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The insulin-sensitizer pioglitazone exerts its cardiometabolic benefits in type 2 diabetes 
(T2D) through a redistribution of body fat, from ectopic and visceral areas to subcutaneous 
adipose depots. Whereas excessive weight gain and lipid storage in obesity promotes 
insulin resistance and chronic inflammation, the expansion of subcutaneous adipose by 
pioglitazone is associated with a reversal of these immunometabolic deficits. The precise 
events driving this beneficial remodeling of adipose tissue with pioglitazone remain unclear, 
and whether insulin-sensitizers alter the lipidomic composition of human adipose has not 
previously been investigated. Using shotgun lipidomics, we explored the molecular lipid 
responses in subcutaneous adipose tissue following 6 months of pioglitazone treatment 
(45 mg/day) in obese humans with T2D. Despite an expected increase in body weight 
following pioglitazone treatment, no robust effects were observed on the composition of 
storage lipids (i.e., triglycerides) or the content of lipotoxic lipid species (e.g., ceramides 
and diacylglycerides) in adipose tissue. Instead, pioglitazone caused a selective remodeling 
of the glycerophospholipid pool, characterized by a decrease in lipids enriched for 
arachidonic acid, such as plasmanylethanolamines and phosphatidylinositols. This 
contributed to a greater overall saturation and shortened chain length of fatty acyl groups 
within cell membrane lipids, changes that are consistent with the purported induction of 
adipogenesis by pioglitazone. The mechanism through which pioglitazone lowered adipose 
tissue arachidonic acid, a major modulator of inflammatory pathways, did not involve 
alterations in phospholipase gene expression but was associated with a reduction in its 
precursor linoleic acid, an effect that was also observed in skeletal muscle samples from 
the same subjects. These findings offer important insights into the biological mechanisms 
through which pioglitazone protects the immunometabolic health of adipocytes in the 
face of increased lipid storage.
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INTRODUCTION

Adipose tissue is the primary site for fat storage and quantitatively 
the most important energy reservoir in the body. The coordinated 
expansion and breakdown of adipose lipid stores is crucial to 
the dynamic regulation of circulating nutrient availability and 
plays a central role in the control of whole-body metabolism. 
Excessive nutrient storage in adipose tissue (i.e., obesity) promotes 
adipocyte dysfunction, inflammation, and insulin resistance 
and is therefore strongly implicated in the etiology of type 2 
diabetes (T2D; DeFronzo, 2004).

Pioglitazone is an insulin-sensitizing drug approved for the 
treatment of T2D. The molecular effects of pioglitazone are 
primarily mediated through the nuclear receptor peroxisome 
proliferator-activated receptor gamma (PPARγ), a transcriptional 
regulator of adipocyte differentiation and lipid storage which 
is highly abundant in adipose tissue (Spiegelman, 1998). Although 
its precise therapeutic mechanism remains controversial, the 
disease-modifying actions of pioglitazone are traditionally 
ascribed to the PPARγ-mediated expansion of subcutaneous 
adipose tissue, resulting in a reduction in systemic lipid 
concentrations and the subsequent reversal of “lipotoxicity” in 
non-adipose tissues (Bays et  al., 2004). In the absence of a 
negative energy balance (i.e., weight loss), the mobilization of 
ectopic lipids, especially from skeletal muscle (Bajaj et al., 2010) 
and liver (Bajaj et  al., 2003), as well as the redistribution of 
visceral fat, is accompanied by a reciprocal increase in the 
subcutaneous adipose tissue depots (Miyazaki et  al., 2002) and 
in adiponectin levels (Gastaldelli et  al., 2021). Mechanistically, 
recent estimates of adipogenesis in obese individuals treated 
with pioglitazone (White et  al., 2021) confirm earlier 
morphological observations (McLaughlin et  al., 2010) that 
thiazolidinediones drive adipose expansion by stimulating the 
formation of new adipocytes (i.e., hyperplasia). As a result of 
this mode of action, pioglitazone paradoxically causes weight 
gain (specifically fat mass) despite improving dyslipidemia, 
insulin sensitivity, and glycemic control (Miyazaki et  al., 2001; 
Shadid and Jensen, 2003).

Recent reports have suggested that the expansion of adipose 
tissue following pioglitazone treatment could be  driven by the 
formation of new adipocytes (i.e., adipogenesis) in subcutaneous 
adipose depots (White et  al., 2021). This is consistent with 
observations that pioglitazone increases the proportion of smaller 
adipocytes in subcutaneous adipose tissue (de Souza et  al., 
2001; McLaughlin et  al., 2010) which likely contributes to the 
enhancement of adipocyte glucose uptake and greater overall 
capacity for lipid storage (Olefsky, 1976). Importantly, whereas 
adipose tissue expansion in obesity is coupled with metabolic 
dysfunction and chronic, low-grade inflammation (Zatterale 
et al., 2019), the pioglitazone-mediated increase in lipid storage 
is associated with the promotion of anti-inflammatory pathways 
in human adipose (Koppaka et  al., 2013; Spencer et  al., 2014).

The lipid composition of human adipose tissue is dominated 
by triglyceride species (Al-Sari et  al., 2020), but also includes 
numerous less abundant lipid molecules that may nevertheless 
be  important effectors of inflammatory and insulin signaling 
pathways. For example, it was recently found that changes in 

adipose glycerophospholipids, rather than triglycerides, more 
closely reflect the transcriptional and metabolic adaptations 
occurring during adipose expansion with diet-induced obesity 
(Liu et  al., 2020). Alterations in certain glycerophospholipid 
species, including those enriched in arachidonic acid, have 
been directly implicated in the inflammatory milieu of adipose 
tissue in human obesity (Pietiläinen et  al., 2011). How the 
molecular lipid profile of adipose tissue responds to pioglitazone 
therapy has not previously been investigated and, as such, the 
events involved in adipose tissue remodeling following 
pioglitazone treatment remain poorly characterized.

The objective of the present study was to determine the 
impact of pioglitazone treatment on molecular lipids in adipose 
tissue from obese type 2 diabetics, using a multi-dimensional 
mass spectrometry-based shotgun lipidomics approach (Han 
and Gross, 2005), which facilitated the class-targeted analysis 
of all glycerophospholipid, sphingolipid, acylcarnitine, free fatty 
acid, triacylglycerol, and diacylglycerol species. Understanding 
how adipose tissue biology influences the resolution of human 
insulin resistance can identify novel pathophysiological lipid 
species and represents an important step toward developing 
more effective therapeutic strategies to combat the clinical and 
socioeconomic burden of soaring rates of obesity and T2D.

MATERIALS AND METHODS

Human Studies
Seven obese individuals with T2D (male/female 6/1; Mexican 
American/Caucasian 5/2; age 57 ± 7 years; BMI 32 ± 6 kg/m2; 
HbA1c 8.0 ± 0.6%) treated with diet alone or diet plus metformin 
and/or sulfonylurea participated in the study, which was approved 
by the Institutional Review Board of the South Texas Veterans 
Healthcare System, University of Texas Health Science Center 
San Antonio. After providing fully informed consent and 
completing a routine health screening visit, eligible subjects 
reported to The Bartter Clinical Research Unit of the South 
Texas Veterans Healthcare System following an overnight ~10-h 
fast. A baseline blood sample was drawn for the measurement 
of fasting blood glucose, HbA1c, and triglycerides, and 
subcutaneous abdominal adipose tissue and vastus lateralis 
muscle biopsies were obtained under local anesthesia (1% 
Lidocaine) for lipid profiling and gene expression analysis. 
Baseline measurements were repeated after 6 months of 
pioglitazone treatment (45 mg/day). Due to biopsy sample 
availability, lipidomic analyses were carried out on six of the 
seven subjects for adipose tissue and five of the seven subjects 
for skeletal muscle tissue, such that lipidomic analyses in at 
least one tissue are presented for all subjects. Clinical and 
adipose gene expression data are presented for all seven subjects.

Multi-Dimensional Mass Spectrometry-
Based Shotgun Lipidomics
Adipose tissue or skeletal muscle samples (10–20 mg) were 
homogenized in ice-cold diluted (10%) phosphate-buffered 
saline, and lipids were extracted by a modified Bligh and Dyer 
procedure in the presence of internal standards added based 
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on total protein content, as previously described (Han and 
Gross, 2005; Wang et  al., 2017; Palavicini et  al., 2020). A 
triple-quadrupole mass spectrometer (Thermo Scientific TSQ 
Altis, CA, United  States) and a Quadrupole-Orbitrap™ mass 
spectrometer (Thermo Q Exactive™) equipped with a Nanomate 
device (Advion Biosciences Ltd., NY, United States) and Xcalibur 
system software were used as previously described (Wang et al., 
2017). Briefly, diluted lipid extracts were directly infused into 
the electrospray ionization source through a Nanomate device. 
Signals were averaged over a 1-min period in the profile mode 
for each full-scan mass spectrometry (MS) spectrum. For 
tandem MS, a collision gas pressure was set at 1.0 mTorr, but 
the collision energy varied with the classes of lipids. Similarly, 
a 2- to 5-min period of signal averaging in the profile mode 
was employed for each tandem MS mass spectrum. All full 
and tandem MS mass spectra were automatically acquired using 
a customized sequence subroutine operated under Xcalibur 
software. Data processing, including ion peak selection, baseline 
correction, data transfer, peak intensity comparison, 13C 
deisotoping, and quantitation, was conducted using a custom 
programmed Microsoft Excel macro as previously described 
after considering the principles of lipidomics (Yang et al., 2009).

