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Glucose-regulated protein 78 (GRP78), a molecular chaperone, is overexpressed in patients suffering from obesity,
fatty liver, hyperlipidemia and diabetes. GRP78, therefore, can be not only a biomarker to predict the progression

and prognosis of obesity and metabolic diseases but also a potential therapeutic target for anti-obesity treatment.

GRP78 molecular target action mechanism metabolic disorder

| 1. GRP78 Promotes Adipogenesis and Lipogenesis

In a high energy diet state, adipogenesis contributes to the increased adipose tissue mass of obesity. On the
contrary, adipogenesis failure makes it unable to differentiate into enough mature adipocytes which can absorb,
utilize, and store excessive energy, thereby inducing diabetes, etc. L. Inhibition of adipogenesis can effectively
prevent obesity. Peroxisome proliferator activated receptor y (PPARY), a nuclear transcription factor, plays an
important role in adipogenesis. Biological functions and roles of GRP78 in weight control and energy restriction are
through regulating mitochondrial autophagy and adenosine monophosphate activated protein kinase — PPARy
coactivator 1a — sirtuinl (AMPK-PGC10-SIRT1) signal pathway (Figure 1 Pathway 1). The molecular targets of
PPARYy include CCAAT/enhancer-binding protein a (C/EBPa), perilipin (PLIN), hormone sensitive lipase (HSL) and
glucose transporter type 4 (GLUT4), which participate in adipogenesis, fat mobilization, lipid metabolism and
glucose metabolism, respectively 8] (Figure 1 Pathway 2 & 3). As compared with wild-type, PPARy expression in
GRP78 knockout mouse embryo fibroblasts is reduced ¥, GRP78 overexpression can promote the expression of
PPARy. GRP78 is a homolog of heat shock protein family A (Hsp70) member 12A (HSPA12A). Studies have found
that HSPA12A regulates transcription of PPARYy through a positive feedback loop, sustaining overexpression of

PPARy and maintaining the phenotype of adipocytes after differentiation (Figure 1 Pathway 4) 21,
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Figure 1. Anti-obesity role of GRP78 and downstream molecular functions associated with obesity. Roles and
downstream pathways of GRP78 relevant to obesity initiated by binding of a2-macroglobulin-GRP78 that triggers
the expression of IP3, RAS and MAPK, PAk2, PI3K, PLD, COX2, and cPLA2 and increases concentrations of
cAMP, Ca?* and pH value (left), which can activate the downstream pathways (right). Green arrows indicate up-
expression. AMPK, adenosine monophosphate (AMP) activated protein kinase; Akt, an ubiquitous serine/threonine
kinase, also known as protein kinase B (PKB) or RAS-alpha; ATF2, activating transcription factor-2; cAMP, cyclic
adenosine monophosphate; C/EBPa, CCAAT/enhancer-binding protein a (which CCAAT is a distinct pattern of
nucleotides with  GGCCAATCT consensus sequence that occurs upstream by 60-100 bases to the initial
transcription site); COXj>, cicloxigenases; cPLA2, cytosolic phospholipase A 2; ERS, endoplasmic reticulum stress;
GLUTA4, glucose transporter type 4; GRP78, 78 kDa glucose-regulated protein; HSP70, heat shock protein 70
family; HSL, hormone sensitive lipase; HSPA12A, heat shock protein family a (hsp70) member 12A; IP3, inositol
triphosphate; IR, insulin resistance; mMTOR, mammalian target of rapamycin; PAk2, p21-activated protein kinase;
PGC1la, PPARy coactivator 1la; PDK1, pyruvate dehydrogenase kinase 1; PLD, phospholipase D; PI3K,
phosphoinositide 3-kinases; PPARYy, peroxisome proliferator activated receptor y; PLIN, perilipin; p38 MAPK, p38
mitogen-activated protein kinases; p-Akt, phosphorylated Akt; RAS, renin-angiotensin system; RTN3, reticular
protein 3; SIRT1, sirtuinl;, SREBP-1c, sterol regulatory element binding protein-1c; SREBPSsS, sterol regulatory
element binding protein; SCAP, SREBP cleavage-activating protein; TG, triglyceride fatty acid; UCP1, uncoupling
protein 1.

