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Summary

Elevated circulating fatty acids (FAs) contribute to obesity-associated metabolic complications, but
the mechanisms by which insulin suppresses lipolysis are poorly understood. We show that o/p-
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hydrolase domain-containing 15 (ABHD15) is required for the anti-lipolytic action of insulin in
white adipose tissue (WAT). Neither insulin nor glucose treatments can suppress FA mobilization
in global and conditional Abhd15-knockout (KO) mice. Accordingly, insulin signaling is impaired
in Abhd15-KO adipocytes, as indicated by reduced AKT phosphorylation, glucose uptake, and de
novo lipogenesis. /n vitro data reveal that ABHD15 associates with and stabilizes
phosphodiesterase 3B (PDE3B). Accordingly, PDE3B expression is decreased in the WAT of
Abhd15-KO mice, mechanistically explaining increased protein kinase A (PKA) activity,
hormone-sensitive lipase (HSL) phosphorylation, and undiminished FA release upon insulin
signaling. Ultimately, Abhd15-KO mice develop insulin resistance. Notably, ABHD15 expression
is decreased in humans with obesity and diabetes compared to humans with obesity and normal
glucose tolerance, identifying ABHD15 as a potential therapeutic target to mitigate insulin
resistance.

Introduction

Adipose tissue (AT) is a multi-functional organ that plays an important role in lipid and
glucose homeostasis for whole-body energy metabolism. Dysfunction of energy metabolism
in AT leads to insulin resistance and contributes to the development of obesity and type 2
diabetes (T2D) (Rosen and Spiegelman, 2014). In mammals, AT is the predominant organ
that serves as energy store in the form of triglycerides (TGs) in lipid droplets (LDs). Upon
energy demand, these TGs are rapidly hydrolyzed by lipases (a process known as lipolysis),
and the resulting fatty acids (FAs) released from LDs are used as an energy source in other
organs (Guilherme et al., 2008). After food intake, glucose levels increase and activate
insulin secretion from pancreatic islets; a rise of postprandial insulin inhibits AT lipolysis
and promotes glucose uptake for de novo lipogenesis. Elevated plasma FA levels, also as a
consequence of inappropriately controlled lipolysis, contribute to the development of insulin
resistance and T2D (Armani et al., 2010; Gandotra et al., 2011a, 2011b; Girousse et al.,
2013; Morigny et al., 2016; Savage et al., 2007). Understanding the detailed mechanisms by
which insulin suppresses adipocyte lipolysis is critical to develop potential therapeutic
strategies to mitigate insulin resistance and T2D.

In this study, we explored the physiological function of a/p-hydrolase domain-containing 15
(ABHD15) in lipid and glucose metabolism /n vivo using global and AT-specific knockout
(KO) mouse models. ABHD15 belongs to the a/p-hydrolase superfamily. This family
consists of various lipases, esterases, and proteases that share an ./ fold as a common
structural feature (Lord et al., 2013). Typically, ABHD proteins possess a catalytic triad
consisting of a nucleophile (Ser, Cys, or Asp), an acid (aspartate or glutamate), and a
conserved histidine residue enabling hydrolase activity. ABHD15 does not contain a
nucleophile; therefore, a hydrolytic function is unlikely. ABHD15 also lacks another feature
of ABHD proteins, namely, a Ser-X4-Asp motif, making a prediction of its enzymatic
function difficult.

While the function of many family members, such as ABHD5 (CGI-58) (Lass et al., 2006)
or ABHDG6 (Thomas et al., 2013), is well described, the function of ABHD15 remains
elusive. One previous study showed that a 47-kDa protein, most likely ABHD15 but its
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identity was not clarified, is phosphorylated in 3T3-L1 adipocytes by protein kinase B
(PKB/AKT) (Gridley et al., 2005), which is a major mediator of insulin signaling in AT. The
same group proposed that this protein interacts with phosphodiesterase 3B (PDE3B) and
regulates PDE3B protein amount in insulin-stimulated murine 3T3-L1 adipocytes (Chavez et
al., 2006). PDE3B represents the major PDE3 isoform in adipocytes and is required for
insulin to inhibit lipolysis by hydrolyzing cyclic AMP (cAMP) (Choi et al., 2006; DiPilato
et al., 2015). Reduced cAMP levels lead to reduced phosphorylation and inactivation of
hormone-sensitive lipase (HSL), which subsequently decreases lipolytic activity (Holm,
2003; Knighton et al., 1991; Watt et al., 2006).

Our previous work showed that Abhd15is highly expressed in ATs. Further, Abhd15
expression was decreased in white AT (WAT) of aged and obese mice and in differentiated
3T3-L1 cells upon lipolytic stimulation (Walenta et al., 2013). The almost exclusive
expression of Abhd15in AT (Walenta et al., 2013), its regulation by aging and FA
concentrations, and its proposed interaction with PDE3B suggest that ABHD15 protein
plays a critical role in insulin-regulated lipolysis. Herein we show that the expression of
ABHD15 is regulated by the nutritional state and that ABHD15 is required for insulin-
mediated suppression of lipolysis. Mechanistically, ABHD15 associates with and stabilizes
PDE3B and, thereby, regulates its expression, leading to increased protein kinase A (PKA)
activity, subsequent HSL phosphorylation, and increased lipolysis. Additionally, insulin
signaling is impaired, ultimately leading to insulin resistance in Abhd15-KO mice. Of note,
ABHDI5 expression is decreased in women with obesity and diabetes in comparison to
women with obesity and normal glucose tolerance (GEO: GSE16415). These findings
demonstrate that ABHD15 is essential for insulin-mediated suppression of lipolysis and is a
crucial factor for the development of insulin resistance.