Adipose Tissue Gene Expression
Target mRNA expression was determined in adipose tissue 
lysates by qRT-PCR as previously described (Shannon et  al., 
2017) using the following pre-designed SYBR green human 
primer assays from Sigma (MO, United States): FADS1, FADS2, 
ELOVL5, CDS1, CDIPT, PLA2G4A, PLA2G4C, PLA2G7, and 
PLA2G16. Data were normalized to the geometric mean of 
the reference genes ACTB and GAPDH and expressed as a 
fold change relative to the baseline (pre-treatment) mean.

Statistical Analyses
Clinical data and lipid class totals are expressed as mean ± standard 
error and were compared using paired t tests. Overall lipidomics 
data patterns were initially visualized by principal component 
analyses (PCA) performed on raw data for quantified species 
(in nmol/mg protein). Lipid data were then scaled to the total 
molar content of all detected species in that lipid class. 
Compositional changes in lipid classes were subsequently 
evaluated by comparing individual species or groups of individual 
species (for acyl chain length and saturation profiles) with 
multiple paired t tests, controlling for a < 10% false discovery 
rate (FDR) using the two-stage step-up method of Benjamini, 
Krieger, and Yekuieli (GraphPad Prism 9). Gene expression 
changes were assessed by multiple paired t tests controlling 
for FDR.

RESULTS

Clinical Responses to Pioglitazone 
Treatment
In agreement with the established clinical effects of 
thiazolidinediones (Aronoff et  al., 2000; Miyazaki et  al., 2001), 

6 months of pioglitazone treatment lowered fasting blood glucose 
(Figure  1A) and HbA1c (Figure  1B), although the decline in 
fasting triglycerides (Figure  1C) did not reach statistical 
significance (p = 0.085). Subjects gained an average of 3.2 kg 
body weight following pioglitazone treatment (Figure  1D).

Glycerophospholipid Profile Responds to 
Pioglitazone Treatment in Adipose Tissue
Our class-targeted shotgun lipidomics approach determined 
the adipose tissue concentration of over 300 molecular lipid 
species across 15 functional lipid classes. In general, the total 
amount of each lipid class remained constant following 
pioglitazone treatment, apart from the free fatty acid and 
cardiolipin pools, which were both significantly decreased post 
treatment (Figure  2A). These observations were preserved 
regardless of whether lipid class totals were normalized to 
protein content or tissue weight (Supplementary Figure  1).

A wide inter-individual variability was observed for many 
lipid classes and, indeed, PCA of each major structural family 
of lipids (glycerolipids, glycerophospholipids, sphingolipids, and 
fatty acyl lipids) revealed that much of the variance in adipose 
lipid species was driven by between-subject differences 
(Figure  2B). However, baseline and post-pioglitazone samples 
clustered separately along PC1 for glycerophospholipids, with 
this vector explaining 36% of variance in all glycerophospholipid 
species (Figure  2B). This parallels previous observations that, 
in comparison with the dominant pool of adipose triglycerides, 
the composition of glycerophospholipids appears to be  more 
responsive to changes in adipose tissue mass and/or metabolic 
function (Pietiläinen et  al., 2011; May et  al., 2017; Liu et  al., 
2020). As such, our subsequent analyses focused predominantly 
on the 141 measured lipid species comprising 
glycerophospholipid classes.

Pioglitazone Increases the Saturation of 
Membrane Lipids in Adipose Tissue
Glycerophospholipids are critical components of cell membranes 
and the preferential trafficking of polyunsaturated fatty acids 
(PUFA) toward these complex lipids plays an important role 
in the regulation of membrane fluidity (Pietiläinen et al., 2011). 
Changes in the composition of glycerophospholipids, particularly 
their fatty acyl chain saturation, could therefore have important 
implications for adipocyte function. We considered the relative 
amounts of saturated fatty acids (SFA), monounsaturated fatty 
acids (MUFA), and PUFA in the total glycerophospholipid 
pool as an index of adipose cell membrane saturation. Pioglitazone 
treatment was associated with a significant decrease in the 
PUFA fraction, but an increase in the SFA fraction, in 
glycerophospholipids (Figure  3A). This shift toward a greater 
saturation of membrane lipids was similarly reflected in the 
free fatty acid pool (Figure  3B).

The fatty acid desaturases (FADS1 and FADS2) catalyze 
the rate-limiting enzymatic steps in the generation of PUFA, 
and an index of the combined flux through these pathways 
can be  estimated from the product-to-substrate ratio of 
arachidonic acid to linoleic acid in tissue lipids (Martinelli 
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et  al., 2008; Del Pozo et  al., 2020). Consistent with the 
increased saturation of membrane lipids, the FADS ratio 
calculated from the glycerophospholipid fatty acyl pool was 
significantly lower following pioglitazone treatment (Figure 3C), 
which may be indicative of a lower desaturase activity. However, 
no changes were observed in the saturation profile of the 
triglyceride pool (Figure  3D), which represents the 
overwhelming site of fatty acyl esterification in adipose tissue. 
These findings suggest that, consistent with our PCA plots 
(Figure 2B), the glycerophospholipid pool is highly responsive 
to pioglitazone-induced changes in unsaturated free fatty acid 
availability, whereas the triglyceride pool is more resistant to 
these changes.

Another process closely linked to fatty acid desaturation is 
de novo lipogenesis (DNL), which can be  similarly estimated 
from the ratio of non-essential fatty acids (which can 
be  synthesized) to essential fatty acids (obtained exclusively 
from the diet) in the glycerophospholipid pool (Yew Tan et al., 
2015). In agreement with previous reports that thiazolidinediones 
enhance DNL in human adipose tissue (de Souza et  al., 2001; 
McTernan et al., 2002), the DNL index was significantly increased 
by pioglitazone treatment (Figure 3E), a finding that was again 
replicated in the free fatty acyl pool (Figure  3F). Moreover, 
these observations were substantiated by another common 
metric of DNL, the palmitate (C16:0) to linoleate (C18:2) ratio, 
in both the glycerophospholipid (Supplementary Figure  2A) 
and free fatty acid pools (Supplementary Figure  2B).

Pioglitazone Lowers Arachidonic Acid 
Enrichment in Adipose 
Glycerophospholipids
To ascertain whether certain functional lipid groups or species 
were responsible for the observed changes in membrane lipid 
saturation following pioglitazone treatment, each molecular species 
was next normalized to the respective total glycerophospholipid 
content determined in each sample. After controlling for multiple 
comparisons (see Statistical Analyses in Methods), 26 species 
(15 downregulated, 11 upregulated) were found to be  altered 
by pioglitazone treatment (Figure  4A). Strikingly, two-thirds of 
downregulated glycerophospholipids were species containing the 
long-chain polyunsaturated fatty acid arachidonic (C20:4) acid 
(AA). Indeed, the cumulative amount of AA esterified in 
glycerophospholipids was 40% lower following pioglitazone 
treatment (Figure 4B), while AA-containing species also accounted 
for many of the strongest positive loadings on PC1 for 
glycerophospholipids (Supplementary Figure  3A). In contrast, 
no change was observed in the glycerophospholipid levels of 
docosahexaenoic acid (C22:6; Supplementary Figure 3B), another 
major long-chain polyunsaturated fatty acid. Moreover, the AA 
content of adipose triglycerides also remained unchanged following 
pioglitazone treatment (Supplementary Figure  3C). Together, 
these findings highlight a selective decrease in glycerophospholipid 
AA enrichment as a key feature of the molecular lipid response 
to pioglitazone treatment in adipose tissue.

A B

C D

FIGURE 1 | Clinical responses to pioglitazone treatment. Fasting plasma glucose (A), glycated hemoglobin (B), plasma triglycerides (C), and body weight (D) at 
Baseline (red) and following 6 months of 45 mg/day pioglitazone treatment (blue). *p < 0.05, ***p < 0.001 vs. Baseline. Data are mean ± standard error (filled bars) and 
individual values (filled circles) for n = 7 subjects.
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Changes in the arachidonic acid content of 
glycerophospholipids could be  related to alterations in free 
arachidonic acid availability and its subsequent esterification 
into phosphatidic acid, the obligate precursor for all 
glycerophospholipids. Accordingly, pioglitazone treatment 
resulted in a ~ 45% reduction in free AA availability 
(Figure 4C), which was paralleled by a decrease in 18:0–20:4 

phosphatidic acid (Figure  4D), the major AA-containing 
phosphatidic acid species. Moreover, free AA concentrations 
were positively and significantly correlated with the AA 
content of glycerophospholipids across all samples and 
timepoints (Figure  4E). The cellular pool of free AA is 
partially dependent upon its synthesis from the essential 
fatty acid linoleic acid (Hanna and Hafez, 2018). Adipose 

A

B

FIGURE 2 | The glycerophospholipid profile responds to pioglitazone treatment in adipose tissue. Lipid class totals in adipose tissue (A) for triglyceride, 
diacylglyceride, free fatty acids, acylcarnitine (acylcarns), sphingomyelin (SM), ceramide, phosphatidylethanolamine (PE), lyso-phosphatidylethanolamine, 
phosphatidylcholine (PC), lyso-phosphatidylcholine, phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidylglycerol (PG), phosphatidic acid (PA), and 
cardiolipin (CL) normalized to adipose protein content. *p < 0.05 vs. Baseline. Data are mean ± standard error (filled bars) and individual values (filled circles) for n = 6 
subjects. Principal component analysis score plots of the first two principal components (B) summarizing the overall pattern of variance in glycerolipid, fatty acyl, 
sphingolipid, and glycerophospholipid pools from human adipose tissue at Baseline (red) and following 6 months of 45 mg/day pioglitazone treatment (blue). Note 
that pioglitazone-treated samples cluster separately along the x-axis (PC1) for glycerophospholipid scores.
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tissue levels of free linoleic acid were also significantly 
reduced after pioglitazone treatment (Figure  4F),  
supporting a decrease in AA synthesis as a possible mechanism 
through which pioglitazone influences glycerophospholipid  
remodeling.

