS, then
scraped off in the lysis buffer described in the co-immunoprecipitation
assays. Cellular lysates were clarified by centrifugation at 12000 � g
for 10 min. Protein content was determined by the Bradford method
(5000006, Bio-Rad Laboratories).

2.26. Western blot analysis
Protein extracts either from hepatic cells or from tissue were boiled at
95 �C for 5 min in loading buffer (100 mM Tris, pH 6.8, 10% (vol/vol)
glycerol, 4% (wt/vol) sodium dodecyl sulphate (SDS), 0.2% (wt/vol)
bromophenol blue, and 2 mM b-mercaptoethanol), subjected to SDS
polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred
to PVDF membranes (Immobilon-P IPVH00010, Merck, Darmstadt,
Germany). Membranes were blocked with 5% non-fat dry milk or 4%
BSA in TBS supplemented with 0.05% (vol/vol) Tween-20 (TTBS) for
2 h at RT and then, incubated with primary antibodies as indicated in
TTBS overnight at 4 �C. After 3 washes with TTBS, membranes were
incubated with the corresponding peroxidase-conjugated secondary
antibodies (anti-rabbit, 1/15000, A120-108P, Bethyl Laboratories
(Montgomery, TX, USA); anti-mouse, 1/10000, sc-2005, Santa Cruz
Biotechnology, Dallas, TX, USA)) for 1 h at RT. Membranes were
developed with chemiluminescent substrate (Clarity Western ECL
Substrate, 170e5060, Bio-Rad Laboratories) and different exposure
times were performed for each primary antibody with radiographic
films in a radiology cassette (AGFA, Mortsel, Belgium) or developed in a
ChemiDoc imager (Bio-Rad Laboratories). Primary antibodies used
were listed in Table 4. Blots were normalized using antibodies against
housekeeping proteins. Densitometry values were determined using
Fiji Software [39] or Image Lab Software (Bio-Rad Laboratories).

2.27. Quantitative real-time PCR (RT-qPCR) analysis
Total RNA was extracted with TRIzol reagent from hepatic cells or liver
tissue and reverse transcribed using a SuperScript III First-Strand
Synthesis System for qRT-PCR following the manufacturer’s in-
dications (ThermoFisher Scientific). qRT-PCR was performed with an
7900HT Fast Real-Time PCR System. Primer sequences were
described in Table 5. Data analysis is based on the DDCt method with
normalization of the raw data to housekeeping genes as described in
the manufacturer’s manual (Applied Biosystems).

2.28. Data analysis
For animal experiments, sample size was chosen based on similar
previous studies of our group and on the basis of literature documen-
tation of similar well-characterized experiments [40e43]. The fewest
number of mice were used to achieve statistical significance. Statistical
analysis was performed using the GraphPad Prism software version-8.0
(San Diego, CA, USA). Data are reported as mean and standard error of
the mean (SEM). Grubbs’s or ROUT tests were used to identify outliers.
Normal distribution was assessed by Shapiro-Wilk and Kolmogorov-
Smirnov tests. For data with parametric distributions, unpaired Stu-
dent’s t test was used to compare mean differences between two
groups, and for three or more groups, one-way ANOVA with Bonferroni
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 4 e List of used primary antibodies.

Antibody Manufacturer Catalogue number Host species Dilution for WB

Phospho-ACC Ser79 Cell Signaling Technology 3661 Rabbit 1:2000
ACC Cell Signaling Technology 3662 Rabbit 1:2000
Phospho-AKT Ser 473 Cell Signaling Technology 4058 Rabbit 1:2000
Phospho-AKT Thr308 Cell Signaling Technology 4056 Rabbit 1:1000
AKT Cell Signaling Technology 4691 Rabbit 1:20000
Phospho-AMPKa Thr172 Cell Signaling Technology 2531 Rabbit 1:2000
AMPKa Cell Signaling Technology 2532 Rabbit 1:1000
EGFP Roche 11814460001 Mouse 1:2000
Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) Cell Signaling Technology 9101 Rabbit 1:2000
p44/42 MAPK (ERK1/2) (137F5) Cell Signaling Technology 4695 Rabbit 1:3000
Phospho-FOXO1 Ser256 Cell Signaling Technology 9461 Rabbit 1:1000
FOXO1 Cell Signaling Technology 9454 Rabbit 1:1000
Phospho-GSK-3a/b Ser21/9 Cell Signaling Technology 8566 Rabbit 1:1000
GSK-3a/b Santa Cruz Biotechnology sc-7291 Mouse 1:2000
Phospho-IKKa (Ser180)/IKKb (Ser181) Cell Signaling Technology 2681 Rabbit 1:1000
IKKa/b (H-470) Santa Cruz Biotechnology sc-7607 Rabbit 1:1000
Phospho-IRb Cell Signaling Technology 3024 Rabbit 1:1000
IRb Cell Signaling Technology 3025 Rabbit 1:2000
Phospho-IRS1 Tyr608 (mouse)/Tyr612 (human) Merck Millipore 09e432 Rabbit 1:5000
Phospho-IRS1 Ser612 (mouse)/Ser616 (human) Cell Signaling Technology 3203 Rabbit 1:1000
IRS1 Merck Millipore 06e428 Rabbit 1:2000
Phospho-SAPK/JNK (Thr183/Tyr185) Cell Signaling Technology 9251 Rabbit 1:1000
JNK (FL) Santa Cruz Biotechnology sc-571 Rabbit 1:2000
Phospho-PKD1/2 Ser 916/Ser873 Cell Signaling Technology 2051S Rabbit 1:1000
Phospho-PKD2 Ser873 Sigma-Aldrich SAB4504104 Rabbit 1:1000
Mouse PKD1/2 Cell Signaling Technology 2052S Rabbit 1:1000
Human PKD2 Cell Signaling Technology 8188S Rabbit 1:2000
Phospho-S6 Ribosomal Protein Ser235 Cell Signaling Technology 2211 Rabbit 1:1000
S6 Ribosomal Protein Cell Signaling Technology 2217 Rabbit 1:4000
Phospho-Ser clone 4A4 Merck Millipore 05-1000X Rabbit 1:1000
GAPDH Abcam ab8245 Mouse 1:5000
a-Tubulin Sigma-Aldrich T5168 Mouse 1:5000
Vinculin Santa Cruz Biotechnology sc-7314 Mouse 1:7500
post hoc test was used. For data with non-parametric distributions,
differences between groups were examined with Mann-Whitney U test
for two groups. Two-way ANOVA with Bonferroni post hoc test was
employed to compare two different categorical, independent variables.
The sample size and the power to detect the differences between
experimental groups are provided in Figure Legends. Tests were two-
sided and p < 0.05 was considered statistically significant.

3. RESULTS

3.1. PKD2 inhibition enhances insulin-induced AKT
phosphorylation in hepatocytes
As an initial approach to decipher the impact of global PKD inhibition in
the regulation of insulin signaling in hepatocytes, primary mouse
Table 5 e List of primers and Taqman probes used

Gene Forward primer

Prkd1 50- CCGGATCCAACTCACACAAAGA-30

Prkd2 50- CTTGGATCTCCAGTCGCCG -30

Prkd3 50-AAGAGACATTATTGGAGACTTGGACAG
G6pc 50-TCCCCAGAATTCTCCACTTG-30

Pck1 50-AAGCATTCAACGCCAGGTTC-30

Gapdh 50-AGGTCGGTGTGAACGGATTTG-30

Actb 50-AGGAGGAGCAATGATCTTGATCTT-30

Rplp0 50-ACTGGTCTAGGACCCGAGAAG-30

Gene Taqman probes

Prkd1 Mm01284193_m1/Mm00435792_m1
Prkd2 Mm00626821_m1
Rplp0 Mm01974474_gH
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hepatocytes were treated with CRT0066101, a pan-PKD inhibitor
[44,45]. As expected, CRT0066101 (2.5e10 mM) diminished the
catalytic activity of PKD1/2, as reflected by a reduction in PKD1/2
autophosphorylation at Ser916 and Ser873 residues (Supplementary
Fig. 2a). Pretreatment with CRT0066101 2 h prior to insulin stimula-
tion (10 nM, 5 min) dose-dependently enhanced insulin signaling by
elevating phospho-protein kinase B (AKT) (Ser473 and Thr308) levels
(Supplementary Fig. 2a). Similar results were observed when PKDs
were inhibited in Huh7 and Huh6 human hepatocytes (Supplementary
Fig. 2b, c). Since on the one hand PKD3 suppreses the activity of
insulin signaling effectors [22] and, on the other, the mRNA levels of
PKD1 are very low in primary mouse hepatocytes (Figure 1A), herein
we aimed to investigate the contribution of PKD2 isoform to the
modulation of insulin signaling. We first silenced Prkd2 in primary
in qRT-PCR assays.

