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Cholesterol, an essential component of the cellular membranes, exhibits multiple structural and functional roles,

orchestrating a wide range of signalling pathways and cellular functions. The pancreatic β-cells rely on cholesterol

for their survival, proliferation, and functional maturation. Intracellular cholesterol imbalance is a tremendous

burden to β-cells as this condition disables the cells from adequately delivering the sterol to its final destinations,

resulting in altered plasma membrane organization, impaired mitochondrial activity, reduced insulin granule

maturation, and glucose-stimulated insulin secretion. To maintain cholesterol homeostasis, β-cells have evolved a

sophisticated machinery that not only controls the lipid biosynthesis or influx/efflux but also its redistribution among

the different organelles. The mechanisms by which β-cells sense and shuttle the lipids across different membrane

compartments are still largely unexplored.

insulin biosynthesis and secretion  cholesterol homeostasis  β-cell dysfunction

1. Introduction

Pancreatic β-cells are responsible for maintaining the blood glucose levels within a very narrow range by

synthesizing and secreting the major hypoglycemic hormone, insulin. Despite reports indicating insulin expression

in tissues, such as the brain or liver , the pancreatic β-cells remain the major source of insulin biosynthesis and

secretion; therefore, their dysfunction and/or death result in decompensated glucose homeostasis and diabetes

development . Diabetes indicates a group of heterogeneous metabolic disorders characterized by fasting

hyperglycemia; among them, type 2 diabetes (T2D) deserves particular attention given its exponential growth

worldwide; it is expected to reach almost 700 million cases in 2045 . T2D is often associated with a cluster of lipid

abnormalities—which include low HDL (high-density lipoproteins) and increased levels of triglycerides and remnant

lipoproteins (LDL, low-density lipoproteins, and VLDL, very low-density lipoproteins)—involved in cholesterol

transport . Diabetic dyslipidemia not only increases the risk of cardiovascular events but also contributes to the β-

cells dysfunction . Indeed, cholesterol can be either “friend or foe” of pancreatic β-cells as appropriate

cholesterol levels are necessary for β-cell functions, insulin biogenesis and secretion; however, inadequate

cholesterol levels strongly affect the ability of β-cells to synthetize and secrete the proper amount of insulin, while

an excess can lead to β-cell demise .

2. Insulin Biosynthesis, Sorting and Secretion
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The insulin gene, located on the chromosome 11, codes for a 110-amino acid precursor, called pre-proinsulin,

which undergoes multiple enzymatic reactions to yield insulin. Insulin biogenesis and secretion are multi-step

processes that are tightly controlled by nutrient availability. Although several nutrients may control insulin secretion,

glucose is the well-characterized one . To sustain β-cell insulin secretion, glucose not only promotes hormone

release but also increases the hormone transcription and translation. Interestingly, insulin release begins in

seconds after the increase of glucose levels, while mRNA translation and transcription are activated from minutes

to hours . The main steps of insulin production and secretion are summarized in Figure 1.

Figure 1. Insulin biosynthesis and secretion. Extracellular glucose is transported in the β-cells through GLUT

transporters (GLUT1 in humans, GLUT2 in rodents). Glucose increase promotes the insulin gene transcription,

which is controlled by PDX1, MafA and NeuroD1 transcription factors. The insulin transcript crosses the ER

membrane via co-translational (SRP and TRAP-dependent) and post-translational (Sec62/63-dependent)

translocation processes. Once in the ER lumen, the pre-proinsulin signal peptide is rapidly cleaved to yield

proinsulin that undergoes oxidative folding (Box 1). Newly synthesized proinsulin, loaded into COPII vesicles, is

then delivered to the Golgi apparatus, where it is sorted to immature secretory granules (ISGs). Granules

maturation is associated with increased cholesterol accumulation in the membrane and proinsulin-to-insulin

conversion mediated by prohormone convertases 1/3 (PC1/3) and carboxypeptidase E (CPE). Mature granules

(MGs) are sorted into two different pools: the readily releasable pool (RRP) docked to the plasma membrane and

the reserve pool (RP). Insulin secretion is promoted by the GCK-mediated phosphorylation of glucose, which is

then metabolized via glycolysis and Krebs cycle, leading to an increase of ATP production. The elevation of

ATP/ADP ratio promotes the closure of K  channels, membrane depolarization and activation of voltage-gated

Ca  channels (VDCC). The increase of intracellular Ca  triggers the insulin granule fusion with the plasma

membrane, a process regulated by the SNARE complex, composed by syntaxin1 and SNAP25 on the plasma

[15][16]

[17]

+
ATP

2+ 2+



Cholesterol Redistribution Regulates β-cell Insulin Biosynthesis and Secretion | Encyclopedia.pub

https://encyclopedia.pub/entry/40762 3/16

membrane and the vesicular protein VAMP2; these multiprotein complexes occur in specific plasma membrane

domains enriched in cholesterol (Chol), called lipid rafts (Box 2).

2.1. Insulin Biogenesis, Processing and Storage into Secretory Granules

A network of transcription factors, including PDX-1 (pancreatic and duodenal homeobox), BETA2/NeuroD1

(BETA2/Neurogenic differentiation 1) and MafA (v-maf musculoaponeurotic fibrosarcoma oncogene homologue),

promotes insulin gene transcription in response to increased blood glucose by binding to conserved cis-acting

regulatory elements (A3, C1, E1 elements) present in the insulin promoter region . Although MafA can

activate the insulin promoter alone by binding to the C element, the tethering of the BETA2/NeuroD1 and PDX1 to

the elements E and A  synergically increases the insulin transcription rate . The stability of the MafA

transcription factor and its binding to the regulatory elements of the Ins promoter is modulated by phosphorylation,

in a glucose-dependent manner .

Once synthesized, insulin mRNA binds to specific regulatory elements that escort it to the ribosomes to initiate

translation . Newly synthesized pre-proinsulin (110 amino acids) contains a hydrophobic N-terminal sequence

that recognizes cytosolic ribonucleoprotein signal recognition particles (SRPs) facilitating its translocation across

the endoplasmic reticulum (ER) membrane . This process, in which translation is coupled to translocation,

was long considered to be the only mechanism responsible for the protein accumulation into the ER; about 5–15%

of synthesized pre-proinsulin molecules are not directly translocated into the ER . These molecules are

released in the cytoplasm and rescued through the post-translation translocation route, which is SRP-independent

and relies on the specific component of the translocation machinery, as Sec62/63 and the signal sequence

receptor TRAP .