Adipose Tissue Plasmenylethanolamines 
Are Lowered by Pioglitazone Treatment
Phosphatidylethanolamines (PE) are the most abundant 
glycerophospholipids in adipose tissue (Figure 2A) and represent 

the major site of AA accumulation in most mammalian cell 
membranes, specifically at the sn-2 fatty acyl position. Consistent 
with the profile changes of total glycerophospholipids 
(Figure  3A), pioglitazone treatment was associated with an 
increased saturation of the sn-2 fatty acyl chain in PE (Figure 5A), 
as well as replacement of fatty acyl species containing 20 
carbons by predominantly shorter (C16 and C18) species 
(Figure  5B). In contrast, the composition of the fatty acyl 
chain in the sn-1 position of PE, which does not accrue AA, 
was unaltered by pioglitazone treatment (Supplementary  
Figures  4A,B).

A B

C D

E F

FIGURE 3 | Pioglitazone increases the saturation of membrane lipids in adipose tissue. Contribution of saturated fatty acids, monounsaturated fatty acids, and 
polyunsaturated fatty acids to total fatty acyl groups in the glycerophospholipid (A), free fatty acid (B), and triglyceride (D) pools; ratio of 20:4 to 18:2 fatty acyl 
groups in glycerophospholipids as an index of fatty acid desaturase activity (C); ratio of non-essential fatty acids (non-EFA) to essential fatty acids as an index of de 
novo lipogenesis in the glycerophospholipid (E) and free fatty acid (F) pools from adipose tissue at Baseline (red) and following 6 months of 45 mg/day pioglitazone 
treatment (blue). *p < 0.05, **p < 0.01 vs. Baseline. Data are mean ± standard error (filled bars) and individual values (filled circles) for n = 6 subjects.
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Compared with other glycerophospholipid classes, PE contain 
a greater portion of plasmalogen species (plasmenylet 
hanolamines), which are especially highly enriched in AA 
(Brites et  al., 2004) and have previously been associated with 
adipose tissue expansion in human obesity (Pietiläinen et  al., 
2011). Numerous plasmenylethanolamines were altered by 
pioglitazone (Figure  4A), culminating in a decrease in the 
contribution of plasmalogens to the total PE pool relative to 
diacyl and alkyl forms (Figure  5C). A more modest pattern 
of increased acyl chain saturation was reflected in the sn-2 
position of phosphatidylcholine (PC), another major constituent 
of cellular membranes, consistent with the lower enrichment 
of AA in PC vs. PE (Figure  5D). The increased remodeling 

of cell membrane lipids was further reflected by alterations 
in the lyso-phospholipid pool. Whereas the relative levels of 
20:4 lyso-PE and lyso-PC were reduced following pioglitazone 
treatment, many other (non-20:4) species were upregulated 
(Figure  4A).

Pioglitazone Influences Lipid Mediators of 
Insulin Signaling and Mitochondria in 
Adipose Tissue
Another group of lipids tightly linked to AA metabolism is 
the phosphatidylinositols (PI; Anderson et  al., 2016), serving 
as a precursor pool for the downstream generation of phosphatidyl 

A

D E F

B

C

FIGURE 4 | Pioglitazone lowers arachidonic acid enrichment in adipose glycerophospholipids. Heatmap depicting fold change (z scores) for significantly altered 
molecular glycerophospholipid species in paired adipose tissue samples (A), with blue indicating an upregulation and red indicating a downregulation following 
6 months of 45 mg/day pioglitazone treatment. Lipids were first normalized to total glycerophospholipid content detected in each respective sample and compared 
with multiple paired t tests corrected for a false discovery rate of 10%. Absolute content of arachidonic acid esterified in glycerophospholipids (B) and in unesterified 
form (C), and its fractional contribution in phosphatidic acid (D), as well as the correlation between free and glycerophospholipid esterified arachidonic acid (E) and 
absolute content of linoleic acid (F) in paired adipose tissue samples at Baseline (red) and Post-PIO (blue). *p < 0.05, **p < 0.01 vs. Baseline. Data are 
mean ± standard error (filled bars) and individual values (filled circles) for n = 6 subjects.
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3,4,5-triphosphate (PIP3) and therefore playing a vital role in 
the regulation intracellular insulin signaling (Sandra and Marshall, 
1986). In agreement with conserved observations across 
mammalian cell types (Patton et al., 1982; Kurvinen et al., 2000; 
Wang et  al., 2016), PI 18:0–20:4 predominated as the major 
molecular PI species in adipose tissue (Supplementary Figure 4C). 
However, consistent with the reduction in AA availability 
(Figure  4C), PI species containing 20:4 acyl moieties were 
markedly lower following pioglitazone treatment (Figure 5E and 

Supplementary Figure  4C), whereas the contribution of other 
species to the total PI pool increased (Supplementary Figure 4C).

As well as contributing to AA synthesis, linoleic acid is a 
crucial component of the mitochondrial membrane lipid 
cardiolipin. Consistent with the lower mitochondrial content 
in human white adipose tissue, total cardiolipin concentrations 
detected in adipose tissue were nearly 10-fold lower than that 
measured in skeletal muscle from the same subjects (Figure 2A 
and Supplementary Figure  4D). As previously acknowledged, 

A B

C D

E F

FIGURE 5 | Adipose tissue plasmenylethanolamines are lowered by pioglitazone treatment. Saturation number of double bonds; (A) and length number of carbon 
atoms; (B) of fatty acyl chains in the sn-2 position, and ether chain content (C), of phosphatidylethanolamine (PE); Saturation of fatty acyl chains in the sn-2 position 
of phosphatidylcholine (D); arachidonic acid enrichment in phosphatidylethanolamine (E); content of cardiolipins (F) in paired adipose tissue samples at Baseline 
(red) and Post-PIO (blue). *p < 0.05, **p < 0.01 vs. Baseline. Data are mean ± standard error (filled bars) and individual values (filled circles), normalized to the total 
molar content for each respective lipid class (A–E), or to the total glycerophospholipid pool (F), for n = 6 subjects.
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and in agreement with our previous findings in livers from 
pioglitazone-treated mice (Shannon et al., 2021), adipose tissue 
cardiolipin was significantly reduced by pioglitazone treatment 
(Figure  2A). This decrease was not driven by changes in 
particular molecular species of cardiolipin but was instead 
related to a universal reduction in all detected species (Figure 5F).

Pioglitazone-Induced Changes in Adipose 
Tissue Are Partially Recapitulated in 
Skeletal Muscle
Skeletal muscle is another major tissue targeted by the insulin-
sensitizing effects of pioglitazone (Bajaj et al., 2010). We evaluated 
whether the pioglitazone-induced changes observed in adipose 
tissue were also evident in skeletal muscle biopsies from a 
subset (n = 5) of the same subjects. Free linoleic acid concentrations 
in skeletal muscle were ~ 15% lower following pioglitazone 
treatment (Figure  6A), although this was not associated with 
alterations in either the level of free AA (Figure  6B) or its 
enrichment in the total glycerophospholipid pool (Figure  6C). 
Nevertheless, AA enrichment in phosphatidylinositol declined 
significantly with pioglitazone (Figure  6D). Thus, part of the 
lipid remodeling effects of pioglitazone observed in human 
adipose tissue are paralleled by changes in skeletal muscle.

Impact of Pioglitazone on Phospholipase 
Gene Expression
Since many of the disease-modifying actions of pioglitazone 
have been attributed to transcriptional modulation of lipid 

metabolism pathways (Spiegelman, 1998), we explored prospective 
changes in genes involved in the regulation of AA metabolism. 
The adipose tissue mRNA expression of genes involved in AA 
synthesis from linoleic acid (ELOVL5, FADS1, and FADS2; 
Figure 7A), or AA removal from glycerophospholipids (PLA2G4, 
PLA2G4B, PLA2G4C, PLA2G7, and PLA2G16; Figure  7B), 
remained unchanged after 6 months of pioglitazone treatment. 
Similarly, no differences were observed in the genes responsible 
for AA incorporation into phosphatidylinositol, including CDS1 
or CDIPT (Figure  7C).