Loss of Abhd15 Impacts Lipid- and FA-Related Pathways in AT

In line with previously reported Abhd715 mRNA expression (Lord et al., 2013; Walenta et al.,
2013), ABHD15 protein was mainly expressed in 3T3-L1 adipocytes and adipose depots,
followed by a weak expression in liver and pancreas (Figures S1A and S1B). ABHD15 was
not detected in skeletal muscle (SM) and cardiac muscle (CM) (Figure S1A). In WAT,
ABHD15 was only expressed in mature adipocytes and primary adipocytes differentiated
from stromal vascular cells (SVCs), but not in undifferentiated SVCs, suggesting that
ABHD1S5 is not expressed in macrophages (Figure S1C).

To elucidate the physiological role of ABHD15 in vivo, we generated Abhd15-KO mice, as
described in detail in the Experimental Procedures and depicted schematically in Figure 1A.
The deletion of Abhd15exon 2 was confirmed by PCR (Figure 1B). Furthermore, successful
deletion of ABHD15 protein was confirmed by immunoblotting in epididymal WAT
(eWAT), subcutaneous WAT (sWAT), brown AT (BAT), liver, and pancreas (Figure 1C).
Newborn Abhd15-KO pups exhibited no obvious defects and adult mutants of both sexes
were fertile.
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We hypothesized that ABHD15 plays a causal role in the development of insulin resistance.
Both high-fat diet (HFD) and highglucose diet (HGD) have been shown to contribute to the
development of insulin resistance (Oakes et al., 1997; Oka et al., 1980; Sun et al., 1977).
Thus, we fed mice an HFD, an HGD, or a standard rodent chow diet until experiments were
performed. Although silencing of Abhd15 reduced adipogenic differentiation of 3T3-L1
cells in vitro (Walenta et al., 2013), Abhd15-KO mice did not show differences in body
weight and body mass composition on chow (Figures S1D and S1E), HGD (Figures S1F and
S1G), and HFD (Figures S1H and S11) when fed ad /ibitum. Plasma TG, FA, and glucose
levels were measured in the fasted and in the refed state on all diets (Table S1). On chow and
HFD, plasma parameters were unchanged between Abhd15-KO and wild-type (WT) mice
except for increased TG concentrations in the refed state. On HGD, Abhd15-KO mice
showed increased glucose levels in the refed state, while TG and FA levels were comparable
to WT mice (Table S1). Food intake, energy expenditure, and respiratory exchange ratio
(RER) were also similar in WT and Abhd15-KO mice on chow, HGD, and HFD fed ad
libitum (Figures S1J-S1R).

To narrow down possible pathways that might be affected by the deletion of Abhd15, we
performed transcriptome analysis of eWAT from chow diet-fed WT and Abhd15-KO mice,
which were fasted overnight and then refed for 1 hr (GEO: GSE98321). The data revealed
that 241 genes were more than 1.5-fold differentially expressed in the eWAT of Abhd15-KO
compared to WT mice (p < 0.01) (Figure 1D) and 90 genes thereof with a false discovery
rate (FDR) < 0.1. Among these dysregulated genes, 81 were upregulated and 160
downregulated in Abhd15-KO eWAT. Gene ontology/pathway analysis revealed that lipid
metabolism-associated pathways were the most significantly downregulated processes in
Abhd15-KO compared to WT mice (Figure 1E). Notably, mMRNA expression of Pde3b,
which was previously suggested to associate with ABHD15 in 3T3-L1 adipocytes (Chavez
et al., 2006; Gridley et al., 2006), was strongly decreased in e WAT (Figure 1F). mRNA
expression of Pde3a, a highly homologous subfamily member, was unchanged (Figure 1F),
suggesting no compensatory upregulation in Abhd15-KO mice.

ABHD15 Associates with PDE3B and Regulates Its Stability and Expression

In accordance with mRNA expression, loss of ABHD15 markedly reduced PDE3B protein
expression in eWAT (Figures 2A and 2B) and fully differentiated SVCs of Abhd15-KO mice
when compared to controls (Figures 2C and 2D). Partial loss of ABHD15 in heterozygous
Abhd15-KO mice (Figures 2A and 2B) and in differentiated 3T3-L1 cells that were
transiently Abhd15 silenced (Figures S2A-S2C) was not sufficient to reduce PDE3B levels.
Notably, re-expression of Abhd15 in Abhd15-KO SVCs in vitrowas able to rescue PDE3B
expression by around 50% (Figures 2E and 2F). Chavez and co-workers (Chavez et al.,
2006) suggested that uncomplexed PDE3B undergoes degradation faster than PDE3B
complexed with ABHD15. To directly test the stabilizing effect of ABHD15, we analyzed
PDE3B protein stability by treating Pde3b-overexpressing COS7 cells with cycloheximide
(CHX), which resulted in PDE3B degradation within less than 2 hr (Figure 2G, left blot).
Remarkably, co-expression of Abhd15 prevented its degradation and stabilized PDE3B
protein throughout the treatment (Figure 2G, right blot).
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Although interaction of ABHD15 with PDE3B was proposed, the identity of ABHD15 as a
complex partner was not directly confirmed (Chavez et al., 2006). We used a specific
antibody for ABHD15, and we showed co-immunoprecipitation of ABHD15 with PDE3B in
different cells, including Bnlcl2 hepatocytes (Figure S2D), COS7 cells (Figure 2H), and
3T3-L1 adipocytes (Figure 21). The complexation of ABHD15 with PDE3B in 3T3-L1 cells
was not affected by isoproterenol or insulin treatment (Figure 21). This finding is in line with
published data where insulin had no impact on the co-immunoprecipitation of ABHD15 and
PDE3B (Chavez et al., 2006). Western blotting experiments revealed that ABHD15, like
PDE3B, is a membrane-associated protein (Figure S2E), making an interaction of these
proteins even more likely.

Interestingly, silencing of PDE3B in fully differentiated 3T3-L1 cells also reduced the
expression of ABHD15 (Figures S2H-S2)J), indicating that ABHD15 and PDE3B regulate
each other’s protein expression and/or stability presumably via complex formation.