Upon delivery to the ER lumen, the signal peptide is rapidly cleaved to yield proinsulin, which undergoes

chaperone-mediated folding forming three disulphide bonds. The ER folding machinery meticulously controls

proinsulin in order to recognize misfolded or unfolded molecules that are eliminated through ERAD (ER-associated

protein degradation)-dependent ubiquitination or ER-macroautophagy . An accumulation of misfolded

proinsulin activates the unfolded protein response (UPR) in order to alleviate the ER load and restore the folding

capability . UPR activation is primarily mediated by the heat shock protein/chaperone BIP (GRP78), which

dissociates from and activates PERK (protein kinase R-like ER kinase), IRE1 (interferon response element 1) and

ATF6 (activating transcription factor 6), the three major ER stress sensors . Through the phosphorylation

of eIF2α, PERK induces the transcription of CHOP (C/EBP homologous protein) and ATF4, which alleviates the ER

load by reducing the pre-proinsulin translation; PERK can also support the expression of ATF6, another key

component of the UPR machinery . ATF6 translocates from the ER to Golgi, where it is cleaved, and

migrates to the nucleus where it induces the transcription of CHOP, XBP1 and other chaperones involved in protein

folding and degradation . Protein folding is also supported by the activation of IRE1, which promotes the

transcription of genes encoding for folding enzymes . In healthy β-cells, approximately 20% of proinsulin

misfold, resulting in a basal activation of the UPR machinery that continuously restores ER homeostasis. On the

other hand, stressed β-cells (as seen in T2D) could exhibit severe ER homeostasis defects that may result in
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proinsulin misfolding . When the ER stress levels increase beyond a threshold, either because of excessive

protein synthesis demand (and overworked β-cells) or due to over accumulation of misfolded proteins in the ER

lumen, the UPR sensors trigger signaling pathways and transcriptional events that induce β-cell dysfunction and

death . A very recent work has revealed that a pharmacological reversal of UPR or protein aggregation in β-

cells improved cellular insulin content and release , reinforcing the ER homeostasis-to-insulin biosynthesis link

in the pancreatic β-cells.

Folded proinsulin is delivered through COPII vesicles to the Golgi, where a complex set of events coordinates

insulin granule formation and maturation . Upon transport through the Golgi complex, proinsulin, together with its

processive enzymes, is loaded into immature secretory granules, characterized by high Ca  levels and low pH,

the optimal environment for the activation of endopeptidases. The proteolytical cleavage of proinsulin by

prohormone convertase 1/3 (PC1/3) and the removal of the C-terminal domain by carboxypeptidase E (CPE) result

in the formation of mature insulin, consisting of A and B chains held by two disulphide bonds . The cleaved

C-terminus, known as C-peptide, remains within the granules and is co-secreted with insulin. Along with the

proinsulin-to-insulin conversion, the maturation of insulin granules requires a shift in proteins and lipid composition,

which leads to the acquisition of competence for stimulus-dependent secretion . During transport in the trans-

Golgi network (TGN), granules expose their membrane adaptor proteins, a process that facilitates the assembly of

the clathrin coat and its targeting to the plasma membrane . Changes in lipid composition occur as well;

indeed, membrane cholesterol progressively increases reaching 35 mol% in the TGN, a concentration similar to

that found in the plasma membrane . This cholesterol enrichment is required for the sorting of

endopeptidases and adaptor proteins within the forming granules  and to confer the membrane curvature

necessary for the budding of granules from the TGN . Then granules progressively mature and acquire a dense

core formed by Zn –insulin crystals, while unwanted cargoes and membrane proteins are retrieved back to the

TGN by retrograde transport .

Once mature, insulin granules are distributed into two different pools, a small fraction (1–5%), known as the ready

releasable pool (RRP), is docked to the plasma membrane and is released on demand without any further

modification, while the remaining granules (95–99%) belong to the reserve pool (RP), which must undergo a series

of preparatory reactions before acquiring release competence .

2.2. Insulin Secretion

Insulin secretion shows a canonical biphasic pattern consisting of a rapid and transient first phase due to the

release of RRP granules, followed by a prolonged second phase . The first phase begins when blood

glucose levels exceed 100 mg/dL, which leads to its internalization through GLUT1 transporters (GLUT2 in

rodents) into the β-cells . Once in the cytoplasm, glucose is phosphorylated by the glucokinase (GCK),

enzyme that functions as a glucose sensor . At low intracellular glucose levels, GCK is inactive and associated

with insulin granules through the interaction with nNOS (dimeric neuronal nitric oxide synthase). The increase of

intracellular glucose promotes the dissociation of GCK from nNOS and its translocation into the cytoplasm, where

GCK phosphorylates glucose to generate glucose-6-phosphate that enters into the glycolytic pathway .
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Pyruvate, the final product of glycolysis, is then oxidized via the Krebs cycle into the mitochondria to produce ATP.

The increased ATP/ADP ratio induces the closure of K  channels leading to cellular depolarization, which in

turn, triggers the opening of L-type voltage gated Ca  channels (VDCC) . The rapid calcium influx promotes

the fusion of insulin granules with the plasma membrane, a process that involves the spatial reorganization of

multiprotein machinery known as the SNARE (soluble-N-ethyl-maleimide sensitive factor-attachment protein

receptor) complex. In mature pancreatic β-cells, the main components of SNAREs are syntaxin 1 and SNAP-25

(soluble NSF (N-ethylmaleimide-sensitive factor) attachment protein receptor) on the plasma membrane and the

vesicular protein VAMP2 (vesicle-associated membrane protein 2), also known as synaptobrevin . The SNARE

complex acts as a zipper, tethering the granules to the plasma membrane, and ensuring Ca  entry in the proximity

of docked granules. Indeed, syntaxin1 and SNAP-25 bind the second and third intracellular loops of the L-type

calcium channels, keeping them in close contact with the secretory granules . The spatial organization of

the SNARE complex is guaranteed by their localization in specific domains within the plasma membrane, known as

lipid rafts, where L-type Ca  and K  channels are also enriched . Alongside SNAREs, Synaptotagmin (Syt)

family proteins play a versatile role in insulin exocytosis. While Syt-7 has been recognized as aiding granule

recruitment to the plasma membrane upon glucose stimulus , Syt-4 has been indicated to regulate the RRP

insulin granule quantities as well as the localization of the granules to the plasma membrane . The second

phase of insulin secretion relies on the mobilization of granules belonging to the reserve pool (RP) and can be

maintained for several hours until glucose levels remain elevated . Unlike the first phase, prolonged insulin

release is mainly stimulated by metabolic intermediates, as acetyl-CoA, ATP, NADPH, and α-

ketoglutarate/glutamate, that amplify the glucose-induced insulin secretion . Besides glucose, other substrates

including amino acids, lipids and paracrine signals can control insulin secretion using parallel mechanisms .