DISCUSSION

Despite being prescribed as an anti-diabetic agent for over 
20 years, the precise molecular mechanisms of pioglitazone 
remain unresolved. The results of the current study demonstrate 
that the clinical benefits seen in T2D patients treated with 
pioglitazone are accompanied by robust compositional changes 
in adipose tissue glycerophospholipids, with minimal alterations 
observed in other lipid classes. Specifically, pioglitazone-induced 
adipose remodeling was characterized by an increased saturation 
of membrane lipids, driven primarily by reductions in 
glycerophospholipid species enriched for arachidonic acid (AA), 
including phosphatidylinositols and plasmenylethanolamines. 
These changes were not dependent upon transcriptional 
activation of phospholipase genes but were associated with a 
decrease in adipose tissue levels of free AA and its parent 
precursor linoleic acid. Notably, despite weight gain, which 

A B

C D

FIGURE 6 | Pioglitazone-induced changes in adipose tissue are partially recapitulated in skeletal muscle. Content of free linoleic acid (A) and arachidonic acid in 
unesterified form (B) or esterified in glycerophospholipids (C), or as a fraction of the phosphatidylinositol pool (D), in paired skeletal muscle samples at Baseline (red) 
and Post-PIO (blue). *p < 0.05, **p < 0.01 vs. Baseline. Data are mean ± standard error (filled bars) and individual values (filled circles) for n = 5 subjects.
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is likely indicative of an expansion of the subcutaneous adipose 
tissue depots (Bray et  al., 2013), the molecular profile of lipid 
storage in adipose triglycerides was unchanged by pioglitazone, 
suggesting a targeted remodeling of lipids within cellular 
membranes. These data provide evidence that the (mal)adaptive 
remodeling of adipose tissue glycerophospholipids observed 
in human obesity (Pietiläinen et  al., 2011; Liu et  al., 2020) 
is reversible by insulin-sensitizing therapy and, moreover, 
identify AA metabolism as a central node in this process.

Pioglitazone is classically understood to improve insulin 
sensitivity and cardiometabolic health by reversing lipotoxicity 
in muscle and liver, second to increasing lipid storage in adipose 
tissue. The results from our current study offer support for 
this paradigm. Indeed, pioglitazone caused a shortening and 
increased saturation of fatty acyl chains in glycerophospholipids, 
a trait that was recently shown to characterize the differentiation 
of preadipocytes into mature adipocytes, at least for in vitro 
models of adipogenesis (Miehle et  al., 2020). Moreover, 
pioglitazone treatment increased indices of DNL, which is 
another demonstrable feature of smaller, more insulin sensitive 
adipocytes (Roberts et  al., 2009). By contrast, the enlargement 
of existing adipocytes under obesogenic conditions (i.e., 
hypertrophy) is associated with a more elongated, unsaturated 
fatty acyl profile in adipose tissue, particularly for membrane 
lipids (Pietiläinen et  al., 2011; Yew Tan et  al., 2015), as well 
as a downregulation of DNL (Roberts et al., 2009). The changes 
in membrane lipids observed here may thus reflect a reversal 
of obesity-associated processes and are consistent with a 
pioglitazone-mediated de novo formation of smaller adipocytes 
(McLaughlin et  al., 2010).

Studies in both rodents (Grzybek et  al., 2019; Liu et  al., 
2020) and humans (Pietiläinen et  al., 2011) have reported an 
obesity-associated decrease in the fatty acyl saturation of adipose 
tissue glycerophospholipids. This remodeling of cell membrane 
lipids is believed to be necessary to accommodate the sustained 
expansion of adipose tissue depots with progressive weight 
gain. One prior lipidomic investigation of twin pairs discordant 
for obesity identified an increase in polyunsaturated PEs, 
specifically plasmenylethanolamine species, as an important 
feature of this adipose remodeling (Pietiläinen et  al., 2011). 
Supported by computer simulations, the authors speculated 
that the increase in vinyl-ether bonds present in plasmalogens 
(which decrease membrane fluidity) served to maintain healthy 
cell membrane function despite the opposing effects of 
glycerophospholipid desaturation (which increases membrane 
fluidity). Reciprocally, therefore, the selective reduction in 
plasmenylethanolamines following pioglitazone treatment could 
be expected to offset potential alterations in membrane fluidity 
that might otherwise accompany the increased saturation of 
glycerophospholipids. Although we  did not measure adipose 
tissue mass in the current study, the observed weight gain 
was comparable to previous studies in which increased adiposity 
with pioglitazone was directly demonstrated by dual X-ray 
absorptiometry (Bray et  al., 2013). Our findings thus provide 
evidence that the parallel expansions of adipose tissue with 
obesity vs. pioglitazone are likely associated with opposing 
effects on membrane lipid remodeling.

A

B

C

FIGURE 7 | Pioglitazone does not influence phospholipase gene expression in 
adipose tissue. Fold change in the adipose tissue mRNA expression of genes 
involved in arachidonic acid synthesis (A), glycerophospholipid hydrolysis (B), 
and phosphatidylinositol synthesis (C) following 6 months of 45 mg/day 
pioglitazone treatment. Target genes were first normalized to the geometric mean 
of ACTB and GAPDH and subsequently normalized to the average of Baseline 
samples. ELOVL5 (fatty acid elongase 5), FADS1 (fatty acid desaturase 1), 
FADS2 (fatty acid desaturase 2), PLA2G4 (cytosolic phospholipase A2), 
PLA2G4C (cytosolic lysophospholipase), PLA2G7 (lipoprotein-associated 
phospholipase A2), PLA2G16 (adipose-specific phospholipase A2), CDS1  
(CDP-diacylglycerol synthase 1), CDIPT (CDP-diacylglycerol-inositol-3-
phosphatidyltransferase/phosphatidylinositol synthase). Data are mean ± standard 
error (filled bars) and individual values (filled circles) for n = 7 subjects.
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A high content of plasmalogen lipids in the adipose tissue 
of obese individuals has been implicated in the activation 
of inflammatory pathways (Pietiläinen et al., 2011) since these 
species are particularly vulnerable to oxidative stress (Scherrer 
and Gross, 1989). As such, the observed reduction in 
plasmenylethanolamines may also represent an important, 
novel mechanism through which pioglitazone treatment corrects 
adipose dysfunction to lower systemic inflammation in obesity 
and T2D (DeFronzo, 2004). The decrease in AA, a crucial 
component of plasmenylethanolamines, may be  especially 
pertinent to the therapeutic actions of pioglitazone in adipose 
tissue. Indeed, adipose tissue levels of AA are reportedly 
increased in obesity (Williams et  al., 2007; Pietiläinen et  al., 
2011) and this omega-6 PUFA, as well as its lipid derivatives, 
has been shown to activate pro-inflammatory pathways 
(Schreiber and Zechner, 2014) and antagonize insulin-mediated 
glucose uptake (Tebbey et al., 1994) in adipocytes. By contrast, 
the omega-3 PUFA DHA, which was unchanged by pioglitazone, 
is believed to promote anti-inflammatory signaling (Kuda 
et  al., 2016). As such, the shift toward a lower adipose AA/
DHA ratio following pioglitazone treatment likely represents 
a more metabolically protective PUFA profile (Pietiläinen 
et  al., 2011).

The selective decrease in AA-containing glycerophospholipids 
with pioglitazone, including plasmenylethanolamines, could 
result from either an increase in glycerophospholipid turnover 
(i.e., hydrolysis) or from the suppression of AA synthesis and/
or esterification. In alignment with the former possibility, one 
previous study demonstrated that acute incubation of fibroblasts 
with pioglitazone accelerated the release of AA from cell 
membranes (Tsukamoto et al., 2004). Moreover, and in agreement 
with the current findings, this was not mediated by transcriptional 
or post-translational regulation of phospholipase activity but 
was instead attributed to a pioglitazone-mediated inhibition 
of AA reuptake. However, chronic blockade of membrane AA 
reuptake over 6  months of pioglitazone treatment would 
be  expected to promote the accumulation of free AA or at 
least its diversion into other pathways. On the contrary, adipose 
tissue AA availability was lower following pioglitazone treatment 
and was tightly correlated with the decrease in 
glycerophospholipid AA esterification. Similarly, 20:4 lyso-PE, 
a product of the partial de-acylation of AA-containing PE 
species, was also lower following pioglitazone. Taken together 
with the decline in 18:0–20:4 phosphatidic acid, these findings 
suggest that the reduction in glycerophospholipid AA content, 
and subsequent suppression of plasmenylethanolamine 
concentrations, was likely related to a reduction in the partitioning 
of AA into glycerophospholipids rather than an increase in 
their turnover.