Shown by drug affinity responsive target stability and surface plasmon resonance results, epigallocatechin gallate
(EGCG), dihydromyricetin (DHM) and berberine probably induce white fat tissue browning but prevent
adipogenesis or obesity via GRP78 61 The dissociation constants of DHM and EGCG binding GRP78 were 22 uM
and 6 pM, respectively, with significant anti-obesity activity with a half maximum effective concentration (ECsp) of
400 pM and 75 uM, respectively 2.
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GRP78 plays an important role in adipogenesis, lipogenesis, metabolic homeostasis, fetal and postnatal growth,
and development of mice [4. Knockout GRP78 in mouse embryonic fibroblasts, 3T3-L1 cells and adipocyte tissue
showed adipogenesis and lipogenesis problems. The aP2-cre-mediated GRP78 deletion leads to reduction of
lipoatrophy in gonadal and subcutaneous white adipose tissue and brown adipose tissue up to ~90%, severe
growth retardation, bony defects and grossly expanded endoplasmic reticulum (ER) in white adipose tissue.
However, plasma triglyceride levels, and plasma glucose and insulin levels are reduced by 40-60% as compared to
wild-type mice, suggesting an improvement of the insulin sensitivity in GRP78 knockout mice. The results indicated
that GRP78 is essential for adipogenesis in vivo. Unexpectedly, the mutant mice showed early postnatal death and

unique distinction from previously characterized lipodystrophic mouse models.

Sterol regulatory element binding protein-1c (SREBP-1c) is a transcription factor that critically regulates lipid
metabolism. Insulin induced cleavage and activation of SREBP-1c, which is the cause of ectopic fat deposition in
the liver. SREBP-1c directly binds GRP78, which remains in the ER without transcription activity. Nevertheless,
dissociation of SREBP-1c and GRP78 promotes the transport of SREBPs-SCAP complex to Golgi, where SREBP-
1c is cleaved, and then active SREBP-1c is transferred into the nucleus to initiate expression of genes involved in
triglyceride and cholesterol synthesis (Figure 1 Pathway 5). Therefore, triglyceride and cholesterol levels are
significantly increased BIRILY Through hepatic overexpression of GRP78 in ob/ob mice using adenovirus vector, it
was found that GRP78 overexpression inhibits SREBP-1c cleavage and the expression of SREBP-1c target genes

lowers liver triglycerides and cholesterol levels and improves insulin sensitivity &.

Intermittent fasting can induce pregnancy zone protein (PZP) production and release in the liver, followed by the
translocation of GRP78 to cell surface of brown adipose tissue (BAT). The binding between PZP and GRP78
upregulates UCP1 expression through the p38 mitogen-activated protein kinases—activating transcription factor-2
(p38 MAPK-ATF2) signaling pathway and promotes the thermogenic metabolism of BAT. These results indicated
that GRP78 is an indispensable regulator of PZP-induced thermogenesis 1. (Figure 1 Pathway 6).

| 2. GRP78 Promotes De Novo Formation of Lipid Droplets

Lipid droplets are the main cellular sites for triglycerides and other lipids storage (2. Lipid droplet fusion and
growth is closely regulated by lipid droplet coated proteins adapted for cellular energy needs. Proteomic studies
have found that HSP70 proteins including GRP78 are major structural proteins of lipid droplet 13, Expressed
GRP78 is translocated to lipid droplets in rat adipocytes upon heat stimulation. This process occurs neither in a
temperature-dependent nor time-dependent manner, but occurs suddenly in 30-40 min, and rapidly reaches a
stable state within 1 h at 40 °C heat shock.

Although GRP78 is co-localized with phospholipids on the surface of lipid droplets, co-immunoprecipitation
experiments did not show direct interactions between GRP78 and phospholipids. Alkaline treatment indicated
association of GRP78 with the surface of the droplets through non-hydrophobic interactions. Therefore, it is
speculated that GRP78 may non-covalently associate with monolayer microdomains of lipid droplets in a manner

like its interaction with lipid bilayer moieties composed of specific fatty acids. As an acute cell-specific response to
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heat stimulation, the accumulation of GRP78 on adipocytes lipid droplets may be involved in the stabilizing of
droplet monolayer phospholipid, transferring or chaperoning denatured proteins to the lipid droplets for subsequent

refolding.