Reverse primer

50- CAAACTGTCCGGAACCCAGA-30

50- ACATGAGCCAACTCTGAGGC-30

-30 50-AGTGTGGGTTACTGCCTTGTG-30

50-AACATCGGAGTGACCTTTGG-30

50-GGGCGAGTCTGTCAGTTCAAT-30

50- TGTAGACCATGTAGTTGAGGTCA-30

50- TCCTTCCTGGGCATGGAG-30

50TCCCACCTTGTCTCCAGTCT-30
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Figure 1: Genetic depletion of PKD modulates insulin sensitivity. A. (Left) Prkd1 (red) and Prkd2 (blue) mRNA levels in primary mouse hepatocytes normalized with Gapdh
mRNA levels. (Right) Prkd1, Prkd2 and Gapdh gene expression showed as Ct values. Values are mean � SEM (n ¼ 6). **p < 0.01 vs Prkd1 mRNA levels according to Student’s t-
test. B. Prkd2 (left) and Prkd1 (right) mRNA levels from primary mouse hepatocytes transfected with scramble, Prkd1 or Prkd2 siRNAs. Actb was used for normalization. Values are
mean � SEM (Prkd2 mRNA, n ¼ 3; Prkd1 mRNA, n ¼ 6 for scramble and Prkd1 siRNAs, and n ¼ 3 for Prkd2 siRNA). *p < 0.05, **p < 0.01, ***p < 0.001 versus scramble
siRNA according to One-way ANOVA with Bonferroni post hoc test. C. Primary mouse hepatocytes transfected with scramble, Prkd1 or Prkd2 siRNAs were stimulated with insulin
(10 nM) at the indicated time points. pPKD1/2 and pAKT (Ser473 and Thr308) protein levels were analyzed by immunoblot. Total AKT and Vinculin were used as loading controls. D.
Densitometric quantification of pAKT protein levels after insulin treatment in primary hepatocytes silenced with Prkd1 (left) or Prkd2 (right) siRNAs as in c. Values are mean � SEM
(left, n ¼ 6 for scramble siRNA and n ¼ 3 for Prkd1 siRNA. Right, pAKT Ser473, n ¼ 7 for scramble siRNA and n ¼ 6 (5 min) and 5 (15 min) for Prkd2 siRNA; pAKT Thr308, n ¼ 5
for scramble siRNA and n ¼ 4 for Prkd2 siRNA). *p < 0.05, **p < 0.01 versus scramble siRNA according to Two-way ANOVA with Bonferroni post hoc test. E. PKD2fl/fl and
PKD2DHep primary hepatocytes were stimulated with insulin (10 nM) at the indicated times. pPKD1/2, pAKT, pGSK3a/b and pS6 protein levels were analyzed by immunoblot. Total
AKT, GSK3a/b, S6 and Vinculin were used as loading controls. Densitometric quantification of pAKT, pGSK3a/b and pS6 protein levels after insulin treatment. Values are
mean � SEM (n ¼ 10 for pAKTs and n ¼ 7 for pGSK3a/b, n ¼ 4 for pS6). *p < 0.05, **p < 0.01, ***p < 0.001 versus PKD2fl/fl primary hepatocytes according to Two-way
ANOVA with Bonferroni post hoc test.
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Figure 2: PKD2 participates in the control of IRS1 phosphorylation to modulate insulin sensitivity. A. PKD2fl/fl and PKD2DHep primary hepatocytes were stimulated with
insulin (10 nM) at the indicated times. pIR and IR protein levels were analyzed by immunoblot. Total IR and Vinculin were used as loading controls. Densitometric quantification of
pIR protein levels after insulin treatment. Values are mean � SEM (n ¼ 9). B. Western blot images showing pIRS1 Ser612 and total IRS1 protein levels from primary mouse
hepatocytes treated with CRT0066101 (10 mM, 2 h). Vinculin was used as loading control. Densitometric quantification of pIRS1 Ser612 protein levels. Values are mean � SEM
(n ¼ 10 for vehicle and n ¼ 8 for CRT0066101). ***p < 0.001 versus vehicle according to Student’s t-test. C. Western blot images showing pIRS1 Ser616, IRS1 and pPKD1/2
protein levels from Huh7 human hepatocytes treated with CRT0066101 (5 and 10 mM, 2 h). Vinculin was used as loading control. Densitometric quantification of pIRS1 Ser616
protein levels. Values are mean � SEM (pSer616 IRS1, n ¼ 11; IRS1, n ¼ 4). ***p < 0.001 versus untreated according to One-way ANOVA with Bonferroni post hoc test. D.
Western blot images showing pIRS1 Ser612, total IRS1 and pPKD1/2 protein levels from PKD2fl/fl and PKD2DHep primary hepatocytes. Vinculin was used as loading control.
Densitometric quantification of pIRS1 Ser612 and total IRS1 protein levels. Values are mean � SEM (pIRS1 Ser612, n ¼ 6; IRS1, n ¼ 10 for PKD2fl/fl and n ¼ 12 for PKD2DHep

hepatocytes). ***p < 0.001 versus PKD2fl/fl primary hepatocytes according to Student’s t-test (pIRS1) and unpaired t test with Welch’s correction (IRS1). E. IRS1 was immu-
noprecipitated from PKD2fl/fl primary hepatocytes treated or not with CRT0066101 (10 mM, 2 h) and from PKD2DHep primary hepatocytes. Total pSer residues and IRS1 levels were
determined by Western blot. The arrow points pSer residues that disappear in the absence of PKD2. A representative experiment out of 3 is shown. F. PKD2fl/fl and PKD2DHep

primary hepatocytes were stimulated with insulin (10 nM) at the indicated times. pIRS1 Tyr608 and total IRS1 protein levels were analyzed by immunoblot. Vinculin was used as
loading controls. Densitometric quantification of pIRS1 Tyr608 protein levels after insulin treatment. Values are mean � SEM (n ¼ 8). *p < 0.05 versus PKD2fl/fl primary he-
patocytes according to Two-way ANOVA with Bonferroni post hoc test. G. Huh7 human hepatocytes were transfected either EGFP or EGFP-PKD2-CA, a constitutively active form of
human PKD2 fused to EGFP protein where Ser706 and Ser710 were mutated to glutamic acid to mimic serine phosphorylation. After 24 h, cells were serum-starved and stimulated
with insulin (10 nM, 5 min). IRS1 was immunoprecipitated and PKD2 in the immunocomplexes was determined by Western blot. H. Huh7 human hepatocytes were transfected
either EGFP or EGFP-PKD2-CA. After 24 h, both endogenous and transfected PKD2 were immunoprecipitated with the h-PKD2 antibody and IRS1 in the immunocomplexes was
determined by Western blot.
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hepatocytes using siRNA, interfering in parallel Prkd1 (Figure 1B).
Unexpectedly, despite of the low Prkd1 expression in hepatocytes, its
depletion by siRNA prominently raised Prkd2 mRNA levels (Figure 1B,
left) whereas Prkd1 gene expression did not change upon Prkd2
interference (Figure 1B, right). Notably, Prkd2 silencing increased
insulin-induced AKT phosphorylation while Prkd1 siRNA decreased it
(Figure 1CeD). As found in Prkd1 siRNA experiments, primary hepa-
tocytes from mice with hepatocyte-specific deletion of Prkd1
(PKD1DHep) showed a reduction in phospho-AKT levels (Supplementary
Fig. 3a) and genetic deletion of Prkd1 markedly increased PKD2
phosphorylation (Supplementary Fig. 3b,c). Of note, even though the
antibody used can recognize phospho-PKD1/2, the band observed in
hepatocytes by Western blot corresponds to PKD2 due to both the low
Prkd1 gene expression in these cells and the disappearance of the
signal after Prkd2 silencing (Figure 1C). In line with data using siRNAs,
immortalized mouse hepatocytes efficiently transduced with Prkd2 or
scrambled shRNA lentivirus showed that Prkd2 silencing increased
AKT phosphorylation upon insulin stimulation (10 nM, 5 min)
(Supplementary Fig. 4a,b).
To further confirm the relevance of PKD2 in hepatocyte insulin
signaling we generated mice with specific deletion of PKD2 in hepa-
tocytes (PKD2DHep). Of note, PKD2 deficiency totally abolished the
phospho-PKD1/2 signal in total or membrane protein lysates from
primary hepatocytes, confirming again the low expression of PKD1 in
these cells (Supplementary Fig. 5a,b). As shown in Figure 1E, primary
hepatocytes from PKD2DHep male mice showed significantly higher
phosphorylation levels of AKT and its downstream targets Glycogen
Synthase Kinase 3 a/b (GSK3a/b) and Ribosomal Protein S6 (S6) upon
insulin stimulation compared to PKD2fl/fl hepatocytes. Overall, these
findings suggest that, in addition to PKD3 [22], targeting PKD2 might
be therapeutically relevant in the context of insulin action in the liver.

