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Learning Objectives To identify the functions of steroids produced in mammals. All the lipids discussed so far are saponifiable, reacting with aqueous alkali to yield simpler components, such as glycerol, fatty acids, amino alcohols, and sugars. Lipid samples extracted from cellular material, however, also contain a small but important fraction that does
not react with alkali. The most important nonsaponifiable lipids are the steroids. These compounds include the bile salts, cholesterol and related compounds, and certain hormones (such as cortisone and the sex hormones). Figure \(\PageIndex{1}\) Steroids. (a) The four-fused-ring steroid skeleton uses letter designations for each ring and the
numbering of the carbon atoms. (b) The cholesterol molecule follows this pattern. Steroids occur in plants, animals, yeasts, and molds but not in bacteria. They may exist in free form or combined with fatty acids or carbohydrates. All steroids have a characteristic structural component consisting of four fused rings. Chemists identify the rings by
capital letters and number the carbon atoms as shown in Figure \(\PageIndex{1a}\). Slight variations in this structure or in the atoms or groups attached to it produce profound differences in biological activity. Cholesterol (Figure \(\PageIndex{1b}\)) does not occur in plants, but it is the most abundant steroid in the human body (240 g is a typical
amount). Excess cholesterol is believed to be a primary factor in the development of atherosclerosis and heart disease, which are major health problems in the United States today. About half of the body’s cholesterol is interspersed in the lipid bilayer of cell membranes. Much of the rest is converted to cholic acid, which is used in the formation of bile
salts. Cholesterol is also a precursor in the synthesis of sex hormones, adrenal hormones, and vitamin D. Excess cholesterol not metabolized by the body is released from the liver and transported by the blood to the gallbladder. Normally, it stays in solution there until being secreted into the intestine (as a component of bile) to be eliminated.
Sometimes, however, cholesterol in the gallbladder precipitates in the form of gallstones (Figure \(\PageIndex{2}\)). Indeed, the name cholesterol is derived from the Greek chole, meaning “bile,” and stereos, meaning “solid.” Figure \(\PageIndex{2}\): Numerous small gallstones made up largely of cholesterol, all removed in one patient. Grid scale 1
mm Heart disease is the leading cause of death in the United States for both men and women. The Centers for Disease Control and Prevention reported that heart disease claimed 631,636 lives in the United States (26% of all reported deaths) in 2006. Scientists agree that elevated cholesterol levels in the blood, as well as high blood pressure, obesity,
diabetes, and cigarette smoking, are associated with an increased risk of heart disease. A long-term investigation by the National Institutes of Health showed that among men ages 30 to 49, the incidence of heart disease was five times greater for those whose cholesterol levels were above 260 mg/100 mL of serum than for those with cholesterol levels
of 200 mg/100 mL or less. The cholesterol content of blood varies considerably with age, diet, and sex. Young adults average about 170 mg of cholesterol per 100 mL of blood, whereas males at age 55 may have cholesterol levels at 250 mg/100 mL or higher because the rate of cholesterol breakdown decreases with age. Females tend to have lower
blood cholesterol levels than males. To understand the link between heart disease and cholesterol levels, it is important to understand how cholesterol and other lipids are transported in the body. Lipids, such as cholesterol, are not soluble in water and therefore cannot be transported in the blood (an aqueous medium) unless they are complexed with
proteins that are soluble in water, forming assemblages called lipoproteins. Lipoproteins are classified according to their density, which is dependent on the relative amounts of protein and lipid they contain. Lipids are less dense than proteins, so lipoproteins containing a greater proportion of lipid are less dense than those containing a greater
proportion of protein. Research on cholesterol and its role in heart disease has focused on serum levels of low-density lipoproteins (LDLs) and high-density lipoproteins (HDLs). One of the most fascinating discoveries is that high levels of HDLs reduce a person’s risk of developing heart disease, whereas high levels of LDLs increase that risk. Thus the
serum LDL:HDL ratio is a better predictor of heart disease risk than the overall level of serum cholesterol. Persons who, because of hereditary or dietary factors, have high LDL:HDL ratios in their blood have a higher incidence of heart disease. How do HDLs reduce the risk of developing heart disease? No one knows for sure, but one role of HDLs
appears to be the transport of excess cholesterol to the liver, where it can be metabolized. Therefore, HDLs aid in removing cholesterol from blood and from the smooth muscle cells of the arterial wall. Dietary modifications and increased physical activity can help lower total cholesterol and improve the LDL:HDL ratio. The average American
consumes about 600 mg of cholesterol from animal products each day and also synthesizes approximately 1 g of cholesterol each day, mostly in the liver. The amount of cholesterol synthesized is controlled by the cholesterol level in the blood; when the blood cholesterol level exceeds 150 mg/100 mL, the rate of cholesterol biosynthesis is halved.