3. Cholesterol Biosynthesis, Homeostasis and Turnover

Insulin biosynthesis, sorting and secretion are affected by cholesterol levels as the lipid not only represents a fuel

for the β-cells but also a key constituent of their membrane domains. Thanks to its rigid and planar structure,

cholesterol contributes to the physical properties and organization of cellular membranes affecting cellular

permeability, signaling activity, organelles architecture and vesicular trafficking . Given the key structural and

functional roles of cholesterol, pancreatic β-cells are equipped with sophisticated machinery able to control

cholesterol synthesis, uptake and efflux, as well as its intracellular distribution  (Figure 2).
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Figure 2. Machinery involved in cholesterol homeostasis and trafficking in pancreatic β-cells. (A) Genes involved in

cholesterol uptake/efflux and lipid trafficking expressed in mouse βtc3 cell line and human isolated islets of

Langerhans. (B) RNA-seq data of genes involved in cholesterol homeostasis and expressed in mouse βtc3 cells

(unpublished data). Data are expressed as reads per kilobase of transcript per million (RPKM) and are mean ± SD

(n = 5 samples). (C) RNA-seq of genes involved in cholesterol homeostasis and expressed in human islets of

Langerhans. Data are expressed as reads per kilobase of transcript per million (RPKM) and are mean ± SD (n = 6

healthy donors of varying BMI and age). The analysis on human islets was performed using the dataset published

by Segerstolpe et al., 2016 .

3.1. Cholesterol Biosynthesis

Pancreatic β-cells synthetize cholesterol in the ER through the mevalonate pathway, a complex cascade of

enzymatic reactions starting with the condensation of acetyl-coenzyme A (CoA) and acetoacetyl-CoA to form 3-

hydroxy-3-methylglutaryl-CoA (HMGCoA). This reaction is catalyzed by hydroxymethylglutaryl-CoA reductase

(HMGCoAR), which represents the limiting enzyme for cholesterol synthesis . The transcription of HMGCoAR is

controlled by the transcription factor SREBP2 (sterol-responsive element binding protein 2), which is active only

when cholesterol levels are low. SREBP2 is present in the inactive form, bound to the SREBP cleavage-activating

protein (SCAP), which is the real sensor of sterols in the cell. When cholesterol concentration decreases, the

SREBP2 detaches from SCAP and translocates into the nucleus where it binds to sterol regulatory sequences

(SREs) present in the HMGCoAR promoter region, favoring its transcription . The importance of SREBP2-

HMAGCoAR axis in β-cell homeostasis was demonstrated by studies in transgenic mice overexpressing SREBP2.

Cholesterol accumulation in the transgenic model of in vivo activation of SREBP2 resulted in reduced β-cell mass

and insulin-deficient diabetes .

3.2. Cholesterol Uptake
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Cholesterol uptake from plasma lipoproteins represents another mechanism for cholesterol accumulation into β-

cells. Lipoprotein transport is mediated by receptor systems that selectively recognize and bind LDL (low density

lipoprotein), VLDL (very low density lipoprotein) and HDL (high density lipoprotein). Pancreatic β-cells are equipped

with different lipoprotein receptors, including the LDL receptor (LDLR), the VLDL receptor (VLDLR), the receptor for

oxidized LDL (CD36) and the scavenger B1 receptor (SR-B1), which is selective for HDL . Unlike the others,

LDLR requires co-receptors for its function, as LPR5; the importance of LPR5 for LDLR activity has been

demonstrated in LPR5 knock-out mice, which showed reduced hepatic chylomicron clearance, insulin secretion

and glucose tolerance . Moreover, global LDLR-KO mice displayed increased blood cholesterol levels and were

susceptible to high-fat diet with purified islets from those showing poor glucose-stimulated insulin secretion .

Likewise, a study using β-cell-specific knockout of LDL receptor-related protein 1 (LRP1) explored the relationships

between the type of diet, the LDL receptor function and lipid metabolism . The majority of studies regarding the

impact of dysregulated cholesterol uptake on insulin secretion have been focused on LDLR as it is highly

expressed in pancreatic β-cells, as shown in Figure 2.

Cholesterol uptake is directly regulated by cholesterol availability via modulation of LDLR transcription, a process

mediated by SREBP2, which therefore represents the master regulator of cholesterol levels in β-cells . An

alternative mechanism is represented by post-translational regulations of LDLR expression. In the liver, LDLR

abundance on the plasma membrane is controlled by the proprotein convertase subtilisin/kexin type 9 (PCSK9), an

enzyme that routes LDLR to the lysosomes for degradation, thus preventing its recycling to the plasma membrane

. Very recently, researchers and others have shown that LDLR expression, and thus cholesterol uptake, are

modulated by PCSK9 also in pancreatic β-cells . PCSK9 full knock-out mice exhibit reduced plasma

cholesterol levels, but increased cholesterol content in the islets of Langerhans, as a consequence of increased

LDLR expression in β-cells. Mice developed glucose-intolerance that appears to be the result of insulin

insufficiency rather than insulin resistance. In accordance, PCSK9 KO mice presented altered islets morphology,

along with dysregulated insulin release . In contrast, mice in which PCSK9 is switched off selectively in the

liver exhibited intact glucose metabolism, revealing that pancreatic PCSK9, rather than the hepatic-circulating

protein, is involved in the control of LDLR expression in pancreatic islets . Indeed, PCSK9 can be synthesized

and secreted by pancreatic δ- and β-cells and might act locally in paracrine/autocrine manners. Researchers have

recently confirmed this hypothesis in a novel animal model where PCSK9 expression was deleted only in PDX1

expressing cells, namely β- and δ-cells; transgenic mice exhibited cholesterol accumulation in the β-cells and

defective insulin secretion, confirming that the pancreatic PCSK9-LDLR-cholesterol axis plays a prominent role in

the regulation of cholesterol homeostasis in pancreatic islets . In contrast to these findings, a separate study

involving gene silencing or pharmacological inhibition of PCSK9 in human EndoC-βH1 cells suggested that while

PCSK9 knockdown or functional inhibition resulted in increased expression of cell surface LDLR, glucose

stimulated insulin secretion decrement was not observed, however observing ~50% loss in GSIS when cells were

directly exposed to LDL . Species difference (human vs. mouse) or the stage of β-cell differentiation (embryonic

vs. adult) could be likely explanations for the observed phenotype differences. In accordance, expression analysis

of cholesterol handling proteins highlighted a great heterogeneity among β-cell lines; thus, it is also possible that
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distinct compensatory mechanisms in β-cells might set in upon the severe loss of PCSK9. Further investigations

are necessary to clarify this point.