3.2. PKD2 controls hepatocyte insulin signaling by modulating IRS1
phosphorylation
Since the analysis of IR tyrosine phosphorylation did not show differ-
ences in the response to insulin between PKD2fl/fl and PKD2DHep pri-
mary hepatocytes (Figure 2A), we explored the potential modulation of
insulin signaling by PKD2 downstream IR and upstream AKT, partic-
ularly, at the level of insulin receptor substrate 1 (IRS1). Many studies
have reported that IRS1 phosphorylation in serine residues triggers its
proteosomal degradation and switches off insulin signaling causing
insulin resistance [46,47]. As an initial approach we tested the impact
of PKDs on IRS1 serine phosphorylation in primary mouse (Figure 2B)
and human Huh7 (Figure 2C) hepatocytes exposed to CRT0066101,
finding a significant reduction of IRS1 serine 612/616 (Ser612/616,
rodent/human, respectively) phosphorylation. In this regard, a similar
decrease in basal IRS1 Ser612 phosphorylation was observed in
PKD2DHep primary hepatocytes concurrently with an elevation of total
IRS1 protein levels (Figure 2D). IRS1 serine phosphorylation was also
tested in primary hepatocytes by immunoprecipitation using a pan
phospho-serine antibody. As shown in Figure 2E, while IRS1 was
phosphorylated on serine residues in PKD2fl/fl hepatocytes, this
phosphorylation was decreased in both CRT0066101-treated PKD2fl/fl

primary hepatocytes and PKD2DHep primary hepatocytes. Since IRS1
has been shown to be phosphorylated by several protein kinases
including IKKa/b, JNK1/2 and ERK1/2 [48e51], we analyzed whether
these kinases might compensate for the loss of PKD2 in hepatocytes.
As shown in Supplementary Fig. 5c, similar basal IKKa/b, JNK1/2 and
ERK1/2 phosphorylation levels were found in PKD2fl/fl and PKD2DHep

primary hepatocytes. Given the impact of PKD2 on IRS1 serine
phosphorylation, we next tested if PKD2 deficiency affects insulin-
12 MOLECULAR METABOLISM 90 (2024) 102045 � 2024 The Authors. Published by Elsevier GmbH. T
induced IRS1 tyrosine phosphorylation, an issue not previously
addressed with PKDs in hepatocytes. Results revealed that the
absence of PKD2 enhanced insulin-induced IRS1 tyrosine 608 (Tyr608)
phosphorylation (Figure 2F).
As our data point that PKD2 is involved in the regulation of the
phosphorylation status of IRS1, we addressed a possible interaction
between these two proteins. To this aim, IRS1-PKD2 association was
analyzed in Huh7 hepatocytes overexpressing either EGFP or EGFP-
PKD2-CA. Figure 2G shows PKD2-IRS1 co-immunoprecipitation
regardless of insulin stimulation. Additionally, immunoprecipitation
of either endogenous or transfected PKD2 in Huh7 cells confirmed
this association (Figure 2H). Collectively, these results demonstrate
that PKD2 modulates insulin signaling at the level of IRS1 in
hepatocytes.

3.3. PKD2 overexpression in hepatocytes promotes insulin
resistance
Next, we examined the effect of overexpressing PKD2 on insulin
signaling in Huh7 hepatocytes and found a decrease in insulin-induced
AKT phosphorylation (Figure 3A). Further, in order to evaluate whether
PKD2 activation modulates insulin signaling in vivo, C57BL/6J male
mice were injected AAV expressing constitutively active PKD2 (AAV-
EGFP-PKD2-CA) or control AAV (AAV-Control). As shown in Figure 3B,
human EGFP-PKD2-CA expression, assessed by Western blot, was
detected in liver, but not in skeletal muscle. Mice overexpressing PKD2
in hepatocytes displayed similar body weight (BW) and plasma insulin
levels as their age-matched AAV-control mice (Figure 3C and D).
Neither glucose nor insulin tolerance tests (GTT and ITT, respectively)
revealed differences among groups (Figure 3E and F). Next, pyruvate
tolerance test (PTT) was performed to analyze the specific response of
the liver, where PKD2 is overexpressed in hepatocytes, observing a
significant pyruvate intolerance in AAV-EGFP-PKD2-CA-injected mice
(Figure 3G).
We next explored how PKD2 activation impacts on insulin signaling in
the liver. Strikingly, basal phosphorylation of IRS1 at Ser612 was
enhanced when PKD2 was overexpressed in hepatocytes (Figure 3H)
and, importantly, in response to insulin stimulation, IRS1 Tyr608
phosphorylation was decreased (Figure 3I). Moreover, insulin-induced
AKT phosphorylation was reduced in AAV-EGFP-PKD2-CA livers
compared to AAV-Control mice (Figure 3J), in agreement with the
in vitro results. By contrast, in line with the ITT, insulin-induced AKT
phosphorylation in skeletal muscle was comparable among groups
(Figure 3K). Taken together, these results show that PKD2 activation in
hepatocytes promotes molecular and metabolic signatures of insulin
resistance in the liver.

3.4. PKD2DHep primary hepatocytes are more sensitive to insulin
compared to PKD2fl/fl hepatocytes in an obesogenic environment
DG levels are increased in obesity and insulin resistance [52] and PKDs
are activated by DG-signaling through PKCs activation. Thus, we
examined PKD2 activation state in a lipid overload environment in
hepatocytes treated with palmitic acid (PA) or in hepatocytes from mice
fed a HFD, mimicking insulin resistance inherent to obesity and
MASLD. As shown in Figure 4A, treatment with 600 mM PA for 1e4 h
increased PKD2 phosphorylation. In a more physiopathological context,
primary hepatocytes from HFD-fed mice showed an increase in PKD2
phosphorylation in parallel with an elevation in IRS1 Ser612 phos-
phorylation compared to hepatocytes from mice fed a CHD, without
changes in total IRS1 protein levels (Figure 4B). A step further, Prkd2
and Prkd3 expression levels were determined in primary hepatocytes
from CHD and HFD-fed mice from both genotypes (Figure 4C). As
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Overexpression of a constitutively active PKD2 mutant in hepatocytes promotes insulin resistance in vitro and in vivo. A. Huh7 cells were transfected either
EGFP or EGFP-PKD2-CA. After 24 h, cells were serum-starved and stimulated with insulin (10 nM, 5e15 min). pAKT (Ser473 and Thr308), total AKT and EGFP levels are shown.
GAPDH was used as loading control. Values are mean � SEM (pAKT Ser473, n ¼ 10 for 5 min and n ¼ 7 for 15 min; pAKT Thr308, n ¼ 6 for 5 min and n ¼ 4 for 15 min).
***p < 0.001 versus each EGFP condition according to Two-way ANOVA with Bonferroni post hoc test. B. Four-week-old male mice were injected via tail vein AAV-EGFP-PKD2-CA
or AAV-Control (0.5 x 1011 vp/ml). Western blot images from human PKD2 determination in liver and muscle extracts to corroborate human PKD2 overexpression in livers from AAV-
EGFP-PKD2-CA mice. C. BW was monitored from week 3 to the end of the experiment at week 9 (n ¼ 9 mice for AAV-Control and n ¼ 10 mice for AAV-EGFP-PKD2-CA mice). D.
Plasma insulin levels were determined in AAV-EGFP-PKD2-CA or AAV-Control mice in the fed state. Values correspond to mean � SEM (n ¼ 9 mice for AAV-Control and n ¼ 10
mice for AAV-EGFP-PKD2-CA mice). EeG. GTT (E), ITT (F) and PTT (G) were performed in 16-h (GTT, PTT) or 4-h (ITT) fasted mice injected (i.p.) D-glucose (2 g/kg), human insulin
(0.75 U/kg) or sodium pyruvate (1.5 g/kg), respectively. Graphs depict the area under the curve (AUC) from GTT, ITT and PTT. Values correspond to mean � SEM (GTT, n ¼ 9 mice/
group; ITT, n ¼ 8 mice for AAV-Control and n ¼ 9 mice for AAV-EGFP-PKD2-CA mice; PTT, n ¼ 11 mice/group). *p < 0.05 versus AAV-Control mice according to Student’s t-test.
H. Phospho-IRS1 Ser612 (black arrow) and total IRS1 protein levels determined in 4 h-fasted AAV-EGFP-PKD2-CA or AAV-Control mice. Values correspond to mean � SEM (n ¼ 4
mice/group). *p < 0.05 versus AAV-Control mice according to Student’s t-test. I, Four h-fasted AAV-EGFP-PKD2-CA or AAV-Control mice were i.p. injected 0.75 U/kg human
insulin for 15 min and pIRS1 Tyr608 protein levels in liver were analyzed by immunoblot. Values are mean � SEM (n ¼ 7 mice for AAV-Control and n ¼ 8 mice for AAV-EGFP-
PKD2-CA mice). *p < 0.05 versus AAV-Control according to Student’s t-test. J-K. pAKT (Ser473 and Thr308) protein levels were analyzed by immunoblot in liver (J) and muscle (K)
extracts from mice treated as in I. Total AKT, a-Tubulin (J) and Vinculin (K) were used as loading controls. Densitometric quantification of pAKT (Ser473 and Thr308) protein levels
after insulin treatment. Values are mean � SEM (liver, n ¼ 5 mice/group for pAKT Ser473 and n ¼ 4 mice for AAV-Control and n ¼ 5 mice for AAV-EGFP-PKD2-CA mice for pAKT
Thr308; muscle, n ¼ 5 mice/group). *p < 0.05, ***p < 0.001 versus AAV-Control according to Student’s t-test.
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expected, a marked reduction in Prkd2 mRNA levels was found in
PKD2DHep primary hepatocytes in both dietary conditions. Importantly,
primary hepatocytes from HFD-fed PKD2fl/fl mice showed a significant
Prkd2 mRNA up-regulation compared to those from CHD-fed PKD2fl/fl