Hence, if cholesterol is present in the diet, a feedback mechanism suppresses its synthesis in the liver. However, the ratio of suppression is not a 1:1 ratio; the reduction in biosynthesis does not equal the amount of cholesterol ingested. Thus, dietary substitutions of unsaturated fat for saturated fat, as well as a reduction in consumption of trans fatty
acids, is recommended to help lower serum cholesterol and the risk of heart disease. Hormones are chemical messengers that are released in one tissue and transported through the circulatory system to one or more other tissues. One group of hormones is known as steroid hormones because these hormones are synthesized from cholesterol, which is
also a steroid. There are two main groups of steroid hormones: adrenocortical hormones and sex hormones. The adrenocortical hormones, such as aldosterone and cortisol (Table \(\PageIndex{1}\)), are produced by the adrenal gland, which is located adjacent to each kidney. Aldosterone acts on most cells in the body, but it is particularly effective at
enhancing the rate of reabsorption of sodium ions in the kidney tubules and increasing the secretion of potassium ions and/or hydrogen ions by the tubules. Because the concentration of sodium ions is the major factor influencing water retention in tissues, aldosterone promotes water retention and reduces urine output. Cortisol regulates several key
metabolic reactions (for example, increasing glucose production and mobilizing fatty acids and amino acids). It also inhibits the inflammatory response of tissue to injury or stress. Cortisol and its analogs are therefore used pharmacologically as immunosuppressants after transplant operations and in the treatment of severe skin allergies and
autoimmune diseases, such as rheumatoid arthritis. Table \(\PageIndex{1}\): Representative Steroid Hormones and Their Physiological Effects Hormone Effect regulates salt metabolism; stimulates kidneys to retain sodium and excrete potassium stimulates the conversion of proteins to carbohydrates regulates the menstrual cycle; maintains
pregnancy stimulates female sex characteristics; regulates changes during the menstrual cycle stimulates and maintains male sex characteristics The sex hormones are a class of steroid hormones secreted by the gonads (ovaries or testes), the placenta, and the adrenal glands. Testosterone and androstenedione are the primary male sex hormones, or
androgens, controlling the primary sexual characteristics of males, or the development of the male genital organs and the continuous production of sperm. Androgens are also responsible for the development of secondary male characteristics, such as facial hair, deep voice, and muscle strength. Two kinds of sex hormones are of particular importance
in females: progesterone, which prepares the uterus for pregnancy and prevents the further release of eggs from the ovaries during pregnancy, and the estrogens, which are mainly responsible for the development of female secondary sexual characteristics, such as breast development and increased deposition of fat tissue in the breasts, the buttocks,
and the thighs. Both males and females produce androgens and estrogens, differing in the amounts of secreted hormones rather than in the presence or absence of one or the other. Sex hormones, both natural and synthetic, are sometimes used therapeutically. For example, a woman who has had her ovaries removed may be given female hormones to
compensate. Some of the earliest chemical compounds employed in cancer chemotherapy were sex hormones. For example, estrogens are one treatment option for prostate cancer because they block the release and activity of testosterone. Testosterone enhances prostate cancer growth. Sex hormones are also administered in preparation for sex-
change operations, to promote the development of the proper secondary sexual characteristics. Oral contraceptives are synthetic derivatives of the female sex hormones; they work by preventing ovulation. Bile is a yellowish green liquid (pH 7.8-8.6) produced in the liver. The most important constituents of bile are bile salts, which are sodium salts of
amidelike combinations of bile acids, such as cholic acid (part (a) of Figure \(\PageIndex{3}\)) and an amine such as the amino acid glycine (part (b) of Figure \(\PageIndex{3}\)). They are synthesized from cholesterol in the liver, stored in the gallbladder, and then secreted in bile into the small intestine. In the gallbladder, the composition of bile
gradually changes as water is absorbed and the other components become more concentrated. Figure \(\PageIndex{3}\) Bile Acids. (a) Cholic acid is an example of a bile acid. (b) Sodium glycocholate is a bile salt synthesized from cholic acid and glycine. Because they contain both hydrophobic and hydrophilic groups, bile salts are highly effective