Disruption of Insulin-Mediated Suppression of FA Release in Abhd15-KO Mice

PDE3B has been shown to be required for insulin-mediated suppression of lipolysis via the
cAMP-dependent protein kinase pathway (Choi et al., 2006; DiPilato et al., 2015). In AT,
lipolysis is activated by fasting and abrogated by refeeding, which depends on the potent
anti-lipolytic actions of insulin (Duncan et al., 2007). Interestingly, ABHD15 expression in
eWAT was reduced after overnight fasting, while it was increased upon 1 and 2 hr of
refeeding (Figures 3A and 3B). To investigate whether Abhd15 itself regulates lipolysis, we
performed /in vitro analyses in 3T3-L1 cells. Overexpression of ABHD15 per se had no
influence on basal or insulin-suppressed free fatty acid (FFA) and glycerol release (Figures
S2L and S2M) and phosphorylation of HSL or PKA substrates (Figure S2K), neither in the
presence nor upon silencing of PDE3B (Figures S2K-S2M).

To assess the impact of Abhd15 deletion on insulin-mediated suppression of lipolysis /n
vivo, we fasted mice overnight, administered insulin, and determined its anti-lipolytic effect
by measuring plasma FA levels. For ad libitum chow diet-fed mice, plasma FAs were similar
in WT and Abhd15-KO mice, and overnight fasting activated FA release in both genotypes
to the same extent (Figure 3C). Importantly, insulin injection strongly reduced plasma FA in
WT mice, while circulating FA concentrations in Abhd15-KO mice remained as high as in
the fasted state (Figures 3C and S3A-S3C). Similarly, a glucose gavage approach, to mimic
a more physiological condition to stimulate endogenous insulin secretion, also resulted in
unsuppressed FA release in Abhd15-KO mice (Figure 3D). These data indicate unsuppressed
lipolysis in WAT. Accordingly, the canonical pathway that regulates insulin-suppressed
lipolysis downstream of PDE3B is altered in Abhd15-KO mice. While cAMP levels showed
only trends to be elevated in Abhd15-KO mice (Figure S3D), phosphorylation of PKA
substrates was increased in eWAT and SWAT of Abhd15-KO mice after overnight fasting
(saline) and insulin stimulation (Figures 3E and S3E). Accordingly, phosphorylation of HSL
at S660, one of three HSL phosphorylation sites that control HSL activity (Anthonsen et al.,
1998), was markedly increased in Abhd15-KO mice when compared to WT mice (Figures
3F, 3G, S3F, and S3G).
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Next, we measured lipolysis in fat pads ex vivo derived from WT and Abhd15-KO mice to
directly assess the impact of ABHD15 on lipolysis. As expected, FA release from WT fat
pads was lower upon insulin than during basal conditions (Figure 3H). Again, no insulin-
mediated reduction in FA release was observed in Abhd15-KO fat pads (Figure 3H). In the
presence of small molecule inhibitors for adipose TG lipase (ATGL) and HSL (iATGL and
iHSL, respectively), however, FA release from Abhd15-KO fat pads was decreased, but it
was still higher than from WT fat pads (Figure 3H). Glycerol release from ex vivo fat pads
was comparable between WT and Abhd15-KO mice in the absence and presence of ATGL
or HSL inhibitors (Figure S3H).

In addition to increased lipolysis, reduced FA re-esterification might explain elevated plasma
FA concentrations in Abhd15-KO mice upon insulin signaling. gRT-PCR results supported a
reduced re-esterification potential, because MRNA expression of genes involved in
lipogenesis (Srebplc, Scdl, Acsl, Dgatl, and Pepck) was reduced in the fasted state
(Figure S3I), when re-esterification potential in adipocytes is highest (Chitraju et al., 2017).
However, in the refed state in which ABHD15 may play a key role in insulin-mediated
suppression of lipolysis, expression levels of the above-mentioned genes were unchanged in
Abhd15-KO mice, except for ScdZ (Figure S3I). To assess whether ABHD15 has a cell-
autonomous effect on FA re-esterification, we tested the incorporation of radiolabeled oleic
acid into TG in differentiated primary Abhd15-KO and WT adipocytes upon lipolytic
stimulation. However, we did not observe any differences between genotypes (Figure S3J),
arguing against reduced re-esterification. Our data rather suggest that impaired suppression
of insulin-mediated lipolysis is causative for increased plasma FA in Abhd15-KO mice.

When lipolysis is activated, WAT is the main organ to release FASs to the circulation. Thus, in
line with increased FA release from Abhd15-KO AT, sSWAT weight was smaller in Abhd15-
KO than in WT mice after insulin injection, while no changes were observed in fasted and
fed states (Figure 3I). Additionally, BAT weight was reduced in fasted and insulin-injected
states, while we found no changes in e WAT and liver weights in Abhd15-KO compared to
WT mice (Figure 3I). Consistent with reduced AT weight, H&E staining of SWAT showed a
profound reduction in adipocyte size in Abhd15-KO mice compared to WT mice 20 min
after insulin administration (Figures 3J and 3K). These data strongly suggest that ABHD15
plays a role in insulin-mediated suppression of lipolysis.

Abhd15-KO Mice Show Impaired Insulin-Dependent Glucose Metabolism and Develop
Insulin Resistance

Increased plasma FA concentrations have been discussed as a deleterious factor in the
development of insulin resistance (Perry et al., 2015; Samuel and Shulman, 2012).
Therefore, we assessed whether impaired insulin-mediated suppression of lipolysis upon
loss of ABHD15 affects glucose metabolism. We observed a moderately higher plasma
insulin concentration (62%, p = 0.068) in Abhd15-KO mice after a single glucose bolus
(Figure 4A). Yet, these increased insulin levels did not suppress plasma FA levels in
Abhd15-KO mice when compared to WT mice (Figure 3D). Insulin inhibits lipolysis, but it
also stimulates glucose uptake by activating glucose transporter type 4 (GLUT4)
translocation to the plasma membrane. Thus, we investigated glucose uptake into tissues of

Cell Rep. Author manuscript; available in PMC 2019 February 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Xia et al.