mice whereas no changes in Prkd3 mRNA levels were observed. Next,
we examined the impact of hepatocyte PKD2 deficiency on insulin
signaling under this pathological condition. Concerning IRS1, as pre-
viously shown in hepatocytes from CHD-fed mice (Figure 2D), hepa-
tocytes from HFD-fed PKD2DHep mice presented reduced IRS1 Ser612
phosphorylation and higher total IRS1 protein levels under basal
conditions (Figure 4D). Moreover, insulin-induced IRS1 Tyr608 and
AKT phosphorylation was enhanced in hepatocytes from HFD-fed
PKD2DHep mice compared to PKD2fl/fl mice (Figure 4E). In contrast,
analysis of primary hepatocytes from HFD-fed PKD1DHep mice revealed
that PKD1 deficiency worsened insulin signaling, suggesting that PKD2
upregulation in hepatocytes lacking PKD1 might account for this effect
(Supplementary Fig. 6). Altogether, these results show that the loss of
PKD2 in hepatocytes significantly improves insulin signaling upon lipid
overload.

3.5. Hepatocyte-specific PKD2 deficiency ameliorates HFD-induced
insulin resistance in male mice
Given that lipid overload and insulin resistance are the “first hit” for
MASLD progression, we examined metabolic parameters in PKD2fl/fl

and PKD2DHep male mice fed a HFD for 14 weeks. As expected,
PKD2DHep mice showed specific deletion of PKD2 in the liver, but not
in the brain as a control tissue where this isoform is highly expressed
(Figure 5A). Notably, the results revealed elevated Prkd2 mRNA levels
in the liver from PKD2fl/fl mice fed a HFD compared to their lean
counterparts fed a CHD (Figure 5B), in agreement with the results in
primary hepatocytes (Figure 4C). Concerning the other PKD family
members, reduced hepatic Prkd3 expression was found in PKD2fl/fl

obese mice, whereas Prkd1 remained unchanged (Figure 5B). Since
no differences in Prkd3 expression levels were found in primary
hepatocytes from PKD2fl/fl lean or obese mice (Figure 4C), the
decrease in liver tissue is likely attributable to non-parenchymal liver
cells. In addition, similarly to what was found in primary hepatocytes
(Figure 4B), PKD2 phosphorylation was increased in livers from HFD-
fed PKD2fl/fl mice (Figure 5C). Next, Prkd2 and Prkd3 mRNA levels
were determined in livers from PKD2DHep HFD-fed mice and
Figure 5D shows reduced Prkd2 expression levels in livers from
PKD2DHep mice compared to those of PKD2fl/fl mice as expected, and
also a slight decrease in Prkd3. As similar Prkd3 mRNA levels were
found in primary hepatocytes from HFD-fed PKD2fl/fl and PKD2DHep

mice (Figure 4C), its decrease in the liver of PKD2DHep mice might be
also related to the contribution of non-parenchymal liver cells.
Overall, our data suggest higher PKD2 activity in the liver from
obese mice.
The evaluation of BW in male mice from both genotypes under HFD
revealed similar weight gain compared to their respective CHD-fed
mice (Figure 5E). Next, food intake, blood glucose and plasma insu-
lin levels were determined in CHD and HFD-fed PKD2fl/fl and PKD2DHep

mice (Figure 5FeH). As expected, significant differences were
observed due to the HFD administration; however, these parameters
were comparable among genotypes. Likewise, no differences in the
HOMA-IR were found between PKD2fl/fl and PKD2DHep male mice in
either CHD or HFD condition (CHD-PKD2fl/fl: 1.42 � 0.07; CHD-
PKD2DHep: 1.67 � 0.08; HFD-PKD2fl/fl: 10.96 � 1.13; HFD-PKD2DHep:
10.74 � 1.23 (n ¼ 6e14)). Moreover, BW gain, food intake, blood
glucose, and plasma insulin levels were similar in PKD2fl/fl and
PKD2DHep female mice fed a HFD (Supplementary Fig. 7aed).
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Consistently, respiratory exchange ratio (RER), energy expenditure (EE)
or total spontaneous locomotor activity were not affected by
hepatocyte-specific deletion of PKD2 in male or female mice on a HFD
(Supplementary Fig. 8).
Next, metabolic tests were conducted in CHD and HFD-fed PKD2fl/fl

and PKD2DHep mice. Initially, we compared the effect of diet (CHD or
HFD) in glucose, insulin and pyruvate tolerance in each genotype. As
depicted in Fig. 5I, the impairment in glucose tolerance induced by the
obesogenic diet was comparable in the two genotypes as reflected in
their respective AUC of the GTT. Moreover, both ITT and PTT revealed
less insulin and pyruvate intolerance in HFD-fed PKD2DHep mice
(Figure 5J and K). We also compared the effect of the genotype (PKD2fl/
fl and PKD2DHep) in mice fed either CHD or HFD (Supplementary
Fig. 9aec). Whereas no differences in the GTT, ITT or PTT were
found in mice fed a CHD, a slight improvement in glucose tolerance in
the first 15 min was found in PKD2DHep mice fed a HFD, as well as
enhanced glucose cleareance in the ITT and better pyruvate tolerance.
No differences among genotypes were found in mRNA levels of the
gluconeogenic enzymes G6pc and Pck1 in either CHD or HFD
(Supplementary Fig. 9d).
Thereafter, we addressed the impact of PKD2 deficiency in hepato-
cytes on insulin signaling in the liver tissue. First, IRS1 serine
phosphorylation levels were analyzed in livers of HFD-fed PKD2fl/fl

and PKD2DHep mice. As shown in Figure 6A, a significant reduction in
IRS1 Ser612 phosphorylation was found in livers lacking hepatocyte
PKD2, in line with the results in primary hepatocytes (Figure 4C).
Accordingly, insulin-induced IRS1 Tyr608 and AKT phosphorylation
was enhanced in livers of HFD-fed PKD2DHep mice whereas IR
phosphorylation remained unchanged (Figure 6B). Also, AKT down-
stream targets were examined and, as shown in Figure 6C, a marked
increase in the phosphorylation levels of GSK3a/b, Forkhead Box O1
(FOXO1) and S6 was found in livers from PKD2DHep mice. Of note,
beside the enhanced insulin signaling in PKD2DHep hepatocytes
(Figure 1E), no differences in hepatic AKT phosphorylation were
found in mice fed a CHD (Supplementary Fig. 10) although glycogen
content was higher in livers from CHD-fed PKD2DHep mice
(Figure 6D). By contrast no differences among genotypes were found
in hepatic glycogen content in mice fed a HFD. Regarding skeletal
muscle, insulin-induced IR and AKT phosphorylation was comparable
among groups upon HFD administration (Figure 6E). The beneficial
effects of hepatocyte-specific deletion of PKD2 in males on glucose
homeostasis and in vivo insulin responsiveness were absent in fe-
male mice fed a HFD (Supplementary Fig. 7eeh). At the molecular
level, HFD administration in female mice did not change hepatic
Prkd2 and Prkd3 mRNA levels nor increased phospho-PKD2 levels
when compared to their CHD-fed counterparts (Supplementary
Fig. 7i). Overall, our data indicate that PKD2 regulates hepatic in-
sulin signaling in male mice.

