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Progranulin (PGRN) has recently emerged as an important regulator for glucose metabolism and insulin sensitivity.
However, the direct effects of PGRN in vivo and the underlying mechanisms between PGRN and impaired insulin
sensitivity are not fully understood. In this study, mice treated with PGRN for 21 d exhibited the impaired glucose
tolerance and insulin sensitivity, remarkable ER stress as well as attenuated insulin signaling in liver and adipose tissue
but not in skeletal muscle. Furthermore, treatment of mice with phenyl butyric acid (PBA), a chemical chaperone
alleviating ER stress, resulted in a significant restoration of systemic insulin sensitivity and recovery of insulin signaling
induced by PGRN. Consistent with these findings in vivo, we also observed that PGRN treatment induced ER stress,
impaired insulin signaling in cultured hepatocytes and adipocytes, with such effects being partially nullified by
blockade of PERK. Whereas PGRN-deficient hepatocytes and adipocytes were more refractory to palmitate-induced
insulin resistance, indicating the causative role of the PERK-elF2a axis of the ER stress response in action of PGRN.
Collectively, our findings supported the notion that PGRN is a key regulator of insulin resistance and that PGRN may
mediate its effects, at least in part, by inducing ER stress via the PERK-elF2a dependent pathway.

Introduction

Progranulin (PGRN), also known as proepithelin, granulin/
epithelin precursor or PC cell-derived growth factor, is identified
to have multiple functions, and plays a critical role in physiologi-
cal and disease processes such as wound healing, tumorigenesis,
degenerative diseases and inflammation.'™ Recently, PGRN has
emerges as a novel regulator associated with proinflammatory
properties and insulin resistance.”'® Specifically, PGRN-defi-
cient mice exhibited resistant to diet-induced obesity and insulin
insensitivity through the modulation of inflammation, whereas
adipocytes exposed to PGRN have increased susceptibility to be
insulin-resistant.” Moreover, circulating PGRN is significantly
higher in clinical subjects with type 2 diabetes and positively cor-
related with macrophage infiltration in omental adipose tis-
sue.”'™'? In particular, PGRN is more highly expressed in
visceral adipose tissue of the insulin-resistant patients with mor-
bid obesity than in their age-, sex- and BMI-matched insulin-sen-
sitive counterparts.'>"> Thus, PGRN may be an important
modulator in a variety of glucose and energy regulation with spe-
cific effect on target tissues.

Although the role of PGRN in energy metabolism has just
recently been identified, the direct mechanism underlying this
pivotal effect has not been established. However, previous eviden-
ces suggested that endoplasmic reticulum (ER) stress may be

involved in PGRN action in some other pathological processes.
For instance, PGRN activates ERK1/2 signaling pathway,'®
whereas XBP1S, a key transcription factor in ER stress, inhibits
ER stress-mediated apoptosis through the Erk1/2 signaling path-
way."” In addition, tumor necrosis factor-a (TNFa), a putative
inducer of inflammation, ER stress and insulin resistance,'®>*
significantly augments PGRN expression in 3T3-L1 adipocytes.”
PGRN has also been introduced as a cytoprotective stress-
response factor in fibroblasts subjected to hypoxia and acidosis,
while mutant seipin in Hela cells leads not only to ER stress, but
also to the impairment secretion of PGRN.? Moreover, pgrn-1
mutants have been reported to be refractory to ER stress-induced
apoptosis measured by resistance to tunicamycin, an inhibitor of
N-linked glycosylation.?* Collectively, these findings indicate the
possibility that ER stress may contribute to the regulatory role of
PGRN on insulin resistance and metabolic dysfunction.

The fact that high fat diec (HFD)-induced insulin resistance
could be considerably improved in PGRN™'"~ mice suggests that
chronically elevated PGRN in obese mice could potentially con-
tribute to the progression of insulin resistance and metabolic dys-
function.” The next critical question to answer is whether PGRN
has a direct effect on energy metabolism in wild-type mice in
vivo, which would firmly establish the notion that it is a physio-
logically important factor in the pathogenesis of metabolic disor-
ders. In this study, we embarked on a systematic analysis of the
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effects of PGRN in vivo and aimed to evaluate the potential
interaction of impaired insulin sensitivity and PGRN action
involving ER stress. Our results demonstrated that PGRN trig-
gers ER stress and insulin resistance via the PERK-elF2a depen-
dent pathway, supporting the therapeutic potential of this novel
player in the regulation of glucose metabolism and metabolic
diseases.

Results

The effects of PGRN on glucose metabolism, insulin
sensitivity, and lipid metabolism in vivo

To test whether direct intraperitoneal administration of
PGRN is capable of regulating peripheral glucose metabolism,
we administrated rmPGRN ranging from 100-fold lower than its
physiological concentration (=1 pg/ml in WT adult mice) to
fold4- higher in C57BL/6] mice for 21 d under standard diet
(SD) condition. After ip administration, ITT revealed that mice
receiving 10, 20 and 40 pg/day of PGRN exhibited a significant
and dose-dependent decrease in insulin sensitivity, whereas no
changes were observed in mice treated with PGRN<1 pg/day,
compared with vehicle (data not shown). Given previous reports

that PGRN is biologically active at an effective dose of 20 ug/
day, our results also suggest that 20 pg/day of PGRN were opti-
mal to assess the effect of PGRN in mice. After a 3-week study
period, we found that serum PGRN level was remarkably
increased about 1.5-2.5-fold in PGRN-treated littermates
(Fig. 1A). Compared with vehicle treatment, administration of
PGRN had essentially no effect on body weight, nor did it alter
fasting glucose, energy expenditure, food intake, and serum tri-
glycerides levels. Although fasting plasma insulin levels tended to
be increased in PGRN-treated mice, this effect did not achieve
statistical significance (Fig. 1B—G). When challenged with glu-
cose (GTT), PGRN administration mildly induced glucose intol-
erance (Fig. 1H). Additionally, mice receiving 20 pg/day PGRN
exhibited reduced insulin sensitivity than mice receiving vehicle
under a normal diet condition as shown in Fig. 11.