Reticular protein 3 (RTN3) plays a key role in regulating triglyceride synthesis, storage, and lipid droplet fusion.
Studies have found that RTN3 enhances SREBP-1C and AMPK activity through its interactions with GRP78 and
leading to obesity and hyperlipidemia 24! (Figure 1 Pathway 7). SREBP-1c and AMPK are downstream of GRP78.
Berbamine inhibits GRP78 and also induces AMPK activation, which regulates the mammalian target of the
rapamycin/ SREBP-1c (mTOR/SREBP-1c) axis and the nuclear factor E2-related factor 2 (Nrf2)/antioxidant

response element (Nrf2/ARE) pathway to allay lipid accumulation and oxidative stress in steatotic HepG2 cells. 13

3. GRP78 Negatively Regulates Mitochondrial Biosynthesis
and Energy Balance

A decrease in mitochondrial numbers and dysfunction can lead to obesity. GRP78 regulates mitophagy,
mitochondrial biogenesis and energy balance 1817, Mitophagy is inhibited by GRP78 down expression, which is a
vital way to activate browning and prevent obesity L8192 Fyrther research found potential mitophagy mediation
by GRP78 through the AMPK/mTOR signaling pathway, which leads to that energy intake exceeding expenditure
and obesity. It was also found that GRP78 overexpression in the mitochondria triggers PINK1/IP3R mediated

neuroprotective mitophagy 21,

| 4. GRP78 Causes Insulin Resistance

Insulin resistance is considered an underlying etiology of metabolic syndrome and cardiovascular disease
associated with obesity, such as type 2 diabetes. Both human and animal experiments have shown positive
correlation between GRP78 levels and insulin resistance [2223] and effective improvement on insulin sensitivity and

glycemic control via GRP78 down-regulation 241,

Further studies showed that downregulating GRP78 could activate the insulin signaling pathway and improve
insulin sensitivity through phosphorylation modification of protein kinase B (Akt) 23, GRP78 down-regulates Akt
expression and phosphorylation but does not directly affect upstream pyruvate dehydrogenase kinase 1 (PDK1)
activity. PDK1 is a critical activator of protein kinase B (PKB, also known as Akt), which is a serine/threonine-
specific protein kinase. Co-immunoprecipitated GRP78 and p-Akt (Ser473) immune-complex contains non-
phosphorylated Akt (Ser473 and Thr308) (Figure 1 Pathway 8). In-situ proximity ligation analysis showed co-
location of GRP78 with Akt in cell membrane after ER stress induction and increase in phosphorylation of Akt
Ser473 but decrease (i.e., inhibition) of Thr308. siRNA-mediated GRP78 knockdown enhances phosphorylation at
Ser473 by 3.6-fold, but no impact at Thr308 22,

Human jejunal mucosa secretes GRP78 in vitro, and bariatric surgery improves insulin resistance and type 2

diabetes through reducing intestinal GRP78 secretion. Plasma GRP78 levels in insulin resistance patients are
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higher than in healthy people and those who returned to normal physiology after duodenal jejunal bypass surgery,
and plasma GRP78 level is negatively correlated with insulin sensitivity but positively correlated with body mass
index (BMI) (28],

A high-calorie diet can increase plasma GRP78 levels and induce insulin resistance. GRP78 stimulates the
accumulation of lipid droplets, inhibits Akt Ser473 phosphorylation and glucose uptake in both immortal liver cells
and peripheral blood plasma cells. However, a converse phenomenon occurs when GRP78 serum levels decrease
or insulin resistant patients undergo duodenal jejunal bypass surgery. Intestinal secretion of GRP78 may be the
cause of insulin resistance, and duodenal jejunal bypass surgery may reduce GRP78 secretion and improve insulin
sensitivity by shortening food transportation or reducing lipid stimulus released from endocrine cells 28, GRP78 is
essential for proinsulin synthesis, and up-regulation of GRP78 can increase insulin secretion in response to
hyperglycemia, while down-regulation of GRP78 can decrease insulin secretion and lead to significantly low levels
of insulin 22,

5. GRP78 Can Eliminate Liver Lipotoxicity and then Improve
Liver Steatosis

ER stress plays an important role in hepatic steatosis and insulin resistance in obese mice models 28, GPR78 is
involved in the pathogenesis of nonalcoholic fatty liver disease and is associated with hepatic steatosis, insulin
resistance, inflammation, and apoptosis 2289 GRP78 plays a key role in maintaining lipid balance in liver, and
GRP78 overexpression can reduce the hydrolysis of SREBP-1c induced by ER stress and liver steatosis [28. It was
also reported that GRP78 overexpression in HepG2 cells prevents ER stress and cytotoxicity induced by palmitic
acid, and further studies found that GRP78 may reduce lipid peroxidation and damage induced by oxidative stress
B Some studies suggest that GRP78 overexpression in the liver can reduce the expression of SREBP-1c, reduce

ectopic triglyceride deposition in liver, and enhance insulin sensitivity of ob/ob mice (€.
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