Another interesting finding from the current study was 
that levels of linoleic acid were reduced following pioglitazone 
treatment, both in adipose and skeletal muscle tissues. Since 
linoleic acid is an obligate precursor for the synthesis of 
other omega-6 PUFAs, it seems likely that its reduction 
contributed to the decrease in AA available for esterification 
into glycerophospholipids. Notably, the lower linoleic acid 
level was also mirrored by a significant reduction in adipose 

tissue cardiolipins, a mitochondrial membrane lipid highly 
enriched in linoleoyl side chains. Cardiolipin is often used 
as a marker of mitochondrial mass and, as such, this finding 
appears to contradict previous reports that thiazolidinediones 
increase mitochondrial content and respiratory complex 
expression in human adipose tissue (Bogacka et  al., 2005; 
Xie et  al., 2017). However, considering that our lipidomics 
analysis was performed on bulk adipose tissue and that white 
adipocytes are relatively poor in mitochondria (Cedikova 
et  al., 2016), while infiltrating immune cells are relatively 
rich in mitochondria (e.g., lymphocytes; Picard, 2021) and 
activated macrophages possess higher mitochondrial mass 
than resting cells (Yu et  al., 2020), the observed differences 
in cardiolipin content could potentially reflect differences in 
the cellular makeup of the adipose tissue. Indeed, previous 
studies have demonstrated a reduction in human adipose 
tissue inflammation following pioglitazone treatment through 
reduction of macrophages and mast cells (Spencer et  al., 
2014). Thus, the observed reduction in total cardiolipin levels 
after pioglitazone treatment may reflect fewer infiltrating 
macrophages. Moreover, we recently reported that pioglitazone 
treatment reduced hepatic cardiolipin content in obese mice 
and was associated with a suppression of mitochondrial fluxes 
(Shannon et  al., 2021). Accumulating evidence suggests that 
pathological cardiolipin remodeling characterizes conditions 
of high oxidative stress, including diabetic cardiomyopathy 
(Han et al., 2007) and non-alcoholic fatty liver disease (Wang 
et  al., 2015). This remodeling is typified by an increased 
abundance of long acyl chain cardiolipin species and was 
reversed by pioglitazone treatment in our previous study 
(Shannon et  al., 2021). The low abundance of mitochondria 
in adipose tissue precluded the detection of these long acyl 
chain cardiolipin species in the current study and may thus 
have masked patterns of cardiolipin remodeling following 
pioglitazone treatment. As such, future studies are needed 
to reconcile discrepancies between cardiolipin profiles and 
the mitochondrial effects of pioglitazone treatment in 
adipose tissue.

The mechanism through which pioglitazone treatment lowered 
tissue linoleic acid is unclear. Since we did not monitor dietary 
patterns in the current study, we  cannot exclude the possibility 
that the intake of linoleic acid, an essential fatty acid, declined 
over the six-month intervention period. However, alterations 
in dietary linoleic acid do not appear to influence the systemic 
availability of either linoleic acid or arachidonic acid (Rett and 
Whelan, 2011), suggesting that a decrease in linoleic acid intake 
is unlikely to be responsible for the lower tissue concentrations 
of linoleic acid following pioglitazone treatment. A more likely 
explanation for the decline in both linoleic acid and AA 
concentrations involves the activation of PPARγ, which is the 
primary molecular target of thiazolidinediones in adipose tissue 
(Spiegelman, 1998). Indeed, PPARγ agonism by thiazolidinediones 
is known to upregulate both lipid storage and lipid oxidation 
pathways in adipose tissue of T2D patients (Boden et al., 2005). 
Additionally, since AA and its derivatives can act as natural 
ligands for PPARγ (Nikolopoulou et  al., 2014), it is feasible 
that a negative feedback loop exists coupling a reduced production 
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of endogenous ligand metabolites with the sustained activation 
of PPARγ by exogenous ligands such as pioglitazone.

It should be  acknowledged that the reduction in PUFA-
containing lipids could be indicative of their selective metabolism 
by peroxisomal β-oxidation, since the master driver of 
peroxisomes PPARα (Lee et  al., 1995) has been implicated in 
the therapeutic efficacy of pioglitazone (Orasanu et  al., 2008). 
However, peroxisomes serve as the exclusive site of plasmalogen 
synthesis (Thai et  al., 2001) and, therefore, their putative 
upregulation by pioglitazone cannot explain the observed 
reduction in plasmalogens following pioglitazone treatment. 
Indeed, while the effects of PPARα agonists in human adipose 
tissue are poorly defined, it is notable that fenofibrates do not 
influence peroxisomal density (size or number) in human liver 
(Gariot et  al., 1983). Moreover, human studies dissecting the 
divergent effects of pioglitazone and fenofibrate (monotherapy 
and combination) revealed that improvements in insulin 
sensitivity, glycemic control, and lipid metabolism following 
pioglitazone are near-exclusively driven by PPARγ and not 
PPARα (Bajaj et  al., 2007; Belfort et  al., 2010).

A final noteworthy effect of pioglitazone treatment related 
to AA metabolism was the reduction in AA-containing 
phosphatidylinositol. Although this effect was more robust 
in adipose tissue, it was also observed in skeletal muscle 
and is consistent with in vitro evidence that free AA availability 
can influence its enrichment in phosphatidylinositol (Anderson 
et  al., 2016). At present, very little is known about how 
the acyl chain composition of phosphatidylinositol impacts 
upon its function. However, given the integral role of 
phosphatidylinositol derivatives (e.g., polyphosphoinositides 
PIP2 and PIP3) in the insulin signaling pathway (Barneda 
et  al., 2019), our data raise the intriguing possibility that 
the molecular link between AA availability and 
phosphatidylinositol remodeling may contribute to the insulin-
sensitizing effects of pioglitazone in peripheral tissues.

In summary, our study provides the first lipidomic 
characterization of the chronic effects of pioglitazone on 
adipose tissue in humans. The findings identify the 
glycerophospholipid pool as a central transducer of the 
responses to pioglitazone treatment, highlighting a potential 
role for adipose cell membrane remodeling in the 
immunometabolic benefits of thiazolidinediones. Our results 
derive from a relatively small and mostly (86%) male sample 
and thus warrant further validation in expanded populations, 
especially given the increasingly appreciated role of sexual 
dimorphism in adipose tissue metabolism and health 
(MacCannell et  al., 2021; Pan and Chen, 2021). The lack 
of a control group is also a shortcoming, although it is 
partially compensated by assessment of the lipidome at 
baseline (pre-treatment). Nevertheless, our findings are 
consistent with known physiological effects of pioglitazone 
that have been robustly demonstrated in larger human studies 
(Miyazaki et  al., 2002; Bray et  al., 2013; White et  al., 2021). 
Overall, our data support the targeting of pathways involved 
in the regulation of adipocyte cell membrane function as 
a novel approach to combat the metabolic and inflammatory 
sequelae of obesity and T2D.
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Supplementary Figure 1 | Lipid class totals in adipose tissue for triglyceride 
(TAG), diacylglyceride (DAG), free fatty acids (FFA), acylcarnitine (acylcarns), 
sphingomyelin (SM), ceramide (CER), phosphatidylethanolamine (PE), lyso-
phosphatidylethanolamine (LPE), phosphatidylcholine (PC), lyso-
phosphatidylcholine (LPC), phosphatidylserine (PS), phosphatidylinositol (PI), 
phosphatidylglycerol (PG), phosphatidic acid (PA), and cardiolipin (CL) 
normalized to adipose tissue wet weight. *p < 0.05 versus Baseline. Data 
are mean ± standard error (filled bars) and individual values (filled circles) 

for n=6 subjects.

Supplementary Figure 2 | Adipose tissue ratio of C16:0 (palmitate)/C18:2 
(linoleate) in glycerophospholipids (A) and free fatty acids (B) as an index of 
de novo lipogenesis. *p < 0.05 versus Baseline. Data are mean ± standard error 

(filled bars) and individual values (filled circles) for n=6 subjects.

Supplementary Figure 3 | Strongest (top 15%) loadings from the first principal 
component of glycerophospholipids (A) which differentiated Baseline from 
Post-PIO adipose samples. Positive loadings (downregulated by pioglitazone) 
are in red and negative loadings (upregulated by pioglitazone) are in blue. 
Loadings which identify an arachidonic acid (20:4)-containing glycerophospholipid 
species are in bold text. Adipose tissue content of docosahexaenoic acid 
(C22:6) in glycerophospholipids (B) and arachidonic acid (C20:4) in triglycerides 
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(C). Data are mean ± standard error (filled bars) and individual values (filled 

circles) for n=6 subjects.

Supplementary Figure 4  | Saturation [number of double bonds; (A)] and 
length (number of carbon atoms; (B) of fatty acyl chains in the sn-1 position 

of phosphatidylethanolamine; Fatty acyl composition of phosphatidylinositol  
(C) in adipose tissue, expressed as a molar fraction of total lipids in respective 
class. Skeletal muscle total cardiolipin content (D). Data are mean ± standard 
error (filled bars) and individual values (filled circles) for n=6 (A–C) or n=5  
(D) subjects.