To gain further insight into the mechanism underlying the insu-
lin-desensitizing effects of PGRN, we then performed hyperinsuli-
nemic-euglycemic clamp studies. During the clamp procedure,
glucose infusion rate (GIR) to maintain euglycemia (120-140 mg/
dl) was reduced by 25% in PGRN-treated mice compared with
vehicle (Fig. S1A). This was accompanied by an effect of PGRN to
impair slightly the action of insulin to suppress hepatic glucose pro-
duction both at baseline and during the clamp studies (Fig. S1B).
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Figure 1. Effect of PGRN on glucose metabolism and insulin sensitivity, and its abrogation by PBA in vivo. All analyses compared age- and sex-matched
mice fed a normal diet. Mice were distributed in 4 groups (12-15/per group): (1) vehicle (2) PGRN (i.p. 20 w.g/day); (3) 4-PBA (orally, 1 g/Kg of body
weight); (4) PGRN + 4-PBA. 12-15 mice per group were analyzed. (A) Effect of 3 weeks administration of rmPGRN and PBA on serum PGRN levels.
(B) Body weight. (C) Blood glucose. (D) Serum insulin. (E) Serum triglyceride. (F) Energy expenditure. (G) Food intake. (H) GTT. (I) ITT. Data are means +

SD in each bar graph. *P < 0.05, **P < 0.01 (vs. vehicle). *P < 0.05 (vs. PGRN).
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In agreement, treatment did not affect glucose uptake by muscle
(Fig. S1C). Moreover, PGRN-treated mice also showed impaired
pyruvate tolerance relative to vehicle (Fig. S1D). Correspondingly,
hepatic expression of both glucose-6-phosphatase (GGpase) and
phosphosphoenolpyruvate carboxykinase 1 (Pckl) mRNA, and
protein levels were slightly increased in mice receiving PGRN (Fig.
S1E, F), indicating that PGRN inhibited insulin-mediated suppres-
sion of hepatic gluconeogenesis in mice.

Our observation of glucose metabolism tendency to change
despite no alterations in total body in mice receiving PGRN led us
to assess lipid metabolism in those mice. When we evaluated in
vivo B-oxidation by measuring release of "*CO, after administra-
tion of [1—'4C] oleic acid, intraperitoneal administration of
PGRN did not result in any detectable decreases in (3-oxidation
(Fig. 2A). Although there was a litte bit of difference in expression
of genes related to B-oxidation, such as Ppara, in liver and adipose
tissue of PGRN-treated mice (Fig. 2B—C), no changes could be
observed in lipid accumulation in the liver and skeletal muscle sec-
tions stained with Oil Red O in PGRN-treated animals (Fig. 2D),
suggesting that the impact of PGRN on lipid metabolism could not
be readily assessed. However, histomorphometric quantification
demonstrated that both the number and the area of mitochondria
were mildly decreased after PGRN injections (Fig. 2E).

Administration of PGRN triggers impaired insulin signaling
and ER stress in vivo

Considering the effects of PGRN on glucose intolerance and
insulin insensitivity in mice, we began to evaluate the potential
impact of PGRN on insulin signaling in insulin-target tissues by

western blotting and immunoprecipitation. Remarkably, insulin
signaling was inhibited in the liver, and adipose tissue of mice
upon PGRN treatment, evidenced by reduction of insulin medi-
ated phosphorylation of IRS-1 and Akt in PGRN-treated mice
compared to their controls (Fig. 3A and B). However, PGRN
almost has no significant effect on the ability of insulin to phos-
phorylate Akt and IRS1 in skeletal muscle (Fig. 3C).

Because IRS-1 is a substrate for insulin receptor tyrosine
kinase, and insulin-stimulated tyrosine phosphorylation of IRS-
1, particularly mediated by ER stress, it is possible the change in
insulin sensitivity involves ER stress. Thus, we determined
whether intraperitoneal administration of PGRN was capable of
triggering ER stress in liver, adipose tissue and skeletal muscle in
the presence of insulin. The pancreatic ER kinase or PKR-like
kinase (PERK) is an ER transmembrane protein kinase that phos-
phorylates o subunit of translation initiation factor 2 (elF2a) in
response to ER stress. The phosphorylation status of PERK and
elF2a is therefore a key indicator of the presence of ER stress. As
expected, PGRN markedly elevated PERK activation and elF2a
phosphorylation in liver, and adipose tissue of PGRN-treated
mice compared with those of untreated controls (Fig. 3D, E). In
contrast, the phosphorylation of PERK and elF2a in muscle
were almost not affected by PGRN (Fig. 3F). In addition, the
mRNA levels of ATF6 and the spliced form of X-box binding
protein 1 (sXBP-I), which are known to be responsive to ER
stress, were dramatically up-regulated in liver and adipose tissue
in mice treated with PGRN (Fig. S2). Overall, the effects of
PGRN injection appear mainly to involve impaired insulin sig-
naling and ER stress in liver and adipose tissue.
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Figure 2. Effect of PGRN on lipid metabolism and liver steatosis in vivo. Mice were distributed as in Figure 1. (A) B-oxidation of infused ['~'*C] oleic acid
in vivo. (B) Relative mRNA levels from genes associated with fatty acid and triacylglycerol (TG) synthesis, or -oxidation in the liver. (C) Relative expression
of genes related to B-oxidation in adipose tissue. (D) Oil Red O staining of liver sections (magnification 100x), scale bars: 20p.m. (E) Mitochondria number
and mitochondria area in liver. Data are means 4 SEM in each bar graph. *P < 0.05, #P < 0.05 (vs. PGRN).
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Figure 3. Effects of PGRN on ER stress and insulin signaling in liver, adipose tissue and skeletal muscle. All analyses compared age- and sex-matched

The phosphorylation of PERK and elF2a in the liver, adipose tissue and skeletal muscle of mice co-treated with insulin and PGRN. The data expressed as

they were injected with 2 1U/kg of insulin (Ins). The relative quantity of pro-
tyrosine and Akt Ser-473 in liver, adipose tissue and skeletal muscle. (D-F)

(vs. Ins).