3.6. Deletion of PKD2 does not affect hepatic steatosis in male
mice fed a HFD
To examine pathophysiological features in the tissue, we performed
H&E and Oil Red O (ORO) staining in liver sections from HFD-fed PKD2fl/
fl and PKD2DHep mice (Figure 7A). Analysis of the NAS score, which
evaluates the grade of steatosis, lobular inflammation and hepatocyte
ballooning, revealed no differences between genotypes upon HFD
administration (Figure 7B). In this line, no significant changes were
found in plasma TG and cholesterol levels, whereas a reduction in
circulating free FAs was found (Figure 7C). Likewise, ALT activity
remained unchanged (Figure 7D). Moreover, HFD-fed PKD2DHep and
PKD2fl/fl females showed comparable plasma TG, cholesterol, free FAs
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Figure 4: PKD2DHep primary hepatocytes from HFD-fed mice exhibit improved insulin sensitivity compared to PKD2fl/fl hepatocytes. A. Primary mouse hepatocytes from
PKD2fl/fl mice were treated with 600 mM PA in 5.5 mM glucose DMEM supplemented with 2.5% FBS and 0.5% free-FA BSA for 2 and 4 h, and pPKD1/2 protein were determined.
Vinculin was used as loading control. Densitometric quantification of pPKD1/2 protein levels. Values are mean � SEM (n ¼ 9e13). ***p < 0.001 versus time 0 according to One-
way ANOVA with Bonferroni post hoc test. B. Protein levels of pPKD2, pIRS1 Ser612 and total IRS1 in primary hepatocytes isolated from CHD- and HFD-fed mice. Vinculin was used
as loading control. Densitometric quantification of pPKD2, pIRS1 Ser612 and total IRS1 protein levels. Values are mean � SEM (pPKD2 and pIRS1 Ser612, n ¼ 7 for CHD
hepatocytes and n ¼ 6 for HFD hepatocytes; IRS1, n ¼ 7 for CHD hepatocytes and n ¼ 4 for HFD hepatocytes). **p < 0.01 versus CHD hepatocytes according to Student’s t-test.
C. Prkd2 (left) and Prkd3 (right) mRNA levels of primary mouse hepatocytes from PKD2fl/fl and PKD2DHep mice fed a CHD or HFD. Rplp0 was used for normalization. Values are
mean � SEM (Prkd2: CHD-PKD2fl/fl, n ¼ 6, CHD-PKD2DHep, n ¼ 5, HFD-PKD2fl/fl, n ¼ 8, HFD-PKD2DHep, n ¼ 4; Prkd3: n ¼ 6 for CHD-PKD2fl/fl and n ¼ 4 for HFD-PKD2fl/fl, CHD-
and HFD-PKD2DHep). ***p < 0.001 versus PKD2fl/fl hepatocytes and ###p < 0.001 versus CHD hepatocytes according to Two-way ANOVA with Bonferroni post hoc test. D. Basal
protein levels of pIRS1 Ser612, IRS1 and pPKD1/2 in PKD2fl/fl and PKD2DHep primary hepatocytes isolated from HFD-fed mice. Vinculin was used as loading control. Densitometric
quantification of pIRS1 Ser612 and IRS1 protein levels. Values are mean � SEM (pIRS1 Ser612, n ¼ 6 for PKD2fl/fl and n ¼ 10 for PKD2DHep; IRS1, n ¼ 8 for PKD2fl/fl and n ¼ 12
for PKD2DHep). **p < 0.01, ***p < 0.001 versus PKD2fl/fl hepatocytes according to Student’s t-test. E. PKD2fl/fl and PKD2DHep primary hepatocytes isolated from HFD-fed mice
were stimulated with insulin (10 nM, 2.5e10 min). pIRS1 Tyr608, IRS1 and pAKT (Ser473 and Thr308) protein levels were analyzed by immunoblot. Total AKT and Vinculin were
used as loading controls. Densitometric quantification of pIRS1 and pAKT protein levels after insulin treatment. Values are mean � SEM (IRS1, n ¼ 7 for PKD2fl/fl and n ¼ 9 for
PKD2DHep; pIRS1 Tyr608, n ¼ 7 for PKD2fl/fl and n ¼ 11 for PKD2DHep; pAKT Ser473, n ¼ 9 for PKD2fl/fl and n ¼ 13 for PKD2DHep; pAKT Thr308, n ¼ 8 for PKD2fl/fl and n ¼ 12 for
PKD2DHep primary hepatocytes). *p < 0.05, **p < 0.01 versus PKD2fl/fl primary hepatocytes according to Two-way ANOVA with Bonferroni post hoc test.
and ALT activity, as well as intrahepatic TG levels and NAS score
(Supplementary Fig. 11).
Given the effect of insulin resistance on metabolic pathways that
regulate lipid species content, lipidomic analysis was conducted to
decipher possible differences in the remodeling of hepatic lipid species
in HFD-fed PKD2DHep and PKD2fl/fl male mice. The Principal Component
Analysis (PCA) confirmed the clustering of the samples in the experi-
mental groups (Supplementary Fig. 12). A total of 84 lipid species
presented significant variations in livers from HFD-fed PKD2DHep mice
compared to PKD2fl/fl mice, among which most were decreased in HFD-
fed PKD2DHep mice (Figure 8A and Table 2). In this regard, significant
MOLECULAR METABOLISM 90 (2024) 102045 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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reductions were found in some FAs, phospholipids (PLs) and sphingo-
myelins, among others. However, 6 DG species (DG (16:0_18:3_0:0),
DG (16:1_18:1_0:0), DG (16:1_18:2_0:0), DG (32:1), DG (34:1) and DG
(34:2)) were elevated in livers from PKD2DHep mice. Notably, no sig-
nificant changes were found in the 51 TG species analyzed (Figure 8A
and Table 3). This metabolic rewiring in lipid metabolism was not
observed when total concentrations of TGs, DGs or PLs were analyzed
(Figure 8B), suggesting that the differences found in some lipid species
in PKD2DHep livers do not affect lipid homeostasis.
One of the most important metabolic processes regulating hepatic lipid
content is the mitochondrial fatty acid oxidation (FAO) which was
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 15



Figure 5: PKD2 deficiency in hepatocytes ameliorates HFD-induced insulin resistance in male mice. A. Western blot images of pPKD1/2, pPKD2 and total PKD1/2 protein
levels in brain and liver extracts to assess PKD2 depletion in livers from PKD2DHep mice. a-Tubulin was used as loading controls. B. Prkd1, Prkd2 and Prkd3 mRNA levels in livers
from CHD- and HFD-fed (14 weeks) PKD2fl/fl male mice normalized with Rplp0 mRNA levels. Values are mean � SEM (Prkd1, n ¼ 6 for CHD-fed mice and n ¼ 3 for HFD-fed mice;
Prkd2, n ¼ 5 for CHD-fed mice and n ¼ 3 for HFD-fed mice; Prkd3, n ¼ 6 for CHD-fed mice and n ¼ 3 for HFD-fed mice). *p < 0.05, ***p < 0.001 versus CHD-fed mice
according to Student’s t-test. C. Western blot images of pPKD2 protein levels in liver extracts from CHD- and HFD-fed (14 weeks) PKD2fl/fl male mice. Vinculin was used as a
loading control. Densitometric quantification of pPKD2 protein levels. Values are mean � SEM (n ¼ 4 mice/group). *p < 0.05 versus CHD-fed mice according to Student’s t-test.
D. Prkd2 (left) and Prkd3 (right) mRNA levels of HFD-fed PKD2fl/fl and PKD2DHep mice. Rplp0 was used for normalization. Values are mean � SEM (n ¼ 8). **p < 0.01,
***p < 0.001 versus PKD2fl/fl according to Student’s t-test. E. Eight-week-old PKD2fl/fl and PKD2DHep male mice were fed a CHD or a HFD for 14 weeks. BW was monitored up to
week 10 of HFD, time-point at which metabolic tests were performed. Values are mean � SEM (CHD: n ¼ 3 for PKD2fl/fl mice and n ¼ 6 for PKD2DHep mice; HFD: n ¼ 3 for PKD2fl/
fl mice and n ¼ 5 for PKD2DHep mice). , ***p < 0.001 versus CHD, according to Two-way ANOVA with Bonferroni post hoc test. F. Food intake of CHD- and HFD-fed PKD2fl/fl and
PKD2DHep mice at the end of the experiment. Values are expressed as g/mouse/day and kj/mouse/day and are mean � SEM (CHD: n ¼ 5 for PKD2fl/fl mice and n ¼ 7 for PKD2DHep