detergents and emulsifying agents; they break down large fat globules into smaller ones and keep those smaller globules suspended in the aqueous digestive environment. Enzymes can then hydrolyze fat molecules more efficiently. Thus, the major function of bile salts is to aid in the digestion of dietary lipids. Surgical removal is often advised for a
gallbladder that becomes infected, inflamed, or perforated. This surgery does not seriously affect digestion because bile is still produced by the liver, but the liver’s bile is more dilute and its secretion into the small intestine is not as closely tied to the arrival of food. Steroids have a four-fused-ring structure and have a variety of functions. Cholesterol
is a steroid found in mammals that is needed for the formation of cell membranes, bile acids, and several hormones. Bile salts are secreted into the small intestine to aid in the digestion of fats. Health & Medicine Anatomy & Physiology The steroid hormones consume a very small fraction of the total cholesterol available in the organism, but they are
very important physiologically. (See below Biological functions of lipids.) There are five principal classes, all derived from cholesterol: progestins (active during pregnancy), the glucocorticoids (promoting the synthesis of glucose and suppressing inflammatory reactions), the mineralocorticoids (regulating ion balances), estrogens (promoting female
sex characteristics), and androgens (promoting male sex characteristics). With the exception of progesterone, all of these closely related biologically active molecules have in common a shortened side chain in ring D and, in some cases, an oxidized OH group on ring A. The individual molecules are synthesized on demand by the placenta in pregnant
women, by the adrenal cortex, and by the gonads. High blood levels of cholesterol have been recognized as a primary risk factor for heart disease. For this reason, much research has been focused on the control of cholesterol’s biosynthesis, on its transport in the blood, and on its storage in the body. The overall level of cholesterol in the body is the
result of a balance between dietary intake and cellular biosynthesis on the one hand and, on the other hand, elimination of cholesterol from the body (principally as its metabolic products, bile acids). As the dietary intake of cholesterol increases in normal persons, there is a corresponding decrease in absorption from the intestines and an increase in
the synthesis and excretion of bile acids—which normally accounts for about 70 percent of the cholesterol lost from the body. The molecular details of these control processes are poorly understood. Regulation of cholesterol biosynthesis in the liver and other cells of the body is better understood. The initial enzyme that forms mevalonate in the first
stage of biosynthesis is controlled by two processes. One is inhibition of the synthesis of this enzyme by cholesterol itself or a derivative of it. The other is regulation of the catalytic activity of the enzyme by phosphorylation/dephosphorylation in response to intracellular signals. Several pharmacological agents also inhibit the enzyme, with the result
that unhealthy levels of cholesterol can be lowered over a period of time. The normal human body contains about 100 grams of cholesterol, although this amount can vary considerably among healthy people. Approximately 60 grams of this total are moving dynamically through the organism. Because cholesterol is insoluble in water, the basis of the
bodily fluids, it is carried through the circulatory system by transport particles in the blood called lipoproteins. These microscopic complexes (described in the section Lipoproteins) contain both lipids and proteins that can accommodate cholesterol and still remain soluble in blood. Cholesterol is absorbed into the cells of the intestinal lining, where it
is incorporated into lipoprotein complexes called chylomicrons and then secreted into the lymphatic circulation. The lymph ultimately enters the bloodstream, and the lipoproteins are carried to the liver. Cholesterol, whether derived from the diet or newly synthesized by the liver, is transported in the blood in lipoproteins (VLDL and LDL) to the
tissues and organs of the body. There the cholesterol is incorporated into biological membranes or stored as cholesteryl esters—molecules formed by the reaction of a fatty acid (most commonly oleate) with the hydroxyl group of cholesterol. Esters of cholesterol are even more hydrophobic than cholesterol itself, and in cells they coalesce into droplets