Reduction of ER stress via a chemical chaperone, PBA,
rescues insulin sensitivity in mice subjected to PGRN
administration

Next, we determined whether the induction of ER stress after
intraperitoneal PGRN ' treatment was functionally related to the
ability of PGRN to inhibit insulin sensitivity. PBA, a small chemi-
cal chaperone, has been shown to improve ER folding capacity,

and restore glucose homeostasis in obese mice. Consistent with its
effect to reduce ER stress in obese mice,”> mice co-treated with
PBA and PGRN exhibited considerable attenuation of PERK and
elF2a phosphorylations in liver and adipose tissue, with grossly
alleviated ER stress (Fig. 4A—C). Notably, oral administration of
PBA to PGRN-treated mice abrogated PGRN's ability to alter
insulin sensitivity, as evidence by an increase in the GIR required
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to attain euglycemia and a reduction in HGP (Fig. S1A-B), as
well as GTT and ITT (Fig. 1H-I). Likewise, PBA augmented
insulin-mediated inhibiton of hepatic GGpase and Pckl expression
(Fig. S1E, F). Furthermore, there were no substantial changes in
serum levels of glucose, insulin, or lipids, as well as other measured
basal values in mice treated with PBA (Fig. 1A-G). We next
examined whether these biochemical alterations enhanced the sig-
naling capacity of the insulin receptor in liver and adipose tissues
of PGRN-treated mice. The failure of PGRN to modulate insulin
sensitivity in the presence of PBA was also manifested by a lack of
change in insulin-induced phosphorylation of IRS-1 tyrosine and
Akt Ser-473 in the liver and adipose tissue compared with mice
receiving PGRN (Fig. 4A-C), indicating that amelioration of ER
stress via PBA treatment partially protected against PGRN-induced
impaired insulin signaling.

ER stress regulates the ability of PGRN to inhibit
insulin sensitivity in hepatocytes, 3T3-L1 adipocytes,
and L6 muscle cells

To gain further insight into the role of PGRN on insulin sig-
naling in vitro, we pretreated fully differentiated 3T3-L1

adipocytes, hepatocytes, and L6 muscle cells with 100ng/ml
PGRN at different time points, and then stimulated with insulin
for 10 min, and total membranes were probed by Western blot-
ting with the appropriate anti-body. As shown in Figure 5A,
insulin-stimulated phosphorylation of both IRS-1 and Akt was
diminished slightly in hepatocytes upon exposure to PGRN for 8
hr, and a further reduction was observed after treatment with
PGRN for 16 hr, indicating that insulin receptor signaling was
time-dependently blocked. Similarly, insulin signaling as in hepa-
tocytes was also impaired in adipocytes after exposure to PGRN
for 8 hr, and was more dramatically down-regulated at longer
periods of time (Fig. 5B). Phosphorylation of both IRS-1 and
Akt was slightly decreased by PGRN in L6 cells even in the 16
hrs (Fig. 5C). Notably, hepatocytes, and 3T3-L1 adipocytes
exposed to PGRN exhibited a marked increase in phosphoryla-
tion of PERK and elF2a proteins expression at 2 hr compared to
the controls, and their expression levels tended to increase in a
time-dependent manner (Fig. 5D-E). In contrast, we observed
no significant changes in insulin-promoted phosphorylation of
IRS-1 and Akt undil 8 hr, indicating a potential causal involve-
ment of ER stress in the induction of insulin insensitivity by
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PGRN. Meanwhile, ER stress was barely induced in L6 muscle
cells with exposure to PGRN (Fig. 5F). Consistent with what we
found in the animal models, when hepatocytes, adipocytes, and
muscle cells were treated with PBA in the presence of PGRN for
16 hr, the phosphorylation of PERK and elF2a were almost
completely reversed (Fig. S3A-C). Of note, there was a pro-
nounced recovery of insulin signaling capacity in PGRN-treated
cells exposed to PBA treatment, as evidence by the increased
phosphorylation of IRS-1 and Akt (Fig. S3A—C), raising the pos-
sibility that the activation of ER stress by PGRN might contrib-
ute to promote the suppression of insulin receptor signaling.

PGRN deficiency partly prevents palmitate-induced ER
stress and repressive insulin signaling in hepatocytes
and 3T3-L1 adipocytes

The predominant saturated nonesterified fatty acids palmitate
has been shown in numerous studies to induce insulin resistance
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in pancreatic B cells, hepatocytes, myocytes, and adipocytes.”*2®

Consistent with previous experimental observations, palmitate
(500 pM) was sufficient to significantly block the effects of insu-
lin and trigger ER stress, evidenced by the decreased phosphory-
lation of Akt and IRS-1, and elevated phosphorylation of PERK
and elF2a (Fig. 6D-F). To address whether these toxic effects of
palmitate were partly due to PGRN, we first measured the
PGRN secretion in culture media of cells with or without 500
wM palmitate treatment for 16 h. PGRN levels were signifi-
cantly increased in hepatocytes, and 3T3-L1 adipocytes by palmi-
tate but not in L6 muscle cells (Fig. 6A—C). This prompted us to
investigate the possibility that PGRN knockdown could protect
against insulin resistance and ER stress from the inhibitory effects
of palmitate. The efficiency of PGRN siRNA was validated by
protein gel blotting (Fig. 6D-F). As is evident, PGRN deficiency
was capable to block the inhibitory effect of 500 uM palmitate
in the regulation of insulin-stimulated Akt and IRS-1