mice; HFD: n ¼ 6 for PKD2fl/fl mice and n ¼ 7 for PKD2DHep mice). G. Blood glucose determined in either fed or 16 h-fasted CHD- and HFD-fed PKD2fl/fl and PKD2DHep mice. Values
are mean � SEM (CHD, fed, n ¼ 6 for PKD2fl/fl mice and n ¼ 5 for PKD2DHep mice; fast, n ¼ 12 for PKD2fl/fl mice and n ¼ 14 for PKD2DHep mice; HFD, fed, n ¼ 10 for PKD2fl/fl

mice and n ¼ 9 for PKD2DHep mice; fast, n ¼ 7 for PKD2fl/fl mice and n ¼ 10 for PKD2DHep mice). H. Plasma insulin levels determined in fed and fasted PKD2fl/fl and PKD2DHep

mice fed either CHD or HFD. Values are mean � SEM (CHD, fed, n ¼ 6 for PKD2fl/fl mice and n ¼ 8 for PKD2DHep mice; fast, n ¼ 7; HFD, fed, n ¼ 3 for PKD2fl/fl mice and n ¼ 5 for
PKD2DHep mice; fast, n ¼ 15 for PKD2fl/fl mice and n ¼ 11 for PKD2DHep mice). For F-H, #p < 0.05, ##p < 0.01, ###p < 0.001 versus CHD according to Two-way ANOVA with
Bonferroni post hoc test. I-K. GTT (I), ITT (J) and PTT (K) were performed in 16-h (GTT, PTT) or 4-h (ITT) fasted mice injected (i.p.) D-glucose (2 g/kg), human insulin (0.75 U/kg) or
sodium pyruvate (1.5 g/kg), respectively. Bar graphs depict the area under the curve (AUC) from GTT, ITT and PTT. Values correspond to mean � SEM (GTT: CHD, n ¼ 12 for
PKD2fl/fl mice and n ¼ 14 for PKD2DHep mice; HFD, n ¼ 7 for PKD2fl/fl mice and n ¼ 10 for PKD2DHep mice; ITT: CHD, n ¼ 6 for PKD2fl/fl mice and n ¼ 5 for PKD2DHep mice; HFD,
n ¼ 10 for PKD2fl/fl mice and n ¼ 9 for PKD2DHep mice; PTT: CHD, n ¼ 6 for PKD2fl/fl mice and n ¼ 5 for PKD2DHep mice; HFD, n ¼ 7 for PKD2fl/fl mice and n ¼ 8 for PKD2DHep

mice). For time-course studies, statistical analysis was performed by Two-way repeated measurements ANOVA or by fitting a mixed model followed by a Bonferroni post hoc test.
*p < 0.05, **p < 0.01, ***p < 0.001 versus CHD-fed mice. For AUC, *p < 0.05 versus HFD-fed PKD2fl/fl mice, #p < 0.05, ##p < 0.01, ###p < 0.001 versus CHD condition,
according to Two-way ANOVA with Bonferroni post hoc test.
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Figure 6: PKD2 deficiency in hepatocytes potentiates hepatic insulin responses after HFD administration in male mice. A. Eight-week-old PKD2fl/fl and PKD2DHep male
mice were fed a HFD for 14 weeks. Basal Ser612 IRS1 phosphorylation and total IRS1 levels were analyzed. Vinculin was used as loading control. Densitometric quantification of
pIRS1 Ser612 and total IRS1 protein levels. Values are mean � SEM (pIRS1, n ¼ 6 for PKD2fl/fl mice and n ¼ 4 for PKD2DHep mice; IRS1, n ¼ 13 for PKD2fl/fl mice and n ¼ 10 for
PKD2DHep mice). *p < 0.05 versus PKD2fl/fl mice according to Student’s t-test. B-C. Four h-fasted HFD-fed PKD2fl/fl or PKD2DHep mice were i.p. injected 0.75 U/kg human insulin
for 15 min. In B, pIR, pIRS1 Tyr608, pAKT (Ser473 and Thr308) protein levels were analysed by immunoblot in liver extracts. Total IR, AKT and Vinculin were used as loading
controls. Densitometric quantification of pIR, pIRS1 Tyr608, pAKT (Ser473 and Thr308) protein levels after insulin treatment. Values are mean � SEM (pIR, pAKT Ser473 and pAKT
Thr308, n ¼ 11 for PKD2fl/fl mice and n ¼ 15 for PKD2DHep mice; pIRS1 Tyr608, n ¼ 7 for PKD2fl/fl mice and n ¼ 10 for PKD2DHep mice). *p < 0.05, **p < 0.01 versus PKD2fl/fl

mice according to Student’s t-test. In C, pGSK3a/b, pFOXO1 and pS6 protein levels were analyzed by immunoblot in liver extracts. Total GSK3a/b, FOXO1, S6 and Vinculin were
used as loading controls. Densitometric quantification of pGSK3a/b, pFOXO1 and pS6 protein levels after insulin treatment. Values are mean � SEM (pGSK3a/b: n ¼ 11 for PKD2fl/
fl mice and n ¼ 13 for PKD2DHep mice; pFOXO1, n ¼ 5 for PKD2fl/fl mice and n ¼ 7 for PKD2DHep mice; pS6, n ¼ 6). *p < 0.05, **p < 0.01 versus PKD2fl/fl mice according to
Student’s t-test. D. Glycogen, total and free glucose levels in livers from CHD- and HFD (14 weeks)-fed PKD2fl/fl and PKD2DHep mice in the fed state. Values are mean � SEM (for
glycogen and total glucose, CHD n ¼ 9, HFD n ¼ 11 for PKD2fl/fl mice and n ¼ 8 for PKD2DHep mice; for free glucose, CHD n ¼ 9, HFD n ¼ 11 for PKD2fl/fl mice and n ¼ 9 for
PKD2DHep mice). **p < 0.01 versus PKD2fl/fl mice, ##p < 0.01, ###p < 0.001 versus CHD condition, according to Two-way ANOVA with Bonferroni post hoc test. E. Protein levels
of pIR and pAKT (Ser473 and Thr308) of muscle extracts from HFD-fed PKD2fl/fl or PKD2DHep mice treated as in b. Total IR, AKT and Vinculin were used as loading controls.
Densitometric quantification of pIR and pAKT (Ser473 and Thr308) protein levels after insulin treatment. Values are mean � SEM (n ¼ 3 for PKD2fl/fl mice and n ¼ 5 for PKD2DHep

mice).
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Figure 7: Deletion of PKD2 does not affect hepatic steatosis upon HFD administration. A. H&E and Oil red O staining of liver sections from PKD2fl/fl and PKD2DHep mice fed a
HFD for 14 weeks (20X, Scale bars ¼ 200 mm). B. NAS Score. Values are mean � SEM (n ¼ 7 for PKD2fl/fl mice and n ¼ 9 for PKD2DHep mice). C. Plasma TG levels (n ¼ 19 for
PKD2fl/fl mice and n ¼ 20 for PKD2DHep mice), plasma cholesterol levels (n ¼ 17 for PKD2fl/fl mice and n ¼ 20 for PKD2DHep mice) and plasma free FAs (n ¼ 19 for PKD2fl/fl mice
and n ¼ 20 for PKD2DHep mice) in PKD2fl/fl and PKD2DHep mice fed a HFD for 14 weeks. Values are mean � SEM. **p < 0.01 versus PKD2fl/fl mice according to Student’s t-test.
D. Plasma ALT activity (n ¼ 19 for PKD2fl/fl mice and n ¼ 18 for PKD2DHep mice) in PKD2fl/fl and PKD2DHep mice fed a HFD for 14 weeks. Values are mean � SEM.
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increased in the livers from HFD-fed PKD2DHep mice compared to
PKD2fl/fl mice (Figure 8C). Moreover, de novo lipogenesis was com-
parable among genotypes as reflected by similar levels of FAs and FA
incorporation into TGs (Figure 8D). These observations prompted us to
examine AMP-activated protein kinase (AMPK) and acetyl-CoA
carboxylase (ACC) activity since it is well known that AMPK in-
activates ACC to promote FAO. After 14 weeks of HFD, no differences
were found in pAMPK, pACC or fatty acid synthase (FAS) protein levels
(Figure 8E). Overall, our data suggest that, although a remodeling in
hepatic lipid fluxes is likely occurring in HFD-fed PKD2DHep mice,
steatosis is not affected by PKD2 deficiency, at least in an early stage
of MASLD.