 

REFERENCES

Al-Sari, N., Suvitaival, T., Mattila, I., Ali, A., Ahonen, L., Trost, K., et al. 
(2020). Lipidomics of human adipose tissue reveals diversity between body 
areas. PLoS One 15:e0228521. doi: 10.1371/journal.pone.0228521

Anderson, K. E., Juvin, V., Clark, J., Stephens, L. R., and Hawkins, P. T. (2016). 
Investigating the effect of arachidonate supplementation on the phosphoinositide 
content of MCF10a breast epithelial cells. Adv. Biol. Regul. 62, 18–24. doi: 
10.1016/j.jbior.2015.11.002

Aronoff, S., Rosenblatt, S., Braithwaite, S., Egan, J. W., Mathisen, A. L., and 
Schneider, R. L. (2000). Pioglitazone hydrochloride monotherapy improves 
glycemic control in the treatment of patients with type 2 diabetes: a 
6-month randomized placebo-controlled dose-response study. The 
pioglitazone 001 study group. Diabetes Care 23, 1605–1611. doi: 10.2337/
diacare.23.11.1605

Bajaj, M., Baig, R., Suraamornkul, S., Hardies, L. J., Coletta, D. K., Cline, G. W., 
et al. (2010). Effects of pioglitazone on intramyocellular fat metabolism in 
patients with type 2 diabetes mellitus. J. Clin. Endocrinol. Metab. 95, 1916–1923. 
doi: 10.1210/jc.2009-0911

Bajaj, M., Suraamornkul, S., Hardies, L. J., Glass, L., Musi, N., and DeFronzo, R. A. 
(2007). Effects of peroxisome proliferator-activated receptor (PPAR)-alpha 
and PPAR-gamma agonists on glucose and lipid metabolism in patients 
with type 2 diabetes mellitus. Diabetologia 50, 1723–1731. doi: 10.1007/
s00125-007-0698-9

Bajaj, M., Suraamornkul, S., Pratipanawatr, T., Hardies, L. J., Pratipanawatr, W., 
Glass, L., et al. (2003). Pioglitazone reduces hepatic fat content and augments 
splanchnic glucose uptake in patients with type 2 diabetes. Diabetes 52, 
1364–1370. doi: 10.2337/diabetes.52.6.1364

Barneda, D., Cosulich, S., Stephens, L., and Hawkins, P. (2019). How is the 
acyl chain composition of phosphoinositides created and does it matter? 
Biochem. Soc. Trans. 47, 1291–1305. doi: 10.1042/BST20190205

Bays, H., Mandarino, L., and DeFronzo, R. A. (2004). Role of the adipocyte, 
free fatty acids, and ectopic fat in pathogenesis of type 2 diabetes mellitus: 
peroxisomal proliferator-activated receptor agonists provide a rational 
therapeutic approach. J. Clin. Endocrinol. Metab. 89, 463–478. doi: 10.1210/
jc.2003-030723

Belfort, R., Berria, R., Cornell, J., and Cusi, K. (2010). Fenofibrate reduces 
systemic inflammation markers independent of its effects on lipid and glucose 
metabolism in patients with the metabolic syndrome. J. Clin. Endocrinol. 
Metab. 95, 829–836. doi: 10.1210/jc.2009-1487

Boden, G., Homko, C., Mozzoli, M., Showe, L. C., Nichols, C., and Cheung, P. 
(2005). Thiazolidinediones upregulate fatty acid uptake and oxidation in 
adipose tissue of diabetic patients. Diabetes 54, 880–885. doi: 10.2337/
diabetes.54.3.880

Bogacka, I., Xie, H., Bray, G. A., and Smith, S. R. (2005). Pioglitazone induces 
mitochondrial biogenesis in human subcutaneous adipose tissue in vivo. 
Diabetes 54, 1392–1399. doi: 10.2337/diabetes.54.5.1392

Bray, G. A., Smith, S. R., Banerji, M. A., Tripathy, D., Clement, S. C., 
Buchanan, T. A., et al. (2013). Effect of pioglitazone on body composition 
and bone density in subjects with prediabetes in the ACT NOW trial. 
Diabetes Obes. Metab. 15, 931–937. doi: 10.1111/dom.12099

Brites, P., Waterham, H. R., and Wanders, R. J. (2004). Functions and biosynthesis 
of plasmalogens in health and disease. Biochim. Biophys. Acta 1636, 219–231. 
doi: 10.1016/j.bbalip.2003.12.010

Cedikova, M., Kripnerova, M., Dvorakova, J., Pitule, P., Grundmanova, M., 
Babuska, V., et al. (2016). Mitochondria in White, Brown, and beige adipocytes. 
Stem Cells Int. 2016:6067349. doi: 10.1155/2016/6067349

de Souza, C. J., Eckhardt, M., Gagen, K., Dong, M., Chen, W., Laurent, D., 
et al. (2001). Effects of pioglitazone on adipose tissue remodeling within 
the setting of obesity and insulin resistance. Diabetes 50, 1863–1871. doi: 
10.2337/diabetes.50.8.1863

DeFronzo, R. A. (2004). Dysfunctional fat cells, lipotoxicity and type 2 
diabetes. Int. J. Clin. Pract. Suppl. 58, 9–21. doi: 10.1111/j.1368-504x. 
2004.00389.x

Del Pozo, M. D. P., Lope, V., Criado-Navarro, I., Pastor-Barriuso, R., Fernández 
de Larrea, N., Ruiz, E., et al. (2020). Serum phospholipid fatty acids levels, 
anthropometric variables and adiposity in Spanish premenopausal women. 
Nutrients 12:1895. doi: 10.3390/nu12061895

Gariot, P., Barrat, E., Mejean, L., Pointel, J. P., Drouin, P., and Debry, G. 
(1983). Fenofibrate and human liver. Lack of proliferation of peroxisomes. 
Arch. Toxicol. 53, 151–163. doi: 10.1007/BF00302723

Gastaldelli, A., Sabatini, S., Carli, F., Gaggini, M., Bril, F., Belfort-DeAguiar, R., 
et al. (2021). PPAR-gamma-induced changes in visceral fat and adiponectin 
levels are associated with improvement of steatohepatitis in patients with 
NASH. Liver Int. 41, 2659–2670. doi: 10.1111/liv.15005

Grzybek, M., Palladini, A., Alexaki, V. I., Surma, M. A., Simons, K., Chavakis, T., 
et al. (2019). Comprehensive and quantitative analysis of white and brown 
adipose tissue by shotgun lipidomics. Mol. Metab. 22, 12–20. doi: 10.1016/j.
molmet.2019.01.009

Han, X., and Gross, R. W. (2005). Shotgun lipidomics: multidimensional MS 
analysis of cellular lipidomes. Expert Rev. Proteomics 2, 253–264. doi: 
10.1586/14789450.2.2.253

Han, X., Yang, J., Yang, K., Zhao, Z., Abendschein, D. R., and Gross, R. W. 
(2007). Alterations in myocardial cardiolipin content and composition occur 
at the very earliest stages of diabetes: a shotgun lipidomics study. Biochemistry 
46, 6417–6428. doi: 10.1021/bi7004015

Hanna, V. S., and Hafez, E. A. A. (2018). Synopsis of arachidonic acid metabolism: 
A review. J. Adv. Res. 11, 23–32. doi: 10.1016/j.jare.2018.03.005

Koppaka, S., Kehlenbrink, S., Carey, M., Li, W., Sanchez, E., Lee, D. E., et al. 
(2013). Reduced adipose tissue macrophage content is associated with 
improved insulin sensitivity in thiazolidinedione-treated diabetic humans. 
Diabetes 62, 1843–1854. doi: 10.2337/db12-0868

Kuda, O., Brezinova, M., Rombaldova, M., Slavikova, B., Posta, M., Beier, P., 
et al. (2016). Docosahexaenoic acid-derived fatty acid esters of Hydroxy 
fatty acids (FAHFAs) With anti-inflammatory properties. Diabetes 65, 
2580–2590. doi: 10.2337/db16-0385

Kurvinen, J. P., Kuksis, A., Sinclair, A. J., Abedin, L., and Kallio, H. (2000). 
The effect of low alpha-linolenic acid diet on glycerophospholipid molecular 
species in Guinea pig brain. Lipids 35, 1001–1009. doi: 10.1007/
s11745-000-0611-1

Lee, S. S., Pineau, T., Drago, J., Lee, E. J., Owens, J. W., Kroetz, D. L., et al. 
(1995). Targeted disruption of the alpha isoform of the peroxisome proliferator-
activated receptor gene in mice results in abolishment of the pleiotropic 
effects of peroxisome proliferators. Mol. Cell. Biol. 15, 3012–3022. doi: 10.1128/
MCB.15.6.3012

Liu, K. D., Acharjee, A., Hinz, C., Liggi, S., Murgia, A., Denes, J., et al. (2020). 
Consequences of lipid Remodeling of adipocyte membranes being functionally 
distinct from lipid storage in obesity. J. Proteome Res. 19, 3919–3935. doi: 
10.1021/acs.jproteome.9b00894

MacCannell, A. D. V., Futers, T. S., Whitehead, A., Moran, A., Witte, K. K., 
and Roberts, L. D. (2021). Sexual dimorphism in adipose tissue mitochondrial 
function and metabolic flexibility in obesity. Int. J. Obes. 45, 1773–1781. 
doi: 10.1038/s41366-021-00843-0