analogous to the fat droplets in adipose cells. Cholesterol is lost from cells in peripheral tissues by transfer to another type of circulating lipoprotein (HDL) in the blood and is then returned to the liver, where it is metabolized to bile acids and salts. low-density lipoprotein (LDL) complexThe LDL complex is essentially a droplet of triacylglycerols and
cholesteryl esters encased in a sphere made up of phospholipid, free cholesterol, and protein molecules known as apoprotein B-100 (ApoB-100). The LDL complex is the principal vehicle for delivering cholesterol to body tissues through the blood.Lipoproteins are lipid-protein complexes that allow all lipids derived from food or synthesized in specific
organs to be transported throughout the body by the circulatory system. The basic structure of these aggregates is that of an oil droplet made up of triglycerides and cholesteryl esters surrounded by a layer of proteins and amphipathic lipids—very similar to that of a micelle, a spherical structure described in the section Fatty acids. If the
concentration of one or another lipoprotein becomes too high, then a fraction of the complex becomes insoluble and is deposited on the walls of arteries and capillaries. This buildup of deposits is called atherosclerosis and ultimately results in blockage of critical arteries to cause a heart attack or stroke. Because of the gravity of this condition, much
research is focused on lipoproteins and their functions. The emphasis in the following discussion is therefore placed on human lipoproteins. Health & Medicine Anatomy & Physiology The steroid hormones consume a very small fraction of the total cholesterol available in the organism, but they are very important physiologically. (See below Biological
functions of lipids.) There are five principal classes, all derived from cholesterol: progestins (active during pregnancy), the glucocorticoids (promoting the synthesis of glucose and suppressing inflammatory reactions), the mineralocorticoids (regulating ion balances), estrogens (promoting female sex characteristics), and androgens (promoting male
sex characteristics). With the exception of progesterone, all of these closely related biologically active molecules have in common a shortened side chain in ring D and, in some cases, an oxidized OH group on ring A. The individual molecules are synthesized on demand by the placenta in pregnant women, by the adrenal cortex, and by the gonads. High
blood levels of cholesterol have been recognized as a primary risk factor for heart disease. For this reason, much research has been focused on the control of cholesterol’s biosynthesis, on its transport in the blood, and on its storage in the body. The overall level of cholesterol in the body is the result of a balance between dietary intake and cellular
biosynthesis on the one hand and, on the other hand, elimination of cholesterol from the body (principally as its metabolic products, bile acids). As the dietary intake of cholesterol increases in normal persons, there is a corresponding decrease in absorption from the intestines and an increase in the synthesis and excretion of bile acids—which
normally accounts for about 70 percent of the cholesterol lost from the body. The molecular details of these control processes are poorly understood. Regulation of cholesterol biosynthesis in the liver and other cells of the body is better understood. The initial enzyme that forms mevalonate in the first stage of biosynthesis is controlled by two
processes. One is inhibition of the synthesis of this enzyme by cholesterol itself or a derivative of it. The other is regulation of the catalytic activity of the enzyme by phosphorylation/dephosphorylation in response to intracellular signals. Several pharmacological agents also inhibit the enzyme, with the result that unhealthy levels of cholesterol can be
lowered over a period of time. The normal human body contains about 100 grams of cholesterol, although this amount can vary considerably among healthy people. Approximately 60 grams of this total are moving dynamically through the organism. Because cholesterol is insoluble in water, the basis of the bodily fluids, it is carried through the
circulatory system by transport particles in the blood called lipoproteins. These microscopic complexes (described in the section Lipoproteins) contain both lipids and proteins that can accommodate cholesterol and still remain soluble in blood. Cholesterol is absorbed into the cells of the intestinal lining, where it is incorporated into lipoprotein
complexes called chylomicrons and then secreted into the lymphatic circulation. The lymph ultimately enters the bloodstream, and the lipoproteins are carried to the liver. Cholesterol, whether derived from the diet or newly synthesized by the liver, is transported in the blood in lipoproteins (VLDL and LDL) to the tissues and organs of the body. There