Page 7

WT and Abhd15-KO mice after gavage of 3H-deoxyglucose that cannot be metabolized after
uptake. As shown in Figure 4B, glucose uptake into eWAT, heart, and liver was decreased in
Abhd15-KO mice compared to WT mice, while there were no differences in SWAT, SM, and
BAT.

In adipocytes, glucose is used for de novo lipogenesis (DNL) upon insulin stimulation to
store energy in the form of TG in LDs. To investigate DNL, we isolated SVCs from sWAT of
Abhd15-KO and WT mice and differentiated them into adipocytes. SVCs from both
genotypes differentiated to the same extent, as evidenced by unchanged C/EBPa protein
expression and oil red O staining (Figures S4A and S4B). Under basal conditions, fully
differentiated WT and Abhd15-KO SVCs incorporated the same amount of glucose into
total lipids (Figure 4C). Insulin strongly stimulated DNL in both genotypes, but Abhd15-KO
adipocytes incorporated significantly less glucose into neutral lipids than WT adipocytes
(Figure 4C). In particular, we observed reduced glucose incorporation into FFA,
monoacylglycerol (MAG), and diacylglycerol (DAG) (Figure 4C), respectively, while there
was no difference in TGs and cholesteryl esters (CEs) (Figure S4C). Supporting these data,
gRT-PCR analysis showed that glucose metabolism (glucose kinase) and DNL pathway
genes, such as Fasand AceCS, were reduced in Abhd15-KO mice in the refed state (Figure
S3l).

PKB/AKT is known as a master regulator of glucose and lipid metabolism in adipocytes
(Kohn et al., 1996; Saltiel and Kahn, 2001). Phosphorylation of PKB/AKT was strongly
decreased in eWAT and sWAT of Abhd15-KO mice when compared to controls (Figures 4D,
4E, S4D, and S4E). Additionally, adiponectin levels were markedly reduced in Abhd15-KO
compared to WT mice independent of age (Figures 4F and 4G). Decreased adiponectin
levels are considered an early indicator of insulin resistance (Cnop et al., 2003; Kadowaki et
al., 2006). Upon aging, insulin sensitivity decreases, which correlates with lower adiponectin
levels (Hotta et al., 2001). Indeed, young Abhd15-KO mice showed moderately reduced
insulin sensitivity with no changes in glucose tolerance (Figures S4F and S4G), while old
Abhd15-KO mice (=60 weeks of age) showed impaired insulin sensitivity and glucose
tolerance when compared to WT mice (Figures 4H and 41). Supporting our data,
bioinformatic analysis of published microarray data (GEO: GSE16415) from human
omental AT (OWAT) revealed that ABHDI5 expression was 2-fold lower in women with
obesity and diabetes (BMI > 30 kg/m?, age > 55 years) compared to age-matched women
with obesity and normal glucose tolerance (Table S2). Except for PDE3B and the ATGL
coactivator ABHDS5 (CGI58), several other PDE and ABHD family members showed no
deregulation in this cohort (Table S2).

To validate these data, we measured ABHD15 gene expression in OWAT from 11 patients
with severe obesity by gPCR. Subsequently, the data were correlated with several metabolic
parameters obtained from the cohort by Spearman’s rank. We observed that ABHD15
expression in OWAT positively correlated with insulin sensitivity estimators, such as oral
glucose insulin sensitivity (OGIS), insulin sensitivity index (ISI), and clamp-like index
(CLIX), and negatively correlated with insulin resistance estimators, including first and
second phase response to a glucose challenge and the area under the curve for insulin during
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the oral glucose tolerance test (OGTT). Furthermore, ABHD15mRNA levels in OWAT
negatively correlated with interleukin-6 (IL-6) and FFA levels in serum (Table 1).

Together, these data demonstrate that ABHD15 ablation impairs insulin signaling, most
probably via PDE3B, and subsequently leads to insulin resistance.

Abhd15-KO Mice Develop Insulin Resistance When Fed High-Glucose and High-Fat Diets

In Abhd15-KO mice, the disrupted anti-lipolytic effect of insulin was also evident from
elevated plasma FA levels upon HGD (Figure 5A) and HFD feeding (Figure 5B), supporting
the role of ABHD15 as a regulator of insulin-suppressed lipolysis. In fat pads from HFD-fed
Abhd15-KO mice, basal FA release was increased, which could not be diminished by insulin
addition (Figure 5C). Although the insulin-mediated suppression of lipolysis was
consistently abrogated in Abhd15-KO mice fed HGD and HFD (Figures 5A and 5B), they
did not suffer from reduced insulin sensitivity after 12 weeks on the respective diet (Figures
S4H and S4J). At this point, glucose tolerance was also unchanged upon HGD feeding
(Figure S4l), but it was already impaired in HFD-fed Abhd15-KO mice (Figure S4K). After
HGD feeding for =18 weeks, Abhd15-KO mice had lower adiponectin levels and higher
postprandial insulin and glucose levels, despite unchanged food intake during refeeding and
leptin levels (Figures 5D-5H). Accordingly, insulin sensitivity was reduced (Figure 51). In
addition, long-term feeding of HFD (30 weeks) evoked a strongly impaired glucose
tolerance in Abhd15-KO mice (Figure 5J). However, WT and Abhd15-KO mice were insulin
resistant at this point, and differences between the genotypes were no longer observed
(Figure 5K). These data confirm that ABHD15 ablation leads to insulin resistance
independently of the diet consumed.