3.3. Cholesterol Esterification and Efflux

As excess free cholesterol can be toxic, cells normally convert sterols in cholesteryl esters by the enzyme acyl-

coenzyme A:cholesterol acyltransferase (ACAT) 1 and store them in lipid droplets. Little is known about ACAT1 in

β-cells, but lipid droplets have been observed in human islets of Langerhans and found to be enriched in aged and

T2D islets . An additional mechanism to remove excess cholesterol is the efflux via the SR-B1 receptor (which

mediates both cholesterol uptake and efflux) and ATP-binding cassette (ABC) transporters, which transport

cholesterol against gradient through ATP hydrolysis . ABC transporters belong to five different subfamilies (A–

G), which have different cellular distribution and substrate specificity . Among them, ABCA1 and ABCG1 are the

main players in mediating cholesterol efflux, as suggested by the fact that genetic mutations of ABCA1 lead to the

Tangier disease, a genetic disorder characterized by cholesterol accumulation in various organs, atherosclerosis

and premature coronaropathy . ABCA1 transports cholesterol specifically to HDL lipoproteins, while ABCG1

mediates cholesterol efflux to non-specific acceptors as HDL, LDL and cyclodextrin . As in other tissues, ABCA1

and ABCG1 are the major contributors of cholesterol efflux also in pancreatic β-cells as revealed by the increased

cholesterol accumulation in pancreatic islets of ABCA1 and ABCG1 knock-out mice . The expression of

ABCA1 and ABCG1 is strictly regulated by the intracellular content of cholesterol and/or oxysterols (oxygenated

derivatives of cholesterol). Indeed, these sterols promote the transcription of ABCA1 and ABCG1 functioning as

ligand-activators of the LXR-RXR pathway (liver-X-receptor/retinoic acid receptor) . Accordingly, disruption of the

LXR-RXR axis, due to genetic ablation of LXR, causes increased cholesterol accumulation and β-cell dysfunction

.

References

1. Dong, H.; Morral, N.; McEvoy, R.; Meseck, M.; Thung, S.N.; Woo, S.L. Hepatic Insulin Expression
Improves Glycemic Control in Type 1 Diabetic Rats. Diabetes Res. Clin. Pract. 2001, 52, 153–
163.

2. Csajbók, É.A.; Tamás, G. Cerebral Cortex: A Target and Source of Insulin? Diabetologia 2016, 59,
1609–1615.

3. Ashcroft, F.M.; Rorsman, P. Diabetes Mellitus and the β Cell: The Last Ten Years. Cell 2012, 148,
1160–1171.

4. Rosengren, A.H.; Braun, M.; Mahdi, T.; Andersson, S.A.; Travers, M.E.; Shigeto, M.; Zhang, E.;
Almgren, P.; Ladenvall, C.; Axelsson, A.S.; et al. Reduced Insulin Exocytosis in Human Pancreatic
β-Cells with Gene Variants Linked to Type 2 Diabetes. Diabetes 2012, 61, 1726–1733.

[89]

[12]

[90]

[91][92]

[90]

[93][94]

[95]

[96]



Cholesterol Redistribution Regulates β-cell Insulin Biosynthesis and Secretion | Encyclopedia.pub

https://encyclopedia.pub/entry/40762 9/16

5. Cho, N.H.; Shaw, J.E.; Karuranga, S.; Huang, Y.; da Rocha Fernandes, J.D.; Ohlrogge, A.W.;
Malanda, B. IDF Diabetes Atlas: Global Estimates of Diabetes Prevalence for 2017 and
Projections for 2045. Diabetes Res. Clin. Pract. 2018, 138, 271–281.

6. Taskinen, M.-R.; Borén, J. New Insights into the Pathophysiology of Dyslipidemia in Type 2
Diabetes. Atherosclerosis 2015, 239, 483–495.

7. Gregg, E.W.; Gu, Q.; Cheng, Y.J.; Venkat Narayan, K.M.; Cowie, C.C. Mortality Trends in Men
and Women with Diabetes, 1971 to 2000. Ann. Intern. Med. 2007, 147, 149.

8. Perego, C.; Da Dalt, L.; Pirillo, A.; Galli, A.; Catapano, A.L.; Norata, G.D. Cholesterol Metabolism,
Pancreatic β-Cell Function and Diabetes. Biochim. Biophys. Acta (BBA)—Mol. Basis Dis. 2019,
1865, 2149–2156.

9. Dirkx, R., Jr.; Solimena, M. Cholesterol-Enriched Membrane Rafts and Insulin Secretion:
Membrane Rafts and Insulin Secretion. J. Diabetes Investig. 2012, 3, 339–346.

10. Hao, M.; Head, W.S.; Gunawardana, S.C.; Hasty, A.H.; Piston, D.W. Direct Effect of Cholesterol
on Insulin Secretion. Diabetes 2007, 56, 2328–2338.

11. Bogan, J.S.; Xu, Y.; Hao, M. Cholesterol Accumulation Increases Insulin Granule Size and Impairs
Membrane Trafficking: Cholesterol in Insulin Granule Regulation. Traffic 2012, 13, 1466–1480.

12. Fryirs, M.; Barter, P.J.; Rye, K.-A. Cholesterol Metabolism and Pancreatic β-Cell Function. Curr.
Opin. Lipidol. 2009, 20, 159–164.

13. Kruit, J.K.; Wijesekara, N.; Fox, J.E.M.; Dai, X.-Q.; Brunham, L.R.; Searle, G.J.; Morgan, G.P.;
Costin, A.J.; Tang, R.; Bhattacharjee, A.; et al. Islet Cholesterol Accumulation Due to Loss of
ABCA1 Leads to Impaired Exocytosis of Insulin Granules. Diabetes 2011, 60, 3186–3196.

14. Kruit, J.K.; Brunham, L.R.; Verchere, C.B.; Hayden, M.R. HDL and LDL Cholesterol Significantly
Influence β-Cell Function in Type 2 Diabetes Mellitus. Curr. Opin. Lipidol. 2010, 21, 178–185.