Martinelli, N., Girelli, D., Malerba, G., Guarini, P., Illig, T., Trabetti, E., et al. 
(2008). FADS genotypes and desaturase activity estimated by the ratio of 
arachidonic acid to linoleic acid are associated with inflammation and 
coronary artery disease. Am. J. Clin. Nutr. 88, 941–949. doi: 10.1093/
ajcn/88.4.941

May, F. J., Baer, L. A., Lehnig, A. C., So, K., Chen, E. Y., Gao, F., et al. (2017). 
Lipidomic adaptations in White and Brown adipose tissue in response to 
exercise demonstrate molecular species-specific Remodeling. Cell Rep. 18, 
1558–1572. doi: 10.1016/j.celrep.2017.01.038

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1371/journal.pone.0228521
https://doi.org/10.1016/j.jbior.2015.11.002
https://doi.org/10.2337/diacare.23.11.1605
https://doi.org/10.2337/diacare.23.11.1605
https://doi.org/10.1210/jc.2009-0911
https://doi.org/10.1007/s00125-007-0698-9
https://doi.org/10.1007/s00125-007-0698-9
https://doi.org/10.2337/diabetes.52.6.1364
https://doi.org/10.1042/BST20190205
https://doi.org/10.1210/jc.2003-030723
https://doi.org/10.1210/jc.2003-030723
https://doi.org/10.1210/jc.2009-1487
https://doi.org/10.2337/diabetes.54.3.880
https://doi.org/10.2337/diabetes.54.3.880
https://doi.org/10.2337/diabetes.54.5.1392
https://doi.org/10.1111/dom.12099
https://doi.org/10.1016/j.bbalip.2003.12.010
https://doi.org/10.1155/2016/6067349
https://doi.org/10.2337/diabetes.50.8.1863
https://doi.org/10.1111/j.1368-504x.2004.00389.x
https://doi.org/10.1111/j.1368-504x.2004.00389.x
https://doi.org/10.3390/nu12061895
https://doi.org/10.1007/BF00302723
https://doi.org/10.1111/liv.15005
https://doi.org/10.1016/j.molmet.2019.01.009
https://doi.org/10.1016/j.molmet.2019.01.009
https://doi.org/10.1586/14789450.2.2.253
https://doi.org/10.1021/bi7004015
https://doi.org/10.1016/j.jare.2018.03.005
https://doi.org/10.2337/db12-0868
https://doi.org/10.2337/db16-0385
https://doi.org/10.1007/s11745-000-0611-1
https://doi.org/10.1007/s11745-000-0611-1
https://doi.org/10.1128/MCB.15.6.3012
https://doi.org/10.1128/MCB.15.6.3012
https://doi.org/10.1021/acs.jproteome.9b00894
https://doi.org/10.1038/s41366-021-00843-0
https://doi.org/10.1093/ajcn/88.4.941
https://doi.org/10.1093/ajcn/88.4.941
https://doi.org/10.1016/j.celrep.2017.01.038


Palavicini et al. Pioglitazone and Adipose Phospholipids

Frontiers in Physiology | www.frontiersin.org 14 December 2021 | Volume 12 | Article 784391

McLaughlin, T. M., Liu, T., Yee, G., Abbasi, F., Lamendola, C., Reaven, G. M., 
et al. (2010). Pioglitazone increases the proportion of small cells in human 
abdominal subcutaneous adipose tissue. Obesity 18, 926–931. doi: 10.1038/
oby.2009.380

McTernan, P. G., Harte, A. L., Anderson, L. A., Green, A., Smith, S. A., 
Holder, J. C., et al. (2002). Insulin and rosiglitazone regulation of lipolysis 
and lipogenesis in human adipose tissue in  vitro. Diabetes 51, 1493–1498. 
doi: 10.2337/diabetes.51.5.1493

Miehle, F., Möller, G., Cecil, A., Lintelmann, J., Wabitsch, M., Tokarz, J., 
et al. (2020). Lipidomic phenotyping reveals extensive lipid Remodeling 
during Adipogenesis in human adipocytes. Meta 10:217. doi: 10.3390/
metabo10060217

Miyazaki, Y., Mahankali, A., Matsuda, M., Glass, L., Mahankali, S., Ferrannini, E., 
et al. (2001). Improved glycemic control and enhanced insulin sensitivity 
in type 2 diabetic subjects treated with pioglitazone. Diabetes Care 24, 
710–719. doi: 10.2337/diacare.24.4.710

Miyazaki, Y., Mahankali, A., Matsuda, M., Mahankali, S., Hardies, J., Cusi, K., 
et al. (2002). Effect of pioglitazone on abdominal fat distribution and insulin 
sensitivity in type 2 diabetic patients. J. Clin. Endocrinol. Metab. 87, 2784–2791. 
doi: 10.1210/jcem.87.6.8567

Nikolopoulou, E., Papacleovoulou, G., Jean-Alphonse, F., Grimaldi, G., 
Parker, M. G., Hanyaloglu, A. C., et al. (2014). Arachidonic acid-dependent 
gene regulation during preadipocyte differentiation controls adipocyte potential. 
J. Lipid Res. 55, 2479–2490. doi: 10.1194/jlr.M049551

Olefsky, J. M. (1976). The effects of spontaneous obesity on insulin binding, 
glucose transport, and glucose oxidation of isolated rat adipocytes. J. Clin. 
Invest. 57, 842–851. doi: 10.1172/JCI108360

Orasanu, G., Ziouzenkova, O., Devchand, P. R., Nehra, V., Hamdy, O., Horton, E. S., 
et al. (2008). The peroxisome proliferator-activated receptor-gamma agonist 
pioglitazone represses inflammation in a peroxisome proliferator-activated 
receptor-alpha-dependent manner in  vitro and in vivo in mice. J. Am. Coll. 
Cardiol. 52, 869–881. doi: 10.1016/j.jacc.2008.04.055

Palavicini, J. P., Chen, J., Wang, C., Wang, J., Qin, C., Baeuerle, E., et al. 
(2020). Early disruption of nerve mitochondrial and myelin lipid homeostasis 
in obesity-induced diabetes. JCI Insight 5:e137286. doi: 10.1172/jci.
insight.137286

Pan, R., and Chen, Y. (2021). Fat biology and metabolic balance: On the 
significance of sex. Mol. Cell. Endocrinol. 533:111336. doi: 10.1016/j.
mce.2021.111336

Patton, G. M., Fasulo, J. M., and Robins, S. J. (1982). Separation of phospholipids 
and individual molecular species of phospholipids by high-performance 
liquid chromatography. J. Lipid Res. 23, 190–196. doi: 10.1016/
S0022-2275(20)38188-8

Picard, M. (2021). Blood mitochondrial DNA copy number: what are we counting? 
Mitochondrion 60, 1–11. doi: 10.1016/j.mito.2021.06.010

Pietiläinen, K. H., Róg, T., Seppänen-Laakso, T., Virtue, S., Gopalacharyulu, P., 
Tang, J., et al. (2011). Association of lipidome remodeling in the adipocyte 
membrane with acquired obesity in humans. PLoS Biol. 9:e1000623. doi: 
10.1371/journal.pbio.1000623

Rett, B. S., and Whelan, J. (2011). Increasing dietary linoleic acid does not 
increase tissue arachidonic acid content in adults consuming Western-
type diets: a systematic review. Nutr. Metab. 8:36. doi: 10.1186/1743- 
7075-8-36

Roberts, R., Hodson, L., Dennis, A. L., Neville, M. J., Humphreys, S. M., 
Harnden, K. E., et al. (2009). Markers of de novo lipogenesis in adipose 
tissue: associations with small adipocytes and insulin sensitivity in humans. 
Diabetologia 52, 882–890. doi: 10.1007/s00125-009-1300-4

Sandra, A., and Marshall, S. J. (1986). Arachidonic acid inhibition of insulin 
action and phosphoinositide turnover in fat cells. Mol. Cell. Endocrinol. 45, 
105–111. doi: 10.1016/0303-7207(86)90137-1

Scherrer, L. A., and Gross, R. W. (1989). Subcellular distribution, molecular 
dynamics and catabolism of plasmalogens in myocardium. Mol. Cell. Biochem. 
88, 97–105. doi: 10.1007/BF00223430

Schreiber, R., and Zechner, R. (2014). Lipolysis meets inflammation: arachidonic 
acid mobilization from fat. J. Lipid Res. 55, 2447–2449. doi: 10.1194/jlr.
C055673

Shadid, S., and Jensen, M. D. (2003). Effects of pioglitazone versus diet and 
exercise on metabolic health and fat distribution in upper body obesity. 
Diabetes Care 26, 3148–3152. doi: 10.2337/diacare.26.11.3148

Shannon, C. E., Daniele, G., Galindo, C., Abdul-Ghani, M. A., DeFronzo, R. A., 
and Norton, L. (2017). Pioglitazone inhibits mitochondrial pyruvate metabolism 
and glucose production in hepatocytes. FEBS J. 284, 451–465. doi: 10.1111/
febs.13992

Shannon, C. E., Ragavan, M., Palavicini, J. P., Fourcaudot, M., Bakewell,  
T. M., Valdez, I. A., et al. (2021). Insulin resistance is mechanistically 
linked to hepatic mitochondrial remodeling in non-alcoholic fatty  
liver disease. Mol. Metab. 45:101154. doi: 10.1016/j.molmet.2020. 
101154