AT-Specific Ablation of ABHD15 Is Responsible for the Phenotype Observed in Global
Abhd15-KO Mice

Finally, we aimed to investigate whether the phenotype of total Abhd15-KO mice is
exclusively due to Abhd15 deletion in AT. Therefore, we used adiponectin (AdipoQ)-driven
Cre transgenic mice to delete Abhd15 specifically in WAT and BAT (AdipoQ-Abhd15-KO;
Figure 6A). In fasted AdipoQ-Abhd15-KO mice, injection of insulin or glucose gavage also
failed to inhibit FA release on chow and HGD (Figures S5A and 6B). Chow dietfed AdipoQ-
Abhd15-KO mice also showed reduced fat mass in the fasted and fed states (Figure S5B),
while plasma and metabolic parameters were unaltered (Figures SS5C-S5F). In HGD-fed
AdipoQ-Abhd15-KO mice, body weight, body mass composition, energy expenditure, and
plasma insulin levels were unchanged (Figures S5G-S5J). Similar to Abhd15-KO mice,
HGD diet-fed AdipoQ-Abhd15-KO mice had strongly decreased expression of genes
involved in lipid metabolism (Figures 6C and S5K), reduced PDE3B protein expression
(Figures S5L and S5M), and lower plasma adiponectin concentrations (Figure 6D).
Accordingly, glucose tolerance and insulin sensitivity (Figures 6E and 6F) were markedly
diminished. The significantly lower RER suggests that AdipoQ-Abhd15-KO mice on HGD
preferentially oxidize lipids during the dark phase and in the refed state when compared to
controls (Figure 6G). These results strongly suggest an exclusive role of ABHD15 for
insulin-mediated suppression of lipolysis in WAT, thereby influencing whole-body lipid and
glucose metabolism.
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Discussion

Dynamic metabolic transition from the fasting to the fed or postprandial state and vice versa
is of great importance for maintaining energy homeostasis /77 vivo. In this study, we present
ABHD15 as a crucial player in regulating insulin-mediated suppression of lipolysis and the
development of insulin resistance. ABHD15 is highly expressed in ATs, the main organs
where lipolysis occurs. We have previously shown that Abhd15 mRNA expression in the
WAT is decreased in fasted mice and in genetically obese mice with T2D (Walenta et al.,
2013). In the present study, we demonstrate that ABHD15 protein expression is reduced by
fasting and induced by refeeding in the WAT of lean and healthy mice. Moreover, ABHD15
expression is diminished in the WAT of patients with obesity and diabetes when compared to
patients with obesity and normal glucose tolerance. In addition, we showed that ABHD15
MRNA expression negatively correlated with markers of insulin resistance in humans.
However, the rather small sample size can be taken as a limitation of this analysis.

In all conditions associated with reduced ABHD15 expression, plasma FA levels are
elevated. Plasma FA concentrations are tightly controlled by lipolysis, a process turned on
by fasting to provide FAs as an energy source for peripheral tissues while turned off upon
(re)feeding by insulin signaling. Elevated circulating FA levels contribute to insulin
resistance in both animals and humans (Boden, 1997; Gandotra et al., 2011a, 2011b; Kelley
et al., 1993; Savage et al., 2007). Recently, it has been reported that the failure of insulin to
decrease the supply of FAs as substrate for liver gluconeogenesis leads to systemic insulin
resistance (Perry et al., 2015). Although many aspects have been clarified, the detailed
molecular mechanisms of how insulin suppresses lipolysis in adipocytes is still elusive.
Since it became increasingly evident that elevated plasma FA levels lead to ectopic lipid
deposition and insulin resistance, the search for regulators of insulin-mediated inhibition of
lipolysis might pave the way for therapeutic applications. We therefore used constitutive and
AT-specific Abhd15-KO mice to test our hypothesis that ABHD15 is an important player in
insulin-mediated suppression of lipolysis and the development of insulin resistance.

Loss of ABHD15 resulted in a failure of insulin to decrease plasma FA levels at both
experimental (insulin-injected) and physiological conditions independent of diet and age.
However, plasma glycerol concentrations were unchanged in these mice (data not shown).
The underlying reason(s) for this discrepancy between reduced FA but normal glycerol
levels is currently unknown but will be important to address in future studies. We
hypothesize that elevated FA concentrations upon Abhd15 deletion are at least partially due
to the simultaneous reduction of PDE3B in WAT, as the unsuppressed lipolysis phenotype of
our Abhd15-KO mouse models was also described in Pde3b-null mice (Choi et al., 2006).
Consistently, it has been previously suggested that ABHD15 binds to PDE3B and regulates
its expression in 3T3-L1 adipocytes (Chavez et al., 2006). However, this former study used
an antibody generated with a peptide directed against 15 amino acids (aa) at the C terminus
of ABHD15 that also shows homology with ABHD1 and ABHD3. We used an antibody
directed against the whole protein sequence, and we confirmed in various cell lines that
ABHD15 co-immunoprecipitates with PDE3B. Within this complex, ABHD15 likely
regulates PDE3B expression and/or protein stability, as its expression is also impaired in the
WAT of Abhd15-KO mice. A regulation of PDE3B by ABHD15 is also supported by the
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fact that both proteins are expressed as membrane proteins. Importantly, we could rescue
PDE3B expression by re-expressing ABHD15 in differentiating Abhd15-KO SVCs.
Supporting our hypothesis, PDE3B protein stability is massively increased when ABHD15
is co-expressed. Vice versa, also PDE3B seems to influence ABHD15 stability, since
ABHD15 protein expression is decreased in Pde3b-silenced 3T3-L1 cells.

Phosphorylation by AKT or PKA was shown to increase the activity of PDE3B (Kitamura et
al., 1999; Perino et al., 2011). However, disrupted phosphorylation of PDE3B on both AKT
and PKA phosphorylation sites did not interfere with insulin-mediated suppression of
lipolysis (DiPilato et al., 2015). Therefore, we did not further investigate PDE3B
phosphorylation in our mouse models, but we suggest that ABHD15 plays a crucial role in
regulating the amount of PDE3B protein and downstream lipolysis. Decreased PDE3B
protein/activity increases CAMP levels and activates PKA (Choi et al., 2006; DiPilato et al.,
2015; Maurice et al., 2003). In line with this, we observed increased phosphorylation of
PKA substrates and HSL in the WAT of Abhd15-KO mice after overnight fasting and in an
insulin-injected state. Concomitantly, FA release into the bloodstream is not suppressed by
insulin in Abhd15-KO mice. Fat pads isolated from Abhd15-KO animals showed the same
unsuppressed FA release ex vivo, which could be reduced by ATGL and HSL inhibitors.
Thus, unsuppressed lipolysis is supposed to be, at least in part, the cause of this phenotype.