Volume 14 Issue 12
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Figure 6. Involvements of PGRN in palmitate (palm)-induced IR in vitro. Control cells and PGRN-/- cells were pre-incubated with 0.5 mM palmitate for
16 h prior to incubation with 10 nM insulin (Ins) for 10 min. (A-C) PGRN content in culture media of cells with or without palmitate treatment. (D) The
phosphorylation of IRS-1, Akt, PERK, and elF2«a in hepatocytes. (E) The phosphorylation of IRS-1, Akt, PERK, and elF2« in adipocytes. (F) The phosphoryla-
tion of IRS-1, Akt, PERK, and elF2a in L6 cells. The right is the quantification of proteins phosphorylation with normalization to total protein levels for
each molecule under this condition. A representative blot is shown and all graphs show means + SEM from at least 3 independent experiments. *P <
0.05, **P < 0.01 vs. the control groups. *P < 0.05 vs. the palmitate-treated groups.

phosphorylation in hepatocytes and adipocytes (Fig. 6D-E). In
agreement, these cells also showed pronounced suppression of
palmitate-induced PERK and elF2a phosphorylation, indicating
the amelioration of ER stress (Fig. 6D-E). Nevertheless, there
were no substantial changes in insulin resistance and ER stress
markers in palmitate-treated L6 cells (Fig. 6F). Collectively,
these data suggest that the loss of PGRN expression in hepato-
cytes, and 3T3-L1 adipocytes results in enhanced susceptibility

to insulin action.

Knockdown of the PERK pathway blocks insulin resistance
induced by PGRN in vitro

To shed light on the mechanism by which PGRN impacts on
insulin signaling, we then first addressed the contribution of
PERK activation to PGRN-induced insulin insensitivity by
blocking PERK expression with siRNA. PERK siRNA was vali-
dated by measurement of reduced PGRN protein expression by
western blot in PERK siRNA-transfected cells (Fig. 7A-B). As
anticipated, PERK knockdown completely suppressed protein
levels of PERK and its downstream target, p-elF2a (Fig. 7C).
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Importantly, when these cells were exposed to PGRN, phosphor-
ylation of IRS-1 and Akt was partly augmented, and the down-
stream ER stress-related proteins (p-elF2a) were diminished in
PGRN-treated PERK '~ cells compared to PGRN-treated WT
cells (Fig. 7C). As in hepatocytes, improved insulin signaling
and attenuated ER stress markers were all evident in adipocytes
pretreated with PGRN (Fig. 7D), suggesting that PERK-elF2a
pathway plays an essential role in insulin resistance induced by
PGRN and that activation levels of PERK-elF2a pathway corre-
late with insulin resistance during ER stress.

Tumor necrosis factor receptor (INFR) 1 is required for
PGRN-induced ER stress and insulin resistance in vitro

Recent findings suggested that PGRN bound to TNFR in
chondrocytes and that the administration of PGRN could pre-
vent TNF-a-induced inflammatory arthritis.”” To clarify
whether the effects of PGRN on ER stress and insulin resis-
tance was dependent on TNFR pathway, we first verified that
mRNA encoding both receptors was present and upregulated
by PGRN exposure in hepatocytes and 3T3-L1 adipocytes
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Figure 7. Knockdown of the PERK-elF2a pathway blocks insulin resistance induced by PGRN in vitro. (A) Expression of PERK in hepatocytes. (B) Expres-
sion of PERK in adipocytes. Posphorylated elF2q, total elF2«, phosphorylated IRS-1 and total IRS-1 of PERK knockdown hepatocytes (C) and adipocytes
(D) treated with PGRN (100 ng/ml) for 16 hr. The bottom is the quantification of proteins phosphorylation with normalization to total protein levels for
each molecule under this condition. A representative blot is shown and all the data expressed as means =+ SEM in each bar graph represent the average
of at least 3 independent experiments. *P < 0.05 vs. the control siRNA groups. P < 0.05 vs. the control siRNA 4+ PGRN groups.

(Fig. 8A-B). The interaction between PGRN and TNEFR in
hepatocytes and adipocytes was also demonstrated by co-
immunoprecipitation (Co-IP) (Fig. S4A, B). Next, specific
siRNA pool to TNFRI (p55_/_) and TNFR2 (p75_/_) were
used to reduce the endogenous level of TNFR1 and TNFR2,
and the efficiency was validated by protein gel blotting (data
not shown). As observed in Fig. 8C, PGRN induced impaired
insulin sensitivity as well as ER stress, while p55~'~ hepato-
cytes displayed an improved response to insulin, as evident by
the phosphorylation of IRS-1, and less effect was observed in
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p75~'" hepatocytes compared with their PGRN-treated con-
trols. Likewise, PGRN-induced ER stress was partially allevi-
ated in p55~' cells, and knockdown of p75 resulted in a
similar trend in the alleviation of ER stress though these
changes did not reach statistical significance. While double
knockdown of TNFR p55 and p75 exhibited a higher effect
than either single knockdown in the presence of PGRN, indi-
cating a complimentary effect of both subunits and a potential
role of TNFR mediating PGRN function (Fig. 8C). Similar
results were also observed in adipocytes (Fig. 8D), suggesting
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Figure 8. Improvement of PGRN-induced ER stress and insulin-stimulated IRS-1 phosphorylattion by blockade of TNFR in vitro. WT and TNFR1/2™" cells
were treated with vehicle or PGRN (100 ng/ml) for 16 hr. For insulin signaling, cells were stimulated with 10 nM of insulin (Ins) for 10 minutes. Indicators
of ER stress and insulin signaling were measured at protein levels. The relative quantity of proteins was analyzed with Quantity One software. (A, B) Rela-
tive expression of TNFR1 (p55) receptor and TNFR2 (p75) in hepatocytes and adipocytes treated with PGRN (100 ng/ml) for 16 hr normalized to B-actin
(real-time PCR). (C, D) phosphorylated PERK, total PERK, phosphorylated IRS-1 and total IRS-1 of WT, p55~/~, p75~/~, and p55 '~ p75 '~ hepatocytes
and adipocytes. The right is the quantification of proteins phosphorylation with normalization to total protein levels for each molecule under this condi-
tion. The data expressed as means = SEM in each bar graph represent the average of 3 independent experiments. *P < 0.05 vs. vehicle. *P < 0.05, P <

that TNFR1 may function as a member receptor of PGRN in
the induction of defective insulin signaling.