the cholesterol is incorporated into biological membranes or stored as cholesteryl esters—molecules formed by the reaction of a fatty acid (most commonly oleate) with the hydroxyl group of cholesterol. Esters of cholesterol are even more hydrophobic than cholesterol itself, and in cells they coalesce into droplets analogous to the fat droplets in
adipose cells. Cholesterol is lost from cells in peripheral tissues by transfer to another type of circulating lipoprotein (HDL) in the blood and is then returned to the liver, where it is metabolized to bile acids and salts. low-density lipoprotein (LDL) complexThe LDL complex is essentially a droplet of triacylglycerols and cholesteryl esters encased in a
sphere made up of phospholipid, free cholesterol, and protein molecules known as apoprotein B-100 (ApoB-100). The LDL complex is the principal vehicle for delivering cholesterol to body tissues through the blood.Lipoproteins are lipid-protein complexes that allow all lipids derived from food or synthesized in specific organs to be transported
throughout the body by the circulatory system. The basic structure of these aggregates is that of an oil droplet made up of triglycerides and cholesteryl esters surrounded by a layer of proteins and amphipathic lipids—very similar to that of a micelle, a spherical structure described in the section Fatty acids. If the concentration of one or another
lipoprotein becomes too high, then a fraction of the complex becomes insoluble and is deposited on the walls of arteries and capillaries. This buildup of deposits is called atherosclerosis and ultimately results in blockage of critical arteries to cause a heart attack or stroke. Because of the gravity of this condition, much research is focused on
lipoproteins and their functions. The emphasis in the following discussion is therefore placed on human lipoproteins. Cholesterol is a structural component of cell membranes and serves as a building block for synthesizing various steroid hormones, vitamin D, and bile acids. Besides their structural role providing stability and fluidity, cholesterol also
plays a crucial role in regulating cell function.[1][2][3] Cholesterol is a 27 carbon compound with a unique structure with a hydrocarbon tail, a central sterol nucleus made of four hydrocarbon rings, and a hydroxyl group. The center sterol nucleus or ring is a feature of all steroid hormones. The hydrocarbon tail and the central ring are non-polar and
therefore do not mix with water. Therefore cholesterol (lipid) is packaged together with apoproteins (protein) in order to be carried through the blood circulation as a lipoprotein.Humans can synthesize cholesterol de novo and can also obtain it from the diet. De Novo synthesis occurs in the liver and the intestines, each organ accounting for ~ 10% of
total cholesterol in the body. Dietary triglycerides and cholesterol are packaged together with Apo proteins in the liver before being released into the circulation as very low-density lipoproteins (VLDL). Packaging of cholesterol together with Apo protein is essential as the hydrophobic nature of cholesterol makes it impossible for transportation
through the blood. VLDL contains triglycerides, cholesterol, and phospholipids. Degradation of triglycerides in VLDL results in smaller low-density lipoproteins (LDL) that are rich in cholesterol.[4] Cholesterol-rich low-density lipoproteins (LDLs) travel through the blood circulation. They are delivered to the peripheral tissues, where LDL is recognized
by the LDL receptors on the cell membranes and is endocytosed via receptor-mediated endocytosis.[5] Besides LDL, high-density lipoproteins (HDLs) carry cholesterol from the peripheral tissues to the liver in a reverse transport mechanism to get rid of any excess cholesterol.[6]While all cells can synthesize cholesterol to a small extent, the liver is
the major site of cholesterol synthesis. The cholesterol synthesis occurs in the hepatic cytoplasm and requires enzymes n the cytoplasm and the smooth endoplasmic reticulum (SER). The first step of cholesterol biosynthesis involves condensing 2 molecules of acetyl-CoA to form acetoacetyl-CoA. Next, a cytosolic enzyme HMG-CoA synthase adds a
third molecule of acetyl-CoA to acetoacetyl-CoA, making a six-carbon compound called 3-hydroxy-3-methyl glutaryl coenzyme A (HMG-CoA). An isozyme of HMG-CoA synthase in mitochondria catalyzes the rate-limiting reaction in ketogenesis. HMG-CoA reductase, a regulatory enzyme in the smooth ER catalyzes the next step, which reduces HMG-