4. DISCUSSION

In the last decade, multiple studies have shed light on the relevance
and tissue-specificity of PKDs in metabolic homeostasis [53]. As re-
ported, deletion of PKD1, the first identified [6,9] and the most studied
isoform, in beta cells or adipocytes worsens or improves insulin
sensitivity, respectively [19,20]. Regarding PKD2, its specific role in the
intestine by regulating gut microbiota and lipid uptake in enterocytes
has been recently reported [24]. Also, in C2C12 muscle cells PKD2
limits the beneficial effects of quercetin in palmitic acid-mediated
oxidative stress [54]. Herein, we have demonstrated a novel role of
PKD2 in the liver since its modulation in hepatocytes affects insulin
signaling and glucose homeostasis in male mice.
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In particular, our results uncover PKD2 as a negative modulator of
hepatic insulin signaling, being this isoform more active in obese and
insulin resistant mice. Data collected in PKD2DHep mice differ from
those found by Xiao et al. in global PKD2 null mice [23] that displayed
insulin resistance reflected by a marked reduction of insulin-induced
AKT phosphorylation in both liver and skeletal muscle upon CHD
feeding. Moreover, global PKD2 deficiency caused hyperinsulinemia,
revealing that the lack of PKD2 in beta cells is sufficient to enhance
insulin secretion which, in turn, evokes systemic insulin resistance.
These findings, together with our data, reinforce the specific function
of PKD2 in glucose metabolism depending on the target tissue.
The initial analysis of insulin signaling clearly showed enhanced AKT
phosphorylation in mouse primary hepatocytes lacking PKD2 and in
human hepatic cell lines in which PKDs were inhibited pharmaco-
logically. Of note, Xiao et al. did not observe changes in insulin
sensitivity in Prkd2-silenced Hepa1-6 cells [23]; however, a number
of factors might contribute to these differences. In fact, it is known
that hepatocarcinoma cell lines show lower insulin sensitivity, very
low glucose production rates, aberrant expression of gluconeogenic
genes and reduced FAS expression compared to primary hepatocytes
[55,56]. In addition, the discrepancies between our current findings
and this previous study might rely on the experimental settings. First,
in our study experiments were conducted in hepatocytes cultured in
DMEM containing 5.5 mM instead of 25 mM glucose, mimicking the
plasma glucose concentration in the portal vein (4.50 � 1.01 mM
[57]). Second, in primary hepatocytes, maximal AKT phosphorylation
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 8: Hepatocyte PKD2 deficient male mice fed a HFD showed a remodeling of lipid species in the liver without changes in de novo lipogenesis. A. Heatmap
representing the fold of change of different lipid species in livers from HFD-fed (14 weeks) PKD2DHep mice versus livers from HFD-fed (14 weeks) PKD2fl/fl mice (n ¼ 4 mice/group).
The list of all the meaningful lipids based on the UVDA and MVDA results in both ionization modes are in Tables 2 and 3. B. DG, TG and PL hepatic content in livers from HFD-fed
PKD2fl/fl and PKD2DHep mice (n ¼ 9 for PKD2fl/fl mice and n ¼ 11 for PKD2DHep mice). Values are mean � SEM. C. Fatty acid b-oxidation (FAO) rate was measured in liver
homogenates from HFD-fed PKD2fl/fl and PKD2DHep mice (n ¼ 16 for PKD2fl/fl mice and n ¼ 19 for PKD2DHep mice). Values are mean � SEM. *p < 0.05 versus PKD2fl/fl mice
according to Student’s t-test. D. De novo lipogenesis was evaluated in livers from HFD-fed PKD2fl/fl and PKD2DHep mice by [3H]-acetate incorporation and FAs and TGs were
analyzed (FA, n ¼ 8 for PKD2fl/fl mice and n ¼ 11 for PKD2DHep mice; TG, n ¼ 8 for PKD2fl/fl mice and n ¼ 11 for PKD2DHep mice). Values are mean � SEM. E. Protein levels of
pAMPK, pACC and FAS in liver extracts from HFD-fed PKD2fl/fl or PKD2DHep mice. Total AMPK, ACC and Vinculin were used as loading controls. Densitometric quantification of
pAMPK and pACC protein levels. Values are mean � SEM (pACC and pAMPK, n ¼ 13 for PKD2fl/fl mice and n ¼ 11 for PKD2DHep mice; FAS, n ¼ 7).
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levels are achieved 5 min after insulin stimulation, being this time-
point the most optimal to find differential responses among geno-
types. In fact, CRT0066101-pretreated Huh7 and Huh6 human he-
patic cells also showed enhanced AKT phosphorylation at this time-
period, whereas in the study of Xiao et al. AKT phosphorylation in
Hepa1-6 cells was analyzed after a longer stimulation (15 min).
Tissue-specific disruption of insulin signaling has provided a powerful
approach to dissect the critical nodes of this cascade, as well as to sort
out direct and indirect effects [58,59]. Herein, we have demonstrated
that hepatocyte-specific PKD2 deletion potentiates proximal insulin
signaling events such as IRS1 Tyr phosphorylation, thereby enhancing
downstream AKT activation. This effect occurs in hepatocytes from
both CHD- and HFD-fed mice. In line with the in vitro results, higher
insulin sensitivity manifested by reduced AUC in both ITT and PTT, as
well as by enhanced phosphorylation levels of AKT and its downstream
targets GSK3a/b, FOXO1 and ribosomal protein S6 was found in HFD-
fed PKD2DHep mice when compared to their PKD2fl/fl counterparts.
Despite enhanced insulin signaling in HFD-fed PKD2DHep mice upon an
exogenous insulin challenge, under basal conditions hepatic glycogen
levels did not differ between genotypes although glycogen content was
elevaled in livers from PKD2DHep mice fed a CHD compared to PKD2fl/fl