Discussion

Growing evidences have shown that PGRN is over-expressed
in adipose tissues of dietary models of obesity and implicated in
the pathogenesis of insulin resistance and glucose intoler-
ance.”'***32 However, much remains to be elucidated regarding
the mechanism of PGRN action before its putative potential as
therapeutic target can be realized, since obesity is always charac-
terized with chronic inflammation and enhanced intracellular
lipid accumulation.” In the present study, mice developed signs
of insulin resistance and ER stress selectively in the liver and adi-
pose tissue upon long-term treatment with PGRN and these
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effects were ameliorated when PBA was administered simulta-
neously. Consistent with these findings in vive, we observed the
causative role of PGRN in terms of impaired insulin signaling
and ER stress partially through TNFR1 via the PERK-elF2a sig-
naling in cultured hepatocytes and adipocytes.

PGRN is an extracellular glycoprotein, containing 7.5 repeats
of a cysteine-rich motif.” Proteolytic cleavage of this precursor
protein by extracellular proteases gives rise to smaller peptide
fragments termed granulins (GRNs) or epithelins.s’é’3 4 Consis-
tent with previous evidences implicating the aggressive inflamma-
tion and insulin resistance,”'"'* we demonstrated that PGRN
treatment led to the attenuated insulin signaling and ER stress,
which, in turn, contributes to insulin resistance and relates with
inflammation.>>*® However, the normal function of PGRN is
complex, with intact PGRN having anti-inflammatory proper-

ties, whereas GRNs have been shown to

promote
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inflammation.””*® Tt is therefore unclear at this point whether
GRNs derived by proteolysis of PGRN is involved in ER stress
and the inhibition of insulin sensitivity. Due to GRNs range in
size from 6 to 25 kDa, so far it is difficult to measure serum
GRNGs or to investigate the function of GRNS iz vivo.>” Besides,
the function of PGRN might quite be diverse in different tissues.
In line with our results, previous studies demonstrated that abla-
tion of PGRN prevented mice from HFD-induced insulin resis-
tance and blocked elevation of an inflammatory cytokine,
IL-6.%

PGRN has most recently been introduced as a novel adipokine
inducing insulin resistance and circulating PGRN levels are associ-
ated with such as impaired glucose tolerance, which may implicate
that promising therapeutic approach through the modulation of
PGRN secretion/action and consequent amelioration of insulin
resistance in subjects with the metabolic disor-ders.””" " Indeed,
Matsubara et al. identified PGRN as an adipokine induced by
TNE-a and dexamethasone by differential proteome analysis in cel-
lular models of insulin resistance,” however, the mechanisms by
which PGRN inhibits insulin signaling have not been addressed. In
the present study, the initiation of ER stress was dramatically evi-
dent at earlier stage, and tended to increase in a time-dependent
manner, while the signals for the impaired insulin action were not
obvious until 16 hours in hepatocytes and adipocytes, indicating
the causal involvement of ER stress in the induction of insulin resis-
tance by PGRN. Evidence for this concept can also be seen from
previous work on adipocytes, which showed a critical role of ER
stress in the development of insulin resistance by triggering JNK
activity via IRE1.>** Furthermore, our data demonstrated that
relieving ER stress via PBA prevents the further worsening of insulin
resistance and ER stress induced by PGRN. During the early stages
of obesity, ER stress may contribute to the dampening of glucose
homeostasis and the initiation of autophagic machinery,*""* which
would further the organelle dysfunction, and disrupt metabolic
homeostasis, thus suggesting a critical role of ER stress in the induc-
tion of insulin resistance by PGRN. One critical difference, how-
ever, is highlighted by the fact that ER stress is completely
dispensable for the role of PGRN in L6 cells or the muscle tissues.
This observation suggests that PGRN may have unexplored func-
tions related to insulin action in muscle cells that do not simply
involve ER stress. Additional work will be needed to fully determine
whether other mechanisms are also involved in integrating the role
of PGRN to insulin action, and the exact mechanisms underlying
ER stress upon PGRN treatment in the development of insulin
resistance.

ER stress activates a set of signaling pathways collectively
termed as the unfolded protein response (UPR), and plays a key
role as a chronic stimulus in triggering insulin resistance and gen-
erally associates with chronic inflammation in obesity.’®%
PERK signaling activates NF-kB, a transcriptional regulator that
plays a central role in mediating the responses to inflammatory
signaling, while translation of IkBa, the main negative regulator
of NF-kB, is known to be inhibited by phosphorylation of
elF2a.*® Likewise, the 2 other canonical branches of the UPR,
IRE1 and ATFG, have been reported to up-regulate the expres-
sion of inflammatory cytokines.'”*® In addition, inflammatory
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cytokines can disrupt insulin signaling by interfering with IRS-
1-insulin receptor binding and promoting IRS-1 degradation.*”
In the present study, we showed that knockdown of PERK par-
tially up-regulated the insulin sensitivity in cells treated with
PGRN. Additionally, PGRN ablation resulted in decreased levels
of IL-6 in serum and adipose tissue,” and IL-G itself is a key
player of insulin resistance.*® Thus, a state of inflammation could
be the part of reason for our observations. Moreover, a recent
report showed that the IREI-JNK signaling pathway directly
inhibits cytoplasmic insulin signaling in ob/ob mice.>® Our find-
ings showed that PGRN caused impaired insulin sensitivity and
alleviation of ER stress improved insulin signaling via TNFR
pathway although it is unclear whether the mechanisms involves
the IRE1-JNK signaling. In brief, the effect of PGRN-induced
ER stress on insulin signaling requires further comprehensive
study to elucidate the detailed mechanisms underlying the devel-
opment of insulin resistance.