15. Kojima, I.; Medina, J.; Nakagawa, Y. Role of the Glucose-Sensing Receptor in Insulin Secretion.
Diabetes Obes. Metab. 2017, 19, 54–62.

16. Rorsman, P.; Renström, E. Insulin Granule Dynamics in Pancreatic Beta Cells. Diabetologia 2003,
46, 1029–1045.

17. Rutter, G.A. Insulin Secretion: Feed-Forward Control of Insulin Biosynthesis? Curr. Biol. 1999, 9,
R443–R445.

18. Dumonteil, E.; Philippe, J. Insulin Gene: Organisation, Expression and Regulation. Diabetes
Metab. 1996, 22, 164–173.

19. Inada, A.; Seino, Y. The regulation of insulin gene transcription by transcription factors. Nihon
Rinsho 2002, 60 (Suppl. S7), 159–164.



Cholesterol Redistribution Regulates β-cell Insulin Biosynthesis and Secretion | Encyclopedia.pub

https://encyclopedia.pub/entry/40762 10/16

20. Melloul, D.; Cerasi, E. Transcription of the Insulin Gene: Towards Defining the Glucose-Sensitive
Cis-Element and Trans-Acting Factors. Diabetologia 1994, 37 (Suppl. S2), S3–S10.

21. Someya, Y.; Ishida, H.; Seino, Y. Insulin gene: Gene organization and its regulatory mechanism of
transcription. Nihon Rinsho 1997, 55, 73–78.

22. Fu, Z.; Gilbert, E.R.; Liu, D. Regulation of Insulin Synthesis and Secretion and Pancreatic Beta-
Cell Dysfunction in Diabetes. Curr. Diabetes Rev. 2013, 9, 25–53.

23. Kataoka, K.; Han, S.; Shioda, S.; Hirai, M.; Nishizawa, M.; Handa, H. MafA Is a Glucose-
Regulated and Pancreatic Beta-Cell-Specific Transcriptional Activator for the Insulin Gene. J. Biol.
Chem. 2002, 277, 49903–49910.

24. Matsuoka, T.; Zhao, L.; Artner, I.; Jarrett, H.W.; Friedman, D.; Means, A.; Stein, R. Members of the
Large Maf Transcription Family Regulate Insulin Gene Transcription in Islet Beta Cells. Mol. Cell
Biol. 2003, 23, 6049–6062.

25. Raum, J.C.; Gerrish, K.; Artner, I.; Henderson, E.; Guo, M.; Sussel, L.; Schisler, J.C.; Newgard,
C.B.; Stein, R. FoxA2, Nkx2.2, and PDX-1 Regulate Islet β-Cell-Specific MafA Expression through
Conserved Sequences Located between Base Pairs −8118 and −7750 Upstream from the
Transcription Start Site. Mol. Cell Biol. 2006, 26, 5735–5743.

26. Han, S.; Aramata, S.; Yasuda, K.; Kataoka, K. MafA Stability in Pancreatic β Cells Is Regulated by
Glucose and Is Dependent on Its Constitutive Phosphorylation at Multiple Sites by Glycogen
Synthase Kinase 3. Mol. Cell Biol. 2007, 27, 6593–6605.

27. Liu, M.; Huang, Y.; Xu, X.; Li, X.; Alam, M.; Arunagiri, A.; Haataja, L.; Ding, L.; Wang, S.; Itkin-
Ansari, P.; et al. Normal and Defective Pathways in Biogenesis and Maintenance of the Insulin
Storage Pool. J. Clin. Investig. 2021, 131, e142240.

28. Wang, S.Y.; Halban, P.A.; Rowe, J.W. Effects of Aging on Insulin Synthesis and Secretion.
Differential Effects on Preproinsulin Messenger RNA Levels, Proinsulin Biosynthesis, and
Secretion of Newly Made and Preformed Insulin in the Rat. J. Clin. Investig. 1988, 81, 176–184.

29. Akopian, D.; Shen, K.; Zhang, X.; Shan, S. Signal Recognition Particle: An Essential Protein-
Targeting Machine. Annu. Rev. Biochem. 2013, 82, 693–721.

30. Egea, P.F.; Stroud, R.M.; Walter, P. Targeting Proteins to Membranes: Structure of the Signal
Recognition Particle. Curr. Opin. Struct. Biol. 2005, 15, 213–220.

31. Guo, H.; Sun, J.; Li, X.; Xiong, Y.; Wang, H.; Shu, H.; Zhu, R.; Liu, Q.; Huang, Y.; Madley, R.; et al.
Positive Charge in the N-Region of the Signal Peptide Contributes to Efficient Post-Translational
Translocation of Small Secretory Preproteins. J. Biol. Chem. 2018, 293, 1899–1907.

32. Liu, M.; Weiss, M.A.; Arunagiri, A.; Yong, J.; Rege, N.; Sun, J.; Haataja, L.; Kaufman, R.J.; Arvan,
P. Biosynthesis, Structure, and Folding of the Insulin Precursor Protein. Diabetes Obes. Metab.



Cholesterol Redistribution Regulates β-cell Insulin Biosynthesis and Secretion | Encyclopedia.pub

https://encyclopedia.pub/entry/40762 11/16

2018, 20 (Suppl. S2), 28–50.

33. Fons, R.D.; Bogert, B.A.; Hegde, R.S. Substrate-Specific Function of the Translocon-Associated
Protein Complex during Translocation across the ER Membrane. J. Cell Biol. 2003, 160, 529–539.

34. Lakkaraju, A.K.K.; Thankappan, R.; Mary, C.; Garrison, J.L.; Taunton, J.; Strub, K. Efficient
Secretion of Small Proteins in Mammalian Cells Relies on Sec62-Dependent Posttranslational
Translocation. Mol. Biol. Cell 2012, 23, 2712–2722.

35. Bachar-Wikstrom, E.; Wikstrom, J.D.; Ariav, Y.; Tirosh, B.; Kaiser, N.; Cerasi, E.; Leibowitz, G.
Stimulation of Autophagy Improves Endoplasmic Reticulum Stress–Induced Diabetes. Diabetes
2013, 62, 1227–1237.

36. Cunningham, C.N.; Williams, J.M.; Knupp, J.; Arunagiri, A.; Arvan, P.; Tsai, B. Cells Deploy a Two-
Pronged Strategy to Rectify Misfolded Proinsulin Aggregates. Mol. Cell 2019, 75, 442–456.e4.