In adipocytes, activated/phosphorylated PDE3B has also been shown to form large macro-
molecular complexes, so-called signalosomes, with insulin receptor substrate (IRS),
phosphoinositide 3-kinase (P13K), AKT, caveolin-1, and protein phosphatase 2 (PP2A)
(Ahmad et al., 2007, 2012; Kitamura et al., 1999; Rondinone et al., 2000). It is, however,
unlikely that the reduced amount of PDE3B in Abhd15-KO mice regarding signalosome
formation affects the insulin signaling pathway, as Pde3b-KO adipocytes show neither
reduced AKT phosphorylation nor reduced glucose uptake (Choi et al., 2006; DiPilato et al.,
2015). Nevertheless, reduced PDE3B protein might impact the formation of the signalosome
and its localization to the LD and, therefore, it might impact insulin-suppressed lipolysis.

Decreased but also increased adipocyte lipolysis have been shown to improve insulin
resistance (Ahmadian et al., 2009, 2010, 2011; Haemmerle et al., 2006; Samuel and
Shulman, 2012; Schweiger et al., 2017). In humans with obesity, however, persistently
elevated circulating FA concentrations can account for a large part of insulin resistance
(Boden, 2011; Girousse et al., 2013; Liang et al., 2013). Unrestrained lipolysis in humans
with mutations in perilipin 1 leads to severe insulin resistance (Gandotra et al., 2011a,
2011b), underlining a role of increased plasma FA concentrations in the pathogenesis of this
disease. Pharmacological inhibition of ATGL or HSL also improves insulin sensitivity in
genetically or diet-induced obesity (Girousse et al., 2013; Schweiger et al., 2017).
Accordingly, Abhd15-KO mice might develop insulin resistance due to unsuppressed
adipocyte FA release.

Glucose uptake and DNL in WAT are largely dependent on the insulin/AKT/GLUT4
pathway (Kohn et al., 1996). Interestingly, in the WAT of Abhd15-KO mice,
phosphorylation of AKT is decreased upon insulin injection, and, thus, it might be
responsible for the reduced glucose uptake and incorporation into de novo synthesized
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lipids. In adipocytes, glucose uptake controls DNL, which plays a crucial role in whole-body
insulin sensitivity (Herman et al., 2012; Roberts et al., 2009). Improved insulin sensitivity in
HFD-fed heterozygous HSL-KO mice was associated with increased DNL (Girousse et al.,
2013). Thus, it is also conceivable that the reduced DNL observed in our mouse models
contributes to the development of insulin resistance. Furthermore, reduced adiponectin
levels, an early indicator of insulin resistance (Cnop et al., 2003; Hotta et al., 2001), might
add to the observed phenotype.

It has been suggested that PDE3B is involved in the secretion of adiponectin in adipocytes
by an unknown mechanism (Cong et al., 2007). PDE3B is part of the signalosome that also
contains PP2A. Very recently, Hatting et al. (2017) showed that PP2A inhibition increases
CcAMP response element-binding protein (CREB) phosphorylation. Phosphorylated CREB
(pCREB) activates ATF3, and this transcription factor inhibits the expression of adiponectin
and Glut4, thereby leading to insulin resistance (Qi et al., 2009). PDE3B is reduced in
adipocytes from patients with diabetes (Engfeldt et al., 1982), and Pde3b-KO mice develop
insulin resistance (Choi et al., 2006). These mice, however, have elevated adiponectin levels,
and the insulin resistance was attributed to their hepatic and pancreatic phenotype (Choi et
al., 2006). In contrary, our data reveal that the insulin resistance in Abhd15-KO mice is
mainly due to the AT phenotype. Although Abhd15-KO mice only show an ~50% reduction
in PDE3B expression, their WAT phenotype on the molecular level is much stronger than the
one observed in Pde3b-KO mice. Underlining these observations, the AdipoQ-Abhd15-KO
mouse phenocopies the global Abhd15-KO mouse, despite undiminished PDE3B expression
in any other tissue than ATs. Thus, we hypothesize that ABHD15 has a function apart from
the regulation of PDE3B that warrants future studies.

Together, our data demonstrate that ABHD15 is indispensable for insulin-mediated
suppression of lipolysis and its ablation leads to insulin resistance in mice. These findings,
together with the reduced ABHD15 expression in humans with obesity and diabetes, identify
ABHD15 as a potential therapeutic target for treating age- and obesity-associated insulin
resistance.

Experimental Procedures

Animal Study

The study was approved by the institutional ethics committee, and experiments were
performed according to the guidelines of the Austrian Federal Ministry of Science and
Research. Experiment licenses were granted under BMWF-68.205/0258-11/3b/2011,
BMWF-66.007/0026-WF/V/3b/2015, and BMWF-66.007/0008-WF/V/3b/2016. If not
otherwise stated, age-matched male Abhd15-KO and WT mice, Abhd15-flox mice, and
Abhd15-flox+/AdipoQ-cre mice (except for SVC isolation we used female, 10-week-old
mice) were used for each experiment in this study (age and number of mice used are noted
in the figure legends).
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Human Study

The study was performed in accordance with the Helsinki Declaration of 1975 as revised in
1983 and with Good Clinical Practice guidelines, and it was approved by the Ethics
Committee of the Medical University of Vienna and Géttlicher Heiland Hospital (EK Nr.
963/2009, EK Nr. 488/2006, and E10-N01-01). All subjects provided written informed
consent.