Although PGRN plays crucial roles in multiple physiological
and pathological conditions, efforts to exploit the actions of
PGRN and understand the mechanisms involved have been ham-
pered by the inability to identify its binding receptor(s). Some
report that PGRN action is not mediated through TNFR,*">°
while more studies suggest that PGRN is a TNFR antagonist or
a co-factor for TNFa action.”’ Recently, it has been shown that
PGRN binds to TNFR, interfering with the interaction between
TNFa and TNFR.* However, the possibility that TNFR could
be a specific receptor for PGRN-mediated effects in insulin resis-
tance has never been tested, and it is still hard to clearly define
the early stages of PGRN-mediated signaling from the plasma
membrane. TNFR1 and TNFR2 do not share homology in the
cytoplasmic domains but exhibit a low degree of similarity, which
suggests that they are capable of inducing distinct cellular
responses.”> In our analysis, PGRN caused impaired insulin sig-
naling and ER stress mainly through TNFRI1 rather than
TNER?2 in vitro. Indeed, a growing number of evidences have
demonstrated that TNFR1 is the predominant receptor mediat-
ing insulin resistance, whereas TNFR2 deficiency alone almost
did not affect insulin sensitivity.”*** Several other groups also
independently reproduced the binding of PGRN to TNFR1 and
TNEFR?2, and inhibitory effect of this binding on TNFa-induced
effects.”>>® Nevertheless, one recent study implied that the dis-
turbance of the interaction between PGRN and TNFR2 abol-
ished PGRN-mediated activation of Erk1/2 pathway.’® These
discrepancies with our results might be possibly because there is a
different distribution between TNFR1 and TNFR2 in different
cell types, and the role of PGRN in energy metabolism might be
more complicated than expected. Our findings support the
notion that PGRN is a key regulator of hepatic and adipocytic
insulin resistance and that PGRN may mediate its effects, at least
in part, by binding to TNF receptors. Whether this mechanism
accounts for all of the effects we observed remains to be further
delineated.

When compared with TNFa PGRN exhibited a higher affin-
ity to both TNFR1 and TNFR2, and PGRN has approximately
600-fold higher binding affinity to TNFR2 than TNFa.”®">?
Similar to PGRN, Atsttrin, an engineered protein made of 3
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PGRN fragments, inhibited the interaction between TNF and
TNEFR, and in turn, the downstream events of TNF/TNFR sig-
naling. In contrast to TNFa, Atsttrin exhibited a higher binding
affinity for TNFR2, but a lower affinity for TNFR1.*? In addi-
tion, it was also observed that TNF family ligands bind to the
extracellular regions of TNFR1 and TNFR2 in which each recep-
tor subunit contacts 2 adjacent ligand subunits typically via
CRD2 and CRD3(cysteine-rich repeat domains, CRDs).> 1%
Deletion mutants of TNFR1 and TNFR2 used to map the bind-
ing of PGRN revealed that CRD2 and CRD3 of TNEFR are
essential for the interaction with PGRN, similar to the binding
to TNFaq 5556:61.62

In conclusion, our present study revealed that administration
of PGRN attenuated insulin signaling and triggered ER stress 77
vivo and in vitro studies, with such effects being drastically
reversed by PBA, suggesting a causative role of ER stress in
PGRN-induced impaired insulin sensitivity and implicated that
decreasing PGRN levels by influencing its turnover or produc-
tion is consequently a promising therapeutic approach applied to
metabolic disorders.

Materials and Methods

Materials

All chemicals used were of analytical grade and were pur-
chased from Sigma-Aldrich (St Louis, Missouri) unless otherwise
stated. The following antibodies were used: anti-p-PERK
(#3179), anti-PERK (#3192) (Cell Signaling Technology Inc.,
Danvers, Massachusetts); anti-IRS-1 (#sc-559), anti-pY20 (#sc-
508), anti-p-Akt (#sc-33437), anti-Akt (#sc-8312), anti-p-elF2a
(#sc-101670), anti-elF2a (#sc-11386), anti-TNFRI1 (#sc-84306),
anti-TNFR2(#sc-7862) and anti-GAPDH (#sc-365062) (Santa
Cruz Biotechnology Inc., Santa Cruz, California).

Preparation of recombinant mouse PGRN (rmPGRN)

Mouse PGRN ¢cDNA clone, MGC Image clone, was pur-
chased from Invitrogen. pCAGIPuro-FLAGmPGRN was con-
structed by subcloning the insert encoding the mouse PGRN
without signal peptide (amino acid 18 to 589), into pCAGI-
Puro-FLAG. To prepare CHO-K1 cells stably expressing the
FLAG-tagged mouse PGRN, CHO-K1 cells were transfected
with pCAGIPuro-FLAG-mPGRN construct by electroporation.
Stably expressed cells were maintained in CD OptCHO
medium (Invitrogen) supplemented with 10 pwg/ml puromycin
(SIGMA), 4 mM GlutaMAX (Invitrogen), 1 x HT supplement
(Invitrogen) and 10 pg/ml insulin (SIGMA). Culture superna-
tants were collected and subjected to anti-FLAG M1 agarose
affinity gel (SIGMA) column. The column was washed with
50 mM Tris-HCI (pH 7.5), 150 mM NaCl and 1 mM CaCl2,
and then eluted with 50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, and 2 mM EDTA. The eluted proteins were dialyzed
against PBS. The eluted proteins were dialyzed against PBS. Puri-
fied PGRN was made endotoxin-free using the Detoxi-Gel endo-
toxin removing column (Pierce) as recommended by the
manufacturer. Because of the remote possibility of low levels of
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endotoxin contamination, an “ultrapure” batch of PGRN was
prepared using an additional gel filtration column (Superdex-75,
SMART system; Amersham, Arlington Heights, IL).