mice, pointing to a higher ability of those mice to store glycogen, an
indicative of enhanced insulin action in hepatocytes. Conversely,
hepatocyte-overexpression of a constitutively active version of PKD2 in
mice fed a CHD, which resembles the increased PKD2 phosphorylation
in mouse liver upon HFD, was sufficient to impair hepatic insulin
signaling in absence of obesity supporting the pathophysiological
relevance of our results. However, neither PKD2 deletion nor over-
expression in hepatocytes impacted on insulin signaling in skeletal
muscle where PKD2 was not genetically modified, suggesting that
PKD2 levels in hepatocytes need to be finely tuned to ensure adequate
systemic insulin sensitivity. A clear example of this effect has been
described in liver-specific IR knockout (LIRKO) mice in which hepa-
tocyte inactivation of the IR is sufficient to induce systemic insulin
resistance despite preserving an intact insulin signaling in skeletal
muscle [58]. It is notheworthy to mention that in line with many studies
supporting sex differences in insulin resistance [60], the beneficial
effects of hepatocyte PKD2 deficiency on enhancing insulin signaling,
as well as insulin and pyruvate tolerance in male mice were not found
in female mice. These sex-specific differences could be due, at least in
part, to the absence of changes in Prkd2 gene expression or its
activation in female mice receiving a HFD for 14 weeks.
Of relevance, the present study demonstrates that, despite the fact
that hepatic PKD1 expression is marginal as reported by Mayer et al.
[22] and confirmed herein, unexpectedly, its deficiency in hepato-
cytes upregulates PKD2, and this might be an explanation for the
impairment of insulin signaling in PKD1-deficient hepatocytes. These
data enable us to postulate, on the one hand, that PKD1 and PKD2,
despite their structural similarities [10,12,61], are not redundant in
the liver and, on the other, that PKD2 likely compensates the loss of
PKD1 in hepatocytes. Although most studies suggest that PKDs act in
a functionally redundant manner [25,26,62,63], the antithetical role
for PKD1 versus PKD2/PKD3 has also been reported, for instance, in
the control of cell proliferation of certain cancer cells [64], supporting
isoform-specific PKD responses depending on the cellular context
[65,66].
Regarding PKD2 and PKD3, their overactivation (PKD3 in Mayer et al.
[22] and PKD2 herein) is sufficient to impair insulin signaling in the
liver. Instead, deletion of either PKD3 [22] or PKD2 enhances insulin
sensitivity although it will be necessary to delete both isoforms to
decipher if their individual deletion would be sufficient to reach a
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maximal effect on the enhancement of insulin signaling. This inter-
esting issue will require further investigation.
Surprisingly, even though PKD3DHep mice displayed enhanced sys-
temic insulin sensitivity, they presented higher TG and cholesterol
accumulation in the liver after long-term (24 weeks) HFD adminis-
tration due to the upregulation of lipogenic and cholesterol synthesis-
related gene expression in hepatocytes [22]. At the molecular level,
PKD3 deficiency increased insulin-induced AKT phosphorylation in
hepatocytes; however, the negative crosstalk of PKD3 activation on the
critical nodes of insulin signaling upstream AKT, particularly on IRS1
phosphorylation, was not elucidated in the study of Mayer et al. Also,
since PKD3 is the most abundant PKD in the liver, its deletion in he-
patocytes might rewire hepatic metabolism resulting in metabolic al-
terations such as enhanced steatosis and hypercholesterolemia that
might cause metabolic syndrome in the long-term. Further, the specific
role of PKD3 in restraining hepatic lipogenesis was reinforced by the
treatment of PKD3DHep mice with CRT0066101, which inhibits the two
remaining PKD isoforms, showing not further enhancement of the
lipogenic expression profile by inhibiting PKD2 since, as stated above,
hepatocyte PKD1 levels are marginal [22]. Additionally, we have pro-
vided results into whether other kinases rather than PKDs, might
compensate for the loss of PKD2 in hepatocytes. In this regard,
phosphorylation levels of protein kinases such as IKKa/b, JNK1/2 or
ERK1/2 that block insulin signaling at the level of IRS1 [48e51], were
similar in PKD2fl/fl and PKD2DHep hepatocytes. Alltogether, our findings
support the relevance of PKD2 in the modulation of hepatic insulin
signaling since its deficiency cannot be compensated by other kinases
targeting IRS1.
It is well established that under physiological conditions insulin
signaling, particularly AKT, controls hepatic lipogenesis [67]. Para-
doxically, increased de novo lipogenesis is also a feature of insulin
resistance in which insulin fails to suppress hepatic glucose pro-
duction, but yet still augments or sustains de novo lipogenesis. This
phenomenon is known as selective insulin resistance, pointing to
distinct insulin sensitive pathways that independently modulate
glucose and lipid metabolism [68]. In our settings of obesity-linked
insulin resistance, the enhancement in phosphorylation of AKT and
its downstream targets in the liver from PKD2DHep mice is not
associated with elevated in de novo lipogenesis. Conversely, in the
case of PKD3DHep mice fed a HFD for 24 weeks that also showed
higher AKT phosphorylation in the liver and retained insulin sensitivity
regarding glucose homeostasis, those mice presented a marked
increase in hepatic lipogenesis, a feature of selective insulin resis-
tance, pointing to substantial differences between PKD2 and PKD3 in
modulating lipid metabolism under obesogenic conditions that
deserve further investigation. Moreover, the results on the evaluation
of lipid metabolic fluxes in the liver of HFD-fed PKD2DHep mice evi-
denced an increase in FAO without changes in the total pool of DG
and TG, although the lipidomic analysis revealed an increase in 6 DG
species. Moreover, although total PL content was not altered in the
liver from PKD2DHep mice, several PL species were decreased.
Altogether, these results suggest a scenario of lipid species
remodeling possibly mediated by activation of phospholipases that
provide, among others, FAs as substrates to fuel FAO, but without
alterations in total TG, DG and PL content, as well as in the NAS
score. Interestingly, mice deficient in type V secretory phospholipase
A2 (sPLA2-V) exhibited increased adiposity, insulin resistance, he-
patic steatosis and hyperlipidemia [69]. Therefore, it is tempting to
speculate that in HFD-fed PKD2DHep mice the lipid remodeling might
be beneficial in the long-term to slow down the progresion to a more
severe MASLD stage. In addition, the decrease in plasma free FAs
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could be an indicative of increased insulin sensitivity in white adipose
tissue by restraining lipolysis. Overall, our results suggest that
deletion of PKD2 rather than PKD3 is likely a more appropriated
strategy to enhance insulin sensitivity without further causing po-
tential metabolic rearrangements in hepatic lipid metabolism that
might be deleterious in the long-term.
Multiple studies have demonstrated that IRS1 serine phosphorylation
is directly related to the impairment of its tyrosine phosphorylation,
thereby blocking insulin signaling [46,47,49]. Particularly, the work
from Mothe and Van Obberghen [70] highlights Ser612, which is
nearby the phosphatidylinositol 3-kinase (PI3K) binding motif
Tyr608XXM, as a key negative modulator of IRS1 tyrosine phos-
phorylation and the activity of PI3K upon insulin stimulation. Also, an
inverse relationship between IRS1 Ser612 phosphorylation and AKT
activation has been demonstrated in HepG2 cells treated with a
natural compound derived from quercetin [71]. However, controversy
on the in vivo relevance of IRS1 serine phosphorylation as a negative
modulator of AKT and hence, glucose homeostasis, has been raised
by the study of Copps and co-workers [72]. They showed IRS1
Ser302-independent effects in the negative modulation of AKT
phosphorylation by the feed-back driven by mTORC1/S6K. However,
these results do not contradict our data because we postulate that
PKD2, alone or within a signaling complex, is likely responsible of
phosphorylating IRS1 at Ser612 and maybe at additional serine
residues. Our data are supported by in vivo evidences of decreased
IRS1 Ser612 phosphorylation and increased IRS1-mediated AKT
downstream insulin signaling together with an improvement of sys-
temic insulin sensitivity in obese mice lacking PKD2 in hepatocytes.
More closely related to our study, in HEK293T cells, Ser612 in IRS1 has
been shown to be phosphorylated upon PKC activation by phorbol 12-
myristate 13-acetate (PMA) [73] and, importantly, mutation of this site
protected HEK293T against PMA-induced insulin resistance. In addi-
tion, Kahn and colleagues [74] demonstrated decreased IRS1 Ser612
phosphorylation in the liver of mice lacking Prkcd, which encodes the
atypical PKCd, reflecting IRS1 targeting by PKCd. Since on the one
hand, other studies also reported impairments in insulin signaling via
PKC-mediated IRS1 serine phosphorylation [75,76] and, on the other,
PKD is a downstream target of PKCs [77], we cannot exclude the
existence of a PKC/PKD/IRS1 axis in the modulation of insulin effector
cascades. It is noteworthy to highlight that we have provided new
molecular insights on the negative modulation of hepatic insulin
signaling likely mediated by an association of PKD2 with IRS1. At
present, we cannot address whether IRS1 is a direct PKD2 substrate
due to the lack of the consensus PKD phosphorylation motif [78] in
IRS1. However, our results show that PKD2 is present at the plasma
membrane and IRS1 Ser612 phosphorylation is reduced when PKD2 is
absent, supporting its relevant contribution to the modulation of IRS1
activity. In this context, an association of IRS1-PKD1 has been reported
in MCF-7 cells in response to growth factor stimulation, without
modifying IRS1 serine phosphorylation [79]. The authors of this study
argued that the IRS1-PKD1 association might reduce the affinity of the
latter for insulin-like growth factor-1 receptor, thereby decreasing its
subsequent tyrosine phosphorylation. In this regard, our results point to
a modulation of IRS1 activity by PKD2-mediated serine phosphorylation
rather than an effect on IR kinase activity.
Regarding the traslational relevance of our results, it is noteworthy to
highlight that there are no PKD-related drugs currently entering
clinical trials for cancer or metabolic diseases [80]. Recently, specific
pan-PKD inhibitors have been discovered, including CRT0066101
used in this study. These compounds have shown therapeutic effects
in preclinical studies and are promising drug candidates [81e83].
MOLECULAR METABOLISM 90 (2024) 102045 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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However, their use in the clinic is limited by the tissue- and isoform-
specific roles of PKDs in different pathological contexts or even in the
same disease, as shown herein and in other studies [19e22,24].
Thus, more research is needed to overcome these limitations and
offer more precise treatments.

5. CONCLUSIONS

In conclusion, this study has unraveled new molecular insights on
PKD2 as a negative modulator of hepatocyte insulin signaling and a
potential therapeutic candidate to tackle insulin resistance in
the liver.
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