Statistical Analysis

If not otherwise stated results are mean values + SD of at least three independent
experiments or results show one representative experiment out of at least three. Statistical
significance was determined using the unpaired 2-tailed Student’s t test or the two-way
ANOVA test. For statistical analysis, GraphPad Prism software was used (8§, #, *p < 0.05,
**p < 0.01, and ***p < 0.001). Correlations of the human dataset in Table 1 were explored
by Spearman’s method. Statistical significance was set at p < 0.05. All statistical analyses
were performed with IBM SPSS Statistics for Windows, version 21.0 (IBM, Armonk, NY).

Detailed methods are described in the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

ABHD15 stabilizes PDE3B, which is thereby reduced in Abhd15-deficient
WAT

ABHD15 deletion leads to unsuppressed FA release in the postprandial state
ABHD15 ablation impairs insulin signaling

ABHD15 contributes to the development of insulin resistance in mice and
humans
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Figure 1. Generation of Abhd15-KO Mice and Microarray Analysis
(A) Schematic depiction of the generation of the knockout mouse model.

(B) Tailtip PCR of WT (+/+), heterozygous (+/-), and homozygous (—/=) Abhd15-KO mice.
(C) ABHD15 expression in tissues harvested from WT (+/+) and Abhd15-KO (-/-) mice.
(D) Heatmap of deregulated genes from microarray analyses of 1 hr-refed WT and Abhd15-
KO epididymal eWAT at the age of 14 weeks on chow diet (n = 3-5).

(E) Gene ontology (GO) analysis was performed with -log10 (p value) plotted (x axis) as a
function of classification meeting a p value of < 0.001. Upregulated (red) and downregulated
(blue) genes in eWAT of Abhd15-KO mice are compared to controls (n = 3-5).

(F) Pde3band Pde3a mRNA expression in eWAT (n = 6-9). Data are shown as mean + SD.
Unpaired two-tailed Student’s t test was performed; statistical significance is shown as **p <
0.01. See also Figure S1 and Table S1.
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Figure 2. ABHD15 Associates with PDE3B and Regulates Its Stability and Expression
(A) Western blots (WBs) of eWAT membrane protein from WT, heterozygous (Het), and

homozygous Abhd15-KO mice

(B) Relative protein quantification of PDE3B depicted in (A) (n = 3).
(C) ABHD15 and PDE3B expression in stromal vascular cell (SVC)-derived adipocytes (n =

3).

(D) Protein quantification of PDE3B depicted in (C) and normalized to B-actin (n = 6).

(E) ABHD15 and PDE3B expression in SVC-derived Abhd15-KO adipocytes transfected
with pMSCV-puro or pMSCV-Abhd15 retrovirus (n = 3).
(F) Relative protein quantification of PDE3B depicted in (E) and normalized to p-actin (n =

6).

(G) PDE3B and ABHD15 expression in COS7 cells co-transfected with Pde3b and LacZ or
Pde3b and Abhd15, treated with or without 5 pg/mL cycloheximide (CHX) for the indicated

time (0-2 hr).
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(H) Pull-down of ABHD15 and PDE3B from co-transfected COS7 cells.

(1) Pull-down from pMSCV-puro- and pMSCV-Pde3b/FLAG-overexpressing 3T3-L1
adipocytes with M2-FLAG agarose beads. Cells were cultured in complete medium (CM),
2% FA-free BSA serum-free medium (SF) for 6 hr, then treated with 100 nM insulin and 1
UM isoproterenol for 20 min.

(B, D, and F) Data are shown as mean + SD. Unpaired two-tailed Student’s t test was
performed; statistical significance is shown as *p < 0.05 and ***p < 0.001. See also Figure
S2.
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Figure 3. Abhd15-KO Mice Show Disruption of Insulin-Mediated Suppression of Lipolysis
(A) ABHD15 expression in e WAT from 12-week-old C57BL6/J mice fed chow diet ad

libitum, overnight (o/n) fasted, or 1 hr (1h) and 2 hr (2h) refed.

(B) ABHD15 protein quantification of (A) normalized to B-actin (n = 6).

(C) 20-week-old mice were fasted overnight and then intraperitoneally (i.p.) injected with
0.3 U/kg insulin; blood was taken at the indicated time points and plasma FAs were
determined (n = 6).
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(D) 22-week-old mice were overnight fasted and then gavaged with 2.5 g/kg glucose.
Plasma FAs were determined at the indicated time points (n = 7-8).

(E and F) Overnight-fasted 20-week-old mice were injected with saline or 0.6 U/kg insulin,
and tissues were harvested 20 min later. eWAT from those mice was used for (E) PKA
substrate phosphorylation and (F) HSL phosphorylation WBs (n = 3).

(G) pHSL/HSL quantification of (F) normalized to total HSL (n = 6).

(H) FA release from eWAT explants of saline- or insulin-injected (0.6 U/kg) mice. Explants
were treated with 25 pM HSL inhibitor (iHSL) or 40 uM ATGL inhibitor (IATGL) for 1 hr.
Symbols indicate statistical significance of insulin treatment (*), inhibitor treatment
comparing WT mice (8), and inhibitor treatment comparing Abhd15-KO mice (#) (n = 4-7).
(1) 20-week-old mice on chow diet were harvested at 7 a.m. fed ad /ibitum, 12 hr fasted, or
20 min after 0.6 U/kg insulin injection. eWAT, subcutaneous (S)WAT, interscapular BAT, and
liver were analyzed for their weight (n = 4-5).

(J and K) sWAT from (1) was used for (J) H&E staining, and adipocyte size was analyzed
(K). Scale bar, 100 pM (n = 4-5).

(B-D, G-I, and K) Data are shown as mean = SD. Unpaired two-tailed Student’s t test was
performed; statistical significance is shown as 8,#,*p < 0.05, **p < 0.01, and ***p < 0.001.
See also Figure S3 and Table S3.
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Figure 4. Abhd15-KO Mice Show Impaired Insulin-Dependent Glucose Metabolism and Develop
Insulin Resistance on Chow Diet

(A) Plasma insulin levels after overnight fasting and 2.5 g/kg glucose gavage at the age of 20
weeks (n = 8).