Animals

Male C57BL/6] mice (4-week old) were group-housed at 22—
24°C on a 12-h light/dark cycle with the lights on at 8:00 AM
and had free access to food and water. All animals were fed with
standard rodent chow (Harlan Teklad, Madison, WI). Mice were
distributed in 4 groups (12-15/per group): (1) vehicle (saline
solution intraperitoneally i.p.); (2) rmPGRN (i.p.20 pg/day, 6
p-m.); (3) phenylbutyric acid (PBA) (orally, 1 g/Kg of body
weight); (4) rmPGRN (i.p.20 pg/day, 6 p.m.)+PBA (orally,
1 g/Kg of body weight). At the end of the 3-week study period,
mice received an ip injection of insulin at a dosage of 2 TU/Kg
for insulin signaling; 15 minutes after the injection, all mice were
euthanized, and their blood, livers, omental adipose tissue, and
gastrocnemius muscle were obtained and stored at —80°C for
subsequent analysis. Body weight, food intake, and tail blood
glucose were monitored every other day. Blood glucose levels
were measured by Antsense III glucose analyzer (Bayer Ya kuhin,
Osaka, Japan) and serum insulin levels were measured by an
ultrasensitive mouse-specific ELISA kit (Crystal Chem, Downers
Grove, Illinois) with intra- and interassay coefficients of variation
of 3.9% to 6.6% and 5.6% to 5.8%, respectively. Peripheral
serum was subject to ELISA using standard kits (R&D Systems,
Inc., Minneapolis, MN, USA) for PGRN. Animal care and
experimental procedures performed in this study were approved
by the Institutional Animal Ethics Committee for the Care and
Use of Laboratory Animals.

Metabolic tests

Glucose tolerance testing (GTT) was performed after the mice
were fasted overnight. A total of 2 g/Kg glucose was adminis-
trated through an ip injection, and blood glucose was measured
at the indicated time points. Insulin tolerance testing (ITT) was
performed after the animals had fasted for 4 hours. Then,
0.75 U/Kg insulin was administered via ip injection and blood
glucose was measured at the indicated time points. Free fatty acid
and triglyceride levels were determined in duplicate using an
enzyme colorimetric Mountain  View,

California).

assay (BioVision,

Physiological measurements

To measure food intake, mice were individually housed in
metabolic cages and fed ad libitum. Food consumption was
determined by weighing the powdered diet before and after a 24-
hour period. Energy expenditure parameters were measured
using a G6-chamber Oxymax system (Columbus Instruments,

Columbus, Ohio).

Hyperinsulinemic-euglycemic clamp

Seven days prior to the hyperinsulinemic-euglycemic clamp
studies, indwelling catheters were placed into the right internal
jugular vein. After overnight fast, [3—>H]-glucose (HPLC puri-
fied; PerkinElmer) was infused at a rate of 0.05 pCi per min for
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2 h to assess the basal glucose turnover. Following the basal
period, hyperinsulinemic-euglycemic clamp was conducted for
140 min with a primed/continuous infusion of human insulin
(126 pmol per kg during priming, 18 pmol per kg per min dur-
ing infusion) (Eli Lilly), while plasma glucose was maintained at
a basal concentration (6.7 mM) as described.*! Throughout the
clamps, [3—>H]-glucose was infused at a rate of 0.1 pCi per min
to estimate insulin-stimulated whole-body glucose flux, and 2-
deoxy—D—[l—MC]—glucose (2-["*C]-DG; PerkinElmer) was
injected as a bolus at the 85th minute of the clamp to estimate
the rate of insulin-stimulated tissue glucose uptake. Blood sam-
ples (10 pl) were taken at the end of the basal period and during
the last 45 min of the clamp for the measurement of plasma *H
and "4C activities.

Glucose flux calculation

To determine plasma *H and '“C activities, plasma was
deproteinized with ZnSOy4 and Ba(OH),, dried to remove
°H,0, resuspended in water and counted in scintillation fluid
(Ultima gold, PerkinElmer) using a Beckman scintillation
counter. The rates of basal and insulin-stimulated whole-body
glucose flux were determined as the ratio of the [3—>H]-glucose
infusion rate (disintegrations per minute [DPM]) to the specific
activity of plasma glucose (DPM per mg) at the end of the basal
period and during the final 30 min of the clamp experiment,
respectively. Hepatic glucose production (HGP) was determined
by subtracting the glucose infusion rate from the total glucose
appearance rate. The plasma concentration of *H,O was deter-
mined by the difference between H counts with and without
drying. Whole-body glycolysis was calculated from the rate of the
increase in plasma *H,O concentration divided by the specific
activity of plasma *H-glucose, as previously described. Whole-
body glycogen synthesis was estimated by subtracting whole-
body glycolysis from whole-body glucose uptake, assuming that
glycolysis and glycogen synthesis account for the majority of
insulin-stimulated glucose uptake. To determine individual tissue
glucose uptake, tissue samples were homogenized, and the super-
natants were subjected to an ion-exchange column to separate tis-
sue '“C-2-DG-6-phosphate (2-DG-6-P) from 2-DG. Tissue
glucose uptake was calculated from the area under the curve of
plasma '“C-2-DG profile for the last 45 min of the clamp and
muscle '*C-2-DG-6-P content, as previously described.