37. Kadowaki, H.; Nagai, A.; Maruyama, T.; Takami, Y.; Satrimafitrah, P.; Kato, H.; Honda, A.; Hatta,
T.; Natsume, T.; Sato, T.; et al. Pre-Emptive Quality Control Protects the ER from Protein Overload
via the Proximity of ERAD Components and SRP. Cell Rep. 2015, 13, 944–956.

38. Hasnain, S.Z.; Prins, J.B.; McGuckin, M.A. Oxidative and Endoplasmic Reticulum Stress in β-Cell
Dysfunction in Diabetes. J. Mol. Endocrinol. 2016, 56, R33–R54.

39. Mori, K. Tripartite Management of Unfolded Proteins in the Endoplasmic Reticulum. Cell 2000,
101, 451–454.

40. Harding, H.P.; Zeng, H.; Zhang, Y.; Jungries, R.; Chung, P.; Plesken, H.; Sabatini, D.D.; Ron, D.
Diabetes Mellitus and Exocrine Pancreatic Dysfunction in Perk−/− Mice Reveals a Role for
Translational Control in Secretory Cell Survival. Mol. Cell 2001, 7, 1153–1163.

41. Scheuner, D.; Song, B.; McEwen, E.; Liu, C.; Laybutt, R.; Gillespie, P.; Saunders, T.; Bonner-Weir,
S.; Kaufman, R.J. Translational Control Is Required for the Unfolded Protein Response and In
Vivo Glucose Homeostasis. Mol. Cell 2001, 7, 1165–1176.

42. Teske, B.F.; Wek, S.A.; Bunpo, P.; Cundiff, J.K.; McClintick, J.N.; Anthony, T.G.; Wek, R.C. The
EIF2 Kinase PERK and the Integrated Stress Response Facilitate Activation of ATF6 during
Endoplasmic Reticulum Stress. MBoC 2011, 22, 4390–4405.

43. Zhang, K.; Kaufman, R.J. The Unfolded Protein Response: A Stress Signaling Pathway Critical for
Health and Disease. Neurology 2006, 66, S102–S109.

44. Haze, K.; Yoshida, H.; Yanagi, H.; Yura, T.; Mori, K. Mammalian Transcription Factor ATF6 Is
Synthesized as a Transmembrane Protein and Activated by Proteolysis in Response to
Endoplasmic Reticulum Stress. Mol. Biol. Cell 1999, 10, 3787–3799.

45. Yang, H.; Niemeijer, M.; van de Water, B.; Beltman, J.B. ATF6 Is a Critical Determinant of CHOP
Dynamics during the Unfolded Protein Response. iScience 2020, 23, 100860.



Cholesterol Redistribution Regulates β-cell Insulin Biosynthesis and Secretion | Encyclopedia.pub

https://encyclopedia.pub/entry/40762 12/16

46. Yoshida, H.; Okada, T.; Haze, K.; Yanagi, H.; Yura, T.; Negishi, M.; Mori, K. ATF6 Activated by
Proteolysis Binds in the Presence of NF-Y (CBF) Directly to the Cis -Acting Element Responsible
for the Mammalian Unfolded Protein Response. Mol. Cell Biol. 2000, 20, 6755–6767.

47. Korennykh, A.V.; Egea, P.F.; Korostelev, A.A.; Finer-Moore, J.; Zhang, C.; Shokat, K.M.; Stroud,
R.M.; Walter, P. The Unfolded Protein Response Signals through High-Order Assembly of Ire1.
Nature 2009, 457, 687–693.

48. Arunagiri, A.; Haataja, L.; Pottekat, A.; Pamenan, F.; Kim, S.; Zeltser, L.M.; Paton, A.W.; Paton,
J.C.; Tsai, B.; Itkin-Ansari, P.; et al. Proinsulin Misfolding Is an Early Event in the Progression to
Type 2 Diabetes. eLife 2019, 8, e44532.

49. Sun, J.; Cui, J.; He, Q.; Chen, Z.; Arvan, P.; Liu, M. Proinsulin Misfolding and Endoplasmic
Reticulum Stress during the Development and Progression of Diabetes. Mol. Asp. Med. 2015, 42,
105–118.

50. Miyake, M.; Sobajima, M.; Kurahashi, K.; Shigenaga, A.; Denda, M.; Otaka, A.; Saio, T.; Sakane,
N.; Kosako, H.; Oyadomari, S. Identification of an Endoplasmic Reticulum Proteostasis Modulator
That Enhances Insulin Production in Pancreatic β Cells. Cell Chem. Biol. 2022, 29, 996–1009.e9.

51. Hutton, J.C. Insulin Secretory Granule Biogenesis and the Proinsulin-Processing Endopeptidases.
Diabetologia 1994, 37 (Suppl. S2), S48–S56.

52. Jo, S.; Lockridge, A.; Alejandro, E.U. EIF4G1 and Carboxypeptidase E Axis Dysregulation in O-
GlcNAc Transferase–Deficient Pancreatic β-Cells Contributes to Hyperproinsulinemia in Mice. J.
Biol. Chem. 2019, 294, 13040–13050.

53. Ramzy, A.; Asadi, A.; Kieffer, T.J. Revisiting Proinsulin Processing: Evidence That Human β-Cells
Process Proinsulin With Prohormone Convertase (PC) 1/3 but Not PC2. Diabetes 2020, 69,
1451–1462.

54. Arvan, P.; Castle, D. Sorting and Storage during Secretory Granule Biogenesis: Looking
Backward and Looking Forward. Biochem. J. 1998, 332 Pt 3, 593–610.

55. Traub, L.M.; Kornfeld, S. The Trans-Golgi Network: A Late Secretory Sorting Station. Curr. Opin.
Cell Biol. 1997, 9, 527–533.

56. Orci, L.; Montesano, R.; Meda, P.; Malaisse-Lagae, F.; Brown, D.; Perrelet, A.; Vassalli, P.
Heterogeneous Distribution of Filipin--Cholesterol Complexes across the Cisternae of the Golgi
Apparatus. Proc. Natl. Acad. Sci. USA 1981, 78, 293–297.

57. van Meer, G.; Voelker, D.R.; Feigenson, G.W. Membrane Lipids: Where They Are and How They
Behave. Nat. Rev. Mol. Cell Biol. 2008, 9, 112–124.