(B) 25-week-old mice were overnight fasted and then gavaged with 2.5 g/kg glucose (spiked
with 10 uCi 3H-deoxyglucose per mouse). 20 min after gavage, tissues were harvested and
uptake of radioactive glucose was determined (n = 7).

(C) 14C-glucose incorporation into total lipids, FFA, monoacylglycerol/phospholipids
(MAG/PLS), and diacylglycerol (DAG) in fully differentiated SVCs (n = 4).
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(D) pAKT and panAKT expression in e WAT harvested from overnight-fasted 20-week-old
mice after saline or insulin injection (as in Figures 3E and 3F).

(E) Protein quantification of (D) normalized to panAKT (n = 6).

(F and G) Plasma adiponectin levels were measured after overnight fasting and then 1-hr
refeeding at the age of (F) 20 weeks (young) and (G) 54 weeks (old).

(H) 60-week-old mice were fasted for 4 hr, then injected with 0.35 U/kg insulin, and glucose
levels were measured at the indicated time points (n = 6).

(1) 80-week-old mice were fasted for 6 hr, then injected with 2.5 g/kg glucose, and glucose
levels were measured at the indicated time points (n = 4).

(A—-C and E-I) Data are shown as mean + SD. Unpaired two-tailed Student’s t test or two-
way ANOVA (multiple datasets) was performed; statistical significance is shown as *p <
0.05, **p < 0.01, and ***p < 0.001. See also Figure S4.
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Figure 5. Abhd15-KO Mice Develop Insulin Resistance on High-Glucose and High-Fat Diets
(A) 8-week-old mice on high-glucose diet (HGD) for 12 weeks. Thereafter, mice were

overnight fasted and injected with 0.3 U/kg insulin, and plasma FA levels were determined
(n =5-6).

(B) 10-week-old mice on high-fat diet (HFD) for 12 weeks. Thereafter, mice were overnight
fasted and injected with 0.35 U/kg insulin, and plasma FA levels were determined (n = 8).
(C) FA release from explants of e WAT and sWAT of mice on HFD with or without 100 nM
insulin treatment (n = 4).

(D and E) Plasma adiponectin (D) and insulin (E) levels were measured in HGD-fed mice at
the age of 25 weeks, fasted overnight, and then refed for 2 hr (n = 4).
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(F) Food intake was measured in HGD-fed mice at the age of 25 weeks, fasted overnight,
and then refed for 5 hr (n = 5-7).

(G) Plasma leptin levels were measured in HGD-fed mice at the age of 25 weeks, fasted
overnight, and then refed for 2 hr (n = 4).

(H) Blood glucose levels were measured in HGD-fed mice at the age of 25 weeks from tail
vein blood at the indicated states and time points (n = 7-8).

(1) 8-week-old mice on HGD for 44 weeks. Thereafter, mice were fasted for 4 hr and
injected with 0.25 U/kg insulin, and glucose was determined at the indicated time points (n =
7.

(J) 8-week-old mice on HFD for 32 weeks. Thereafter, mice were fasted for 6 hr and
injected with 1 g/kg glucose, and glucose was determined at the indicated time points (n =
7.

(K) 8-week-old mice on HFD for 30 weeks. Thereafter, mice were fasted for 4 hr and
injected with 0.5 U/Kkg insulin, and glucose was determined at the indicated time points (n =
7.

(A-K) Data are shown as mean * SD. Unpaired two-tailed Student’s t test or two-way
ANOVA (multiple datasets) was performed; statistical significance is shown as *p < 0.05,
**p < 0.01, and ***p < 0.001. See also Figure S4.
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Figure 6. Adipose Tissue-Specific Ablation of ABHD15 Is Responsible for the Phenotype
Observed in Global Abhd15-KO Mice

(A) ABHD15 expression in tissues harvested from WT (Abhd15 flox*/*) and KO (Abhd15
ﬂox+/AdipoQ-cre) mice.

(B) 20-week-old Abhd15 flox** and Abhd15 flox*/AdipoQ-cre on chow diet were fasted
overnight and gavaged with 2.5 g/kg glucose. Facial vein blood was drawn at the indicated
time points and FA levels were measured (n = 6-8).

(C) Relative mRNA expression of lipid metabolism and Page3 genes in eWAT on HGD in the
1-hr-refed state (n = 3-5).
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(D) Plasma adiponectin levels of mice on HGD was measured after overnight fasting and
then 1-hr refeeding (n = 3-5).

(E) 8-week-old mice on HGD for 32 weeks. Thereafter, mice were fasted for 4 hr and
injected with 0.25 U/kg insulin, and glucose was determined at the indicated time points (n =
7-8).

(F) 8-week-old mice on HGD for 33 weeks. Thereafter, mice were fasted for 6 hr and
injected with 2.5 g/kg glucose, and glucose was determined at the indicated time points (n =
7-8).

(G) Respiratory exchanged ratio (VCO»/VVO5) was measured in 30-week-old mice on HGD
over 3 days including overnight fasting and 6-hr-refeeding period (n = 3-5).

(B-G) Data are shown as mean + SD. Unpaired two-tailed Student’s t test or two-way
ANOVA (multiple datasets) was performed; statistical significance is shown as *p < 0.05,
**p < 0.01, and ***p < 0.001. See also Figure S5.
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Correlations of ABHD15 Gene Expression in OWAT from Severely (BMI > 40 kg/m?)

Obese Patients and Several Metabolic Parameters

Insulin Sensitivity

Insulin Resistance

Other Parameters

Parameter Spearman’srho p Parameter Spearman’srho p Parameter Spearman’srho p
OGIS 0.66 0.02 first phase response -0.62 0.04 IL-6 -0.70 0.02
IS1 0.68 0.03  second phase response  -0.62 0.03 FFA -0.69 0.02
CLIX 0.64 0.03 AUCOGTT -0.65 0.02

HOMA-IR -0.53 0.07
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