In vivo fatty acid oxidation

In vivo fatty acid oxidation rate was determined by the rate of
1co, production after infusion of 3 wCi of [1—"4C]-oleic acid
(PerkinElmer) as previously described.®>®* Briefly, 300 pg of
cold oleic acid (Sigma) conjugated to fatty acid-free BSA (Sigma)
was injected intraperitoneally into mice with [1—"4C]-oleic acid
(3prCi) at 9 AM. Mice were put in metabolic chambers con-
nected with 1 N NaOH trap to capture expired '“CO,. "C
radioactivity from NaOH trap was counted at 30-min interval
over the next 4h, and the slope for the initial 2 h was plotted
because captured radioactivity is saturated after 2 h.
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Mitochondria histomorphometry

Superficial gastrocnemius muscles were fixed in 4% parafor-
maldehyde-2% glutaraldehyde-0.1 M sodium cacodylate, pH
7.3, postfixed in 1% osmium tetroxide, and embedded in epoxyr-
esin (Epon). Ultrathin sections (80 nm) were stained with aque-
ous uranyl acetate and lead citrate and examined with a JEOL
2000FX transmission electron microscope (JEOL, Peabody,
Massachusetts). Sixteen electron micrographs per mouse were
digitized and the area and number of clearly distinguishable
mitochondria were analyzed using OsteoMeasure software
(OsteoMetrics, Decatur, Georgia). Mitochondria in liver and
adipose tissue were observed by the same methods.

Liver and muscle histomorphometry

Liver and skeletal muscle samples (5 x 5 x 5 mm) were fixed
in paraformaldehyde 4%—1xPBS, washed 3 times with 1xPBS,
and equilibrated in 20% sucrose-1 x PBS, before being embed-
ded in OCT (optimal cutting temperature) compound. Samples
were next sectioned at 10 nm using a cryostat. The sections were
air-dried, postfixed in formalin, rinsed with 60% isopropanol,
stained with Oil Red O (in 60% isopropanol), and counter-
stained with hematoxylin. The Oil Red O—positive area over the
total area was quantified using Quantity One software.

Cell culture and treatment

BNL-CL.2, 3T3-L1 cells, L6 cells were purchased from the
American Type Culture Collection (ATCC, Manassas, VA) and
cultured in DMEM with 10% fetal bovine serum (FBS)
(HyClone, Thermo Fisher Scientific Inc.. Logan, UT). 3T3-L1
cells were induced to differentiate mature fat cells with induction
media (isobutylmethylxanthine 0.5mM, dexamethasone 1 uM,
insulin 10 pg/ml and DMEM with 10% FBS) and insulin media
in turn every 2 d Four days later, the media were changed to 10%
FBS/DMEM. Cells were then fed with 10% FBS/DMEM every
2 d Full differentiation is usually achieved on the 8th day. For
the effect of PGRN, cells were treated with 100 ng/ml of PGRN
at the indicated times. For insulin signaling, cells were stimulated
with 10 nM of insulin for 10 min. Prior to each experiment, cells
were washed and starved for 4 h in DMEM with 1% FBS.

Gene silencing

Gene silencing was carried out as manufacturers described.
Cells were transfected with a silencing RNA (siRNA) targeted for
mouse PGRN (sc-39262), PERK (sc-36214), TNFR1 (sc-
36688) and TNFR2 (sc-36690) using Lipofectamine 2000 (Invi-
trogen). A siRNA consisting of a scrambled sequence of similar
length was used as a control. One day before transfection, cells
were plated in 500 pl of growth medium without antibiotics
such that they were 30-50% confluent at the time of transfec-
tion. The transfected cells were cultured in DMEM containing
10% FBS for 72 h after transfection.

mRNA isolation and analysis by real-time PCR

Total RNA was extracted from liver, adipose tissues or muscle
tissues with TRIzol reagent (Invitrogen) and converted into
cDNA using a cDNA synthesis kit (Applied Biosystems).
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Quantitative real-time PCR was performed using SYBR Green in
7300 Real-Time PCR System (Applied Biosystems). Quantita-
tive real-time PCR analysis was performed as described previ-
ously.G5 Primers are as follows (name, sense, and antisense
primer): sXBP-1, 5-GAACCAGGAGTTAAGAACACG-3’ and
5'-AGGCAACAGTGTCAGAGTCC-3; ATF6, 5'- TGCTAG-
GACTGGAGGCCAGGCTCAA-3 and 5-CATGTCTAT-
GAACCCAGCCTCGAAGT-3’; TNFR1, 5-CTCTTGGTG
ACCGGGAGAAG-3  and 5-GGTTCCTTTGTGGCAC
TTGGT-3’; TNFR2, 5-CATCCCTGTGTCCTTGGG-3' and
5-CCCGTGATGCTTGGTTCA-3'.The level of target gene

expression was normalized against B-actin.

Western blot and immunoprecipitation (IP)

Tissues and cells under various treatments were lysed in lysis
buffer containing 25 mM Tris HCI (pH 6.8), 2% SDS, 6% glyc-
erol, 1% 2-mercaptoethanol, 2 mM phenylmethylsulfonyl fluo-
ride, 0.2% bromophenol blue, and a protease inhibitor cocktail
for 20 min. Nuclear extracts were obtained using a nuclear
extraction kit (Sigma, St. Louis, MO). Western blotting was per-
formed by utilizing a standard protocol as described.

IP was performed as described in the previous study.**
200 g of cytoplasmic lysate were incubated for 2 h at 4°C with
the corresponding antibodies coupled to 20 ! of packed protein
A+G sepharose beads (Beyotime). Immunocomplexes were
resolved by means of SDS-PAGE and immuno-blotted with the

indicated antibodies. The relative quantity of proteins was ana-
lyzed using the Image J software.

Statistics analysis

Data were analyzed by IBM SPSS 20.0 software. Statistical
analysis between the 2 groups was performed using an unpaired,
2-tailed Student t test. Multiple comparisons of quantitative vari-
ables among groups were made using one-way ANOVA with the
least significant difference post hoc test. 2 < 0.05 was considered
to be significant.
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