58. Westhead, E.W. Lipid Composition and Orientation in Secretory Vesicles. Ann. N. Y. Acad. Sci.
1987, 493, 92–100.



Cholesterol Redistribution Regulates β-cell Insulin Biosynthesis and Secretion | Encyclopedia.pub

https://encyclopedia.pub/entry/40762 13/16

59. Dodson, G.; Steiner, D. The Role of Assembly in Insulin’s Biosynthesis. Curr. Opin. Struct. Biol.
1998, 8, 189–194.

60. Olofsson, C.S.; Göpel, S.O.; Barg, S.; Galvanovskis, J.; Ma, X.; Salehi, A.; Rorsman, P.; Eliasson,
L. Fast Insulin Secretion Reflects Exocytosis of Docked Granules in Mouse Pancreatic B-Cells.
Pflug. Arch. 2002, 444, 43–51.

61. Henquin, J.C. Triggering and Amplifying Pathways of Regulation of Insulin Secretion by Glucose.
Diabetes 2000, 49, 1751–1760.

62. Henquin, J.-C.; Nenquin, M.; Stiernet, P.; Ahren, B. In Vivo and in Vitro Glucose-Induced Biphasic
Insulin Secretion in the Mouse: Pattern and Role of Cytoplasmic Ca2+ and Amplification Signals
in Beta-Cells. Diabetes 2006, 55, 441–451.

63. De Vos, A.; Heimberg, H.; Quartier, E.; Huypens, P.; Bouwens, L.; Pipeleers, D.; Schuit, F. Human
and Rat Beta Cells Differ in Glucose Transporter but Not in Glucokinase Gene Expression. J. Clin.
Investig. 1995, 96, 2489–2495.

64. McCulloch, L.J.; van de Bunt, M.; Braun, M.; Frayn, K.N.; Clark, A.; Gloyn, A.L. GLUT2 (SLC2A2)
Is Not the Principal Glucose Transporter in Human Pancreatic Beta Cells: Implications for
Understanding Genetic Association Signals at This Locus. Mol. Genet. Metab. 2011, 104, 648–
653.

65. Seino, S.; Sugawara, K.; Yokoi, N.; Takahashi, H. β-Cell Signalling and Insulin Secretagogues: A
Path for Improved Diabetes Therapy. Diabetes Obes. Metab. 2017, 19, 22–29.

66. Ammälä, C.; Eliasson, L.; Bokvist, K.; Larsson, O.; Ashcroft, F.M.; Rorsman, P. Exocytosis Elicited
by Action Potentials and Voltage-Clamp Calcium Currents in Individual Mouse Pancreatic B-Cells.
J. Physiol. 1993, 472, 665–688.

67. Wollheim, C.B.; Sharp, G.W. Regulation of Insulin Release by Calcium. Physiol. Rev. 1981, 61,
914–973.

68. Bruns, D.; Jahn, R. Molecular Determinants of Exocytosis. Pflug. Arch. 2002, 443, 333–338.

69. Xia, F.; Gao, X.; Kwan, E.; Lam, P.P.L.; Chan, L.; Sy, K.; Sheu, L.; Wheeler, M.B.; Gaisano, H.Y.;
Tsushima, R.G. Disruption of Pancreatic β-Cell Lipid Rafts Modifies Kv2.1 Channel Gating and
Insulin Exocytosis. J. Biol. Chem. 2004, 279, 24685–24691.

70. Dolai, S.; Xie, L.; Zhu, D.; Liang, T.; Qin, T.; Xie, H.; Kang, Y.; Chapman, E.R.; Gaisano, H.Y.
Synaptotagmin-7 Functions to Replenish Insulin Granules for Exocytosis in Human Islet β-Cells.
Diabetes 2016, 65, 1962–1976.

71. Huang, C.; Walker, E.M.; Dadi, P.K.; Hu, R.; Xu, Y.; Zhang, W.; Sanavia, T.; Mun, J.; Liu, J.; Nair,
G.G.; et al. Synaptotagmin 4 Regulates Pancreatic β Cell Maturation by Modulating the Ca2+
Sensitivity of Insulin Secretion Vesicles. Dev. Cell 2018, 45, 347–361.e5.



Cholesterol Redistribution Regulates β-cell Insulin Biosynthesis and Secretion | Encyclopedia.pub

https://encyclopedia.pub/entry/40762 14/16

72. Prentki, M.; Matschinsky, F.M.; Madiraju, S.R.M. Metabolic Signaling in Fuel-Induced Insulin
Secretion. Cell Metab. 2013, 18, 162–185.

73. Di Cairano, E.S.; Moretti, S.; Marciani, P.; Sacchi, V.F.; Castagna, M.; Davalli, A.; Folli, F.; Perego,
C. Neurotransmitters and Neuropeptides: New Players in the Control of Islet of Langerhans’ Cell
Mass and Function. J. Cell Physiol. 2016, 231, 756–767.

74. Churchward, M.A.; Coorssen, J.R. Cholesterol, Regulated Exocytosis and the Physiological
Fusion Machine. Biochem. J. 2009, 423, 1–14.

75. Segerstolpe, Å.; Palasantza, A.; Eliasson, P.; Andersson, E.-M.; Andréasson, A.-C.; Sun, X.;
Picelli, S.; Sabirsh, A.; Clausen, M.; Bjursell, M.K.; et al. Single-Cell Transcriptome Profiling of
Human Pancreatic Islets in Health and Type 2 Diabetes. Cell Metab. 2016, 24, 593–607.

76. Shao, W.; Espenshade, P.J. Lipids. Cholesterol Synthesis and Regulation. In Encyclopedia of
Biological Chemistry III; Elsevier: Amsterdam, The Netherlands, 2021; pp. 732–738. ISBN 978-0-
12-822040-5.

77. Ishikawa, M.; Iwasaki, Y.; Yatoh, S.; Kato, T.; Kumadaki, S.; Inoue, N.; Yamamoto, T.; Matsuzaka,
T.; Nakagawa, Y.; Yahagi, N.; et al. Cholesterol Accumulation and Diabetes in Pancreatic β-Cell-
Specific SREBP-2 Transgenic Mice: A New Model for Lipotoxicity. J. Lipid Res. 2008, 49, 2524–
2534.

78. Grupping, A.Y.; Cnop, M.; Van Schravendijk, C.F.H.; Hannaert, J.C.; Van Berkel, T.J.C.; Pipeleers,
D.G. Low Density Lipoprotein Binding and Uptake by Human and Rat Islet β Cells. Endocrinology
1997, 138, 4064–4068.