Spencer, M., Yang, L., Adu, A., Finlin, B. S., Zhu, B., Shipp, L. R., et al. (2014). 
Pioglitazone treatment reduces adipose tissue inflammation through reduction 
of mast cell and macrophage number and by improving vascularity. PLoS 
One 9:e102190. doi: 10.1371/journal.pone.0102190

Spiegelman, B. M. (1998). PPAR-gamma: adipogenic regulator and 
thiazolidinedione receptor. Diabetes 47, 507–514. doi: 10.2337/
diabetes.47.4.507

Tebbey, P. W., McGowan, K. M., Stephens, J. M., Buttke, T. M., and Pekala, P. H. 
(1994). Arachidonic acid down-regulates the insulin-dependent glucose 
transporter gene (GLUT4) in 3T3-L1 adipocytes by inhibiting transcription 
and enhancing mRNA turnover. J. Biol. Chem. 269, 639–644. doi: 10.1016/
S0021-9258(17)42397-0

Thai, T. P., Rodemer, C., Jauch, A., Hunziker, A., Moser, A., Gorgas, K., et al. 
(2001). Impaired membrane traffic in defective ether lipid biosynthesis. Hum. 
Mol. Genet. 10, 127–136. doi: 10.1093/hmg/10.2.127

Tsukamoto, H., Hishinuma, T., Suzuki, N., Tayama, R., Hiratsuka, M., Yoshihisa, T., 
et al. (2004). Thiazolidinediones increase arachidonic acid release and 
subsequent prostanoid production in a peroxisome proliferator-activated 
receptor gamma-independent manner. Prostaglandins Other Lipid Mediat. 
73, 191–213. doi: 10.1016/j.prostaglandins.2004.01.008

Wang, L., Liu, X., Nie, J., Zhang, J., Kimball, S. R., Zhang, H., et al. (2015). 
ALCAT1 controls mitochondrial etiology of fatty liver diseases, linking 
defective mitophagy to steatosis. Hepatology 61, 486–496. doi: 10.1002/
hep.27420

Wang, C., Palavicini, J. P., Wang, M., Chen, L., Yang, K., Crawford, P. A., 
et al. (2016). Comprehensive and quantitative analysis of 
Polyphosphoinositide species by shotgun Lipidomics revealed their alterations 
in db/db mouse brain. Anal. Chem. 88, 12137–12144. doi: 10.1021/acs.
analchem.6b02947

Wang, M., Wang, C., and Han, X. (2017). Selection of internal standards for 
accurate quantification of complex lipid species in biological extracts by 
electrospray ionization mass spectrometry-what, how and why? Mass Spectrom. 
Rev. 36, 693–714. doi: 10.1002/mas.21492

White, U., Fitch, M. D., Beyl, R. A., Hellerstein, M. K., and Ravussin, E. 
(2021). Adipose depot-specific effects of 16 weeks of pioglitazone on in 
vivo adipogenesis in women with obesity: a randomised controlled trial. 
Diabetologia 64, 159–167. doi: 10.1007/s00125-020-05281-7

Williams, E. S., Baylin, A., and Campos, H. (2007). Adipose tissue arachidonic 
acid and the metabolic syndrome in costa Rican adults. Clin. Nutr. 26, 
474–482. doi: 10.1016/j.clnu.2007.03.004

Xie, X., Sinha, S., Yi, Z., Langlais, P. R., Madan, M., Bowen, B. P., et al. 
(2017). Role of adipocyte mitochondria in inflammation, lipemia and insulin 
sensitivity in humans: effects of pioglitazone treatment. Int. J. Obes. 42, 
213–220. doi: 10.1038/ijo.2017.192

Yang, K., Cheng, H., Gross, R. W., and Han, X. (2009). Automated lipid 
identification and quantification by multidimensional mass spectrometry-
based shotgun lipidomics. Anal. Chem. 81, 4356–4368. doi: 10.1021/
ac900241u

Yew Tan, C., Virtue, S., Murfitt, S., Roberts, L. D., Robert, L. D., Phua, Y. H., 
et al. (2015). Adipose tissue fatty acid chain length and mono-unsaturation 
increases with obesity and insulin resistance. Sci. Rep. 5:18366. doi: 10.1038/
srep18366

Yu, W., Wang, X., Zhao, J., Liu, R., Liu, J., Wang, Z., et al. (2020). Stat2-Drp1 
mediated mitochondrial mass increase is necessary for pro-inflammatory 
differentiation of macrophages. Redox Biol. 37:101761. doi: 10.1016/j.
redox.2020.101761

Zatterale, F., Longo, M., Naderi, J., Raciti, G. A., Desiderio, A., Miele, C., et al. 
(2019). Chronic adipose tissue inflammation linking obesity to insulin 
resistance and type 2 diabetes. Front. Physiol. 10:1607. doi: 10.3389/
fphys.2019.01607

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1038/oby.2009.380
https://doi.org/10.1038/oby.2009.380
https://doi.org/10.2337/diabetes.51.5.1493
https://doi.org/10.3390/metabo10060217
https://doi.org/10.3390/metabo10060217
https://doi.org/10.2337/diacare.24.4.710
https://doi.org/10.1210/jcem.87.6.8567
https://doi.org/10.1194/jlr.M049551
https://doi.org/10.1172/JCI108360
https://doi.org/10.1016/j.jacc.2008.04.055
https://doi.org/10.1172/jci.insight.137286
https://doi.org/10.1172/jci.insight.137286
https://doi.org/10.1016/j.mce.2021.111336
https://doi.org/10.1016/j.mce.2021.111336
https://doi.org/10.1016/S0022-2275(20)38188-8
https://doi.org/10.1016/S0022-2275(20)38188-8
https://doi.org/10.1016/j.mito.2021.06.010
https://doi.org/10.1371/journal.pbio.1000623
https://doi.org/10.1186/1743-7075-8-36
https://doi.org/10.1186/1743-7075-8-36
https://doi.org/10.1007/s00125-009-1300-4
https://doi.org/10.1016/0303-7207(86)90137-1
https://doi.org/10.1007/BF00223430
https://doi.org/10.1194/jlr.C055673
https://doi.org/10.1194/jlr.C055673
https://doi.org/10.2337/diacare.26.11.3148
https://doi.org/10.1111/febs.13992
https://doi.org/10.1111/febs.13992
https://doi.org/10.1016/j.molmet.2020.101154
https://doi.org/10.1016/j.molmet.2020.101154
https://doi.org/10.1371/journal.pone.0102190
https://doi.org/10.2337/diabetes.47.4.507
https://doi.org/10.2337/diabetes.47.4.507
https://doi.org/10.1016/S0021-9258(17)42397-0
https://doi.org/10.1016/S0021-9258(17)42397-0
https://doi.org/10.1093/hmg/10.2.127
https://doi.org/10.1016/j.prostaglandins.2004.01.008
https://doi.org/10.1002/hep.27420
https://doi.org/10.1002/hep.27420
https://doi.org/10.1021/acs.analchem.6b02947
https://doi.org/10.1021/acs.analchem.6b02947
https://doi.org/10.1002/mas.21492
https://doi.org/10.1007/s00125-020-05281-7
https://doi.org/10.1016/j.clnu.2007.03.004
https://doi.org/10.1038/ijo.2017.192
https://doi.org/10.1021/ac900241u
https://doi.org/10.1021/ac900241u
https://doi.org/10.1038/srep18366
https://doi.org/10.1038/srep18366
https://doi.org/10.1016/j.redox.2020.101761
https://doi.org/10.1016/j.redox.2020.101761
https://doi.org/10.3389/fphys.2019.01607
https://doi.org/10.3389/fphys.2019.01607


Palavicini et al. Pioglitazone and Adipose Phospholipids

Frontiers in Physiology | www.frontiersin.org 15 December 2021 | Volume 12 | Article 784391

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Palavicini, Chavez-Velazquez, Fourcaudot, Tripathy, Pan, 
Norton, DeFronzo and Shannon. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
http://creativecommons.org/licenses/by/4.0/

	The Insulin-Sensitizer Pioglitazone Remodels Adipose Tissue Phospholipids in Humans
	Introduction
	Materials and Methods
	Human Studies
	Multi-Dimensional Mass Spectrometry-Based Shotgun Lipidomics
	Adipose Tissue Gene Expression
	Statistical Analyses

	Results
	Clinical Responses to Pioglitazone Treatment
	Glycerophospholipid Profile Responds to Pioglitazone Treatment in Adipose Tissue
	Pioglitazone Increases the Saturation of Membrane Lipids in Adipose Tissue
	Pioglitazone Lowers Arachidonic Acid Enrichment in Adipose Glycerophospholipids
	Adipose Tissue Plasmenylethanolamines Are Lowered by Pioglitazone Treatment
	Pioglitazone Influences Lipid Mediators of Insulin Signaling and Mitochondria in Adipose Tissue
	Pioglitazone-Induced Changes in Adipose Tissue Are Partially Recapitulated in Skeletal Muscle
	Impact of Pioglitazone on Phospholipase Gene Expression

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material

	References