79. Fujino, T.; Asaba, H.; Kang, M.-J.; Ikeda, Y.; Sone, H.; Takada, S.; Kim, D.-H.; Ioka, R.X.; Ono, M.;
Tomoyori, H.; et al. Low-Density Lipoprotein Receptor-Related Protein 5 (LRP5) Is Essential for
Normal Cholesterol Metabolism and Glucose-Induced Insulin Secretion. Proc. Natl. Acad. Sci.
USA 2003, 100, 229–234.

80. d Oliveira, R.B.; Carvalho, C.P.d.F.; Polo, C.C.; Dorighello, G.d.G.; Boschero, A.C.; d Oliveira,
H.C.F.; Collares-Buzato, C.B. Impaired Compensatory Beta-Cell Function and Growth in
Response to High-Fat Diet in LDL Receptor Knockout Mice. Int. J. Exp. Pathol. 2014, 95, 296–
308.

81. Ye, R.; Gordillo, R.; Shao, M.; Onodera, T.; Chen, Z.; Chen, S.; Lin, X.; SoRelle, J.A.; Li, X.; Tang,
M.; et al. Intracellular Lipid Metabolism Impairs β Cell Compensation during Diet-Induced Obesity.
J. Clin. Investig. 2018, 128, 1178–1189.

82. Norata, G.D.; Tibolla, G.; Catapano, A.L. Targeting PCSK9 for Hypercholesterolemia. Annu. Rev.
Pharmacol. Toxicol. 2014, 54, 273–293.

83. Seidah, N.; Mayer, G.; Zaid, A.; Rousselet, E.; Nassoury, N.; Poirier, S.; Essalmani, R.; Prat, A.
The Activation and Physiological Functions of the Proprotein Convertases. Int. J. Biochem. Cell



Cholesterol Redistribution Regulates β-cell Insulin Biosynthesis and Secretion | Encyclopedia.pub

https://encyclopedia.pub/entry/40762 15/16

Biol. 2008, 40, 1111–1125.

84. Cariou, B.; Si-Tayeb, K.; Le May, C. Role of PCSK9 beyond Liver Involvement. Curr. Opin. Lipidol.
2015, 26, 155–161.

85. Da Dalt, L.; Ruscica, M.; Bonacina, F.; Balzarotti, G.; Dhyani, A.; Di Cairano, E.; Baragetti, A.;
Arnaboldi, L.; De Metrio, S.; Pellegatta, F.; et al. PCSK9 Deficiency Reduces Insulin Secretion
and Promotes Glucose Intolerance: The Role of the Low-Density Lipoprotein Receptor. Eur. Heart
J. 2019, 40, 357–368.

86. Marku, A.; Da Dalt, L.; Galli, A.; Dule, N.; Corsetto, P.; Rizzo, A.M.; Moregola, A.; Uboldi, P.;
Bonacina, F.; Marciani, P.; et al. Pancreatic PCSK9 Controls the Organization of the β-Cell
Secretory Pathway via LDLR-Cholesterol Axis. Metabolism 2022, 136, 155291.

87. Mbikay, M.; Sirois, F.; Mayne, J.; Wang, G.-S.; Chen, A.; Dewpura, T.; Prat, A.; Seidah, N.G.;
Chretien, M.; Scott, F.W. PCSK9-Deficient Mice Exhibit Impaired Glucose Tolerance and
Pancreatic Islet Abnormalities. FEBS Lett. 2010, 584, 701–706.

88. Ramin-Mangata, S.; Thedrez, A.; Nativel, B.; Diotel, N.; Blanchard, V.; Wargny, M.; Aguesse, A.;
Billon-Crossouard, S.; Vindis, C.; Le May, C.; et al. Effects of Proprotein Convertase Subtilisin
Kexin Type 9 Modulation in Human Pancreatic Beta Cells Function. Atherosclerosis 2021, 326,
47–55.

89. Tong, X.; Liu, S.; Stein, R.; Imai, Y. Lipid Droplets’ Role in the Regulation of β-Cell Function and β-
Cell Demise in Type 2 Diabetes. Endocrinology 2022, 163, bqac007.

90. Neumann, J.; Rose-Sperling, D.; Hellmich, U.A. Diverse Relations between ABC Transporters and
Lipids: An Overview. Biochim. Et Biophys. Acta (BBA)—Biomembr. 2017, 1859, 605–618.

91. Oram, J. Tangier Disease and ABCA1. Biochim. Et Biophys. Acta (BBA)—Mol. Cell Biol. Lipids
2000, 1529, 321–330.

92. Singaraja, R.R.; Brunham, L.R.; Visscher, H.; Kastelein, J.J.P.; Hayden, M.R. Efflux and
Atherosclerosis: The Clinical and Biochemical Impact of Variations in the ABCA1 Gene. ATVB
2003, 23, 1322–1332.

93. Sturek, J.M.; Castle, J.D.; Trace, A.P.; Page, L.C.; Castle, A.M.; Evans-Molina, C.; Parks, J.S.;
Mirmira, R.G.; Hedrick, C.C. An Intracellular Role for ABCG1-Mediated Cholesterol Transport in
the Regulated Secretory Pathway of Mouse Pancreatic β Cells. J. Clin. Investig. 2010, 120,
2575–2589.

94. Brunham, L.R.; Kruit, J.K.; Pape, T.D.; Timmins, J.M.; Reuwer, A.Q.; Vasanji, Z.; Marsh, B.J.;
Rodrigues, B.; Johnson, J.D.; Parks, J.S.; et al. β-Cell ABCA1 Influences Insulin Secretion,
Glucose Homeostasis and Response to Thiazolidinedione Treatment. Nat. Med. 2007, 13, 340–
347.



Cholesterol Redistribution Regulates β-cell Insulin Biosynthesis and Secretion | Encyclopedia.pub

https://encyclopedia.pub/entry/40762 16/16

95. Tarr, P.T.; Tarling, E.J.; Bojanic, D.D.; Edwards, P.A.; Baldán, Á. Emerging New Paradigms for
ABCG Transporters. Biochim. Biophys. Acta (BBA)—Mol. Cell Biol. Lipids 2009, 1791, 584–593.

96. Gerin, I.; Dolinsky, V.W.; Shackman, J.G.; Kennedy, R.T.; Chiang, S.-H.; Burant, C.F.; Steffensen,
K.R.; Gustafsson, J.-Å.; MacDougald, O.A. LXRβ Is Required for Adipocyte Growth, Glucose
Homeostasis, and β Cell Function. J. Biol. Chem. 2005, 280, 23024–23031.

Retrieved from https://encyclopedia.pub/entry/history/show/91659