CoA to mevalonate. Synthesis of mevalonate is the key rate-limiting, committed step in the synthesis of cholesterol. A series of reactions convert Mevalonate to 3-isopentenyl pyrophosphate, farnesyl pyrophosphate, squalene, and lanosterol. Lanosterol then goes through another19-step ER-associated process to finally synthesize cholesterol. The
terminal step is catalyzed by 7-dehydrocholesterol reductase that converts 7-dehydrocholesterol to cholesterol.[7]Cholesterol synthesis is regulated by modulating HMG-CoA reductase by different mechanisms. These include covalent modification of enzymes, allosteric feedback inhibition affecting the reaction rate, hormonal control, and
transcriptional control of gene expression. HMG CoA reductase is regulated covalently through the actions of adenosine monophosphate (AMP)-activated protein kinase (AMPK) and a phosphoprotein phosphatase which switch the enzyme between dephosphorylated (active) and phosphorylated (inactive) state. When plenty of cholesterol is available,
high levels cause feedback inhibition to decrease the HMG-CoA reductase activity. In a well-fed state, with plenty of substrate availability, insulin and thyroxine cause upregulation of the enzyme. The counterregulatory hormone for cortisol, glucocorticoids, and insulin is glucagon, which has an inhibitory effect.Transcriptional control of gene
expression is another important mechanism that regulates HMG-CoA reductase. This involves the special transcription factors, known as sterol regulatory binding proteins, to be present in the membranes of ER. In cholesterol-depleted cells, the SREBPs are transported to the Golgi complex, where they are processed to release an active fragment that
enters the nucleus to bind the SRE (sterol regulatory element) and activate the transcription of the genes encoding HMG-CoA reductase and other enzymes involved in cholesterol biosynthesis. When cholesterol levels are high in the cells, the transport of SREBPs to the Golgi complex is blocked as the enzyme binds to another set of proteins that
retain to the ER called ‘insigs’ (insulin signaling proteins). This prevents the proteolytic release of the active fragment of SREBPs from ER membranes. Since the fragment is not available to bind the SRE in the nucleus, the transcription of the target genes no longer occurs, and HMG-CoA reductase is not activated. [8]Cholesterol fulfills several
biological functions and is necessary for successful cellular homeostasis. It acts as a precursor to bile acids, assists in steroid and vitamin D synthesis, and plays a central role in maintaining cellular membrane rigidity and fluidity.[9]All classes of steroid hormones, glucocorticoids, mineralocorticoids, and sex hormones, are derivatives of cholesterol.
Synthesis occurs in the placenta and ovaries (estrogens and progestins), testes (testosterone), and adrenal cortex (cortisol, aldosterone, and androgens). The initial rate-limiting reaction converts cholesterol to pregnenolone, which is then oxidized and isomerized to progesterone. It is further modified in the ER and mitochondria by various
hydroxylation reactions to other steroid hormones (cortisol, androgens, and aldosterone). Aldosterone acts primarily on the renal tubules, stimulating potassium excretion and uptake of sodium and water. Its ultimate effect is an increase in blood pressure. Cortisol allows the body to handle and respond to stress through its effects on intermediary
metabolism, in other words, increased gluconeogenesis and the inflammatory and immune responses. The androgens, specifically testosterone, estrogens, and progestins, are responsible for sexual differentiation, libido, spermatogenesis, and ovarian follicle production.Vitamin D3 (cholecalciferol) from either the skin or the

diet undergoes hydroxylation by 25-alpha hydroxylase to form 25-hydroxycholecalciferol (calcidiol) in the liver from lipid-soluble compounds with a 4-ringed cholesterol backbone. It is then further hydroxylated by 1-alpha hydroxylase to an active form 1,25-dihydroxycholecalciferol (calcitriol) in the kidneys. Vitamin D plays an integral role in the
terminal differentiation of hypertrophic chondrocytes, subsequent calcification of the bone matrix. In addition, it plays an important role in calcium homeostasis helps by mobilizing calcium from the bones and stimulating intestinal absorption and reabsorption in the kidneys.[10]Bile is a watery mixture of both inorganic and organic compounds, of
which phosphatidylcholine and conjugated bile salts/acids are quantitatively the most important. Between 15 and 30 grams of bile salts/acids are secreted from the liver each day, but as a result of bile reabsorption, only about 0.5 grams are lost daily in the feces. As a result, to replace the amount lost, roughly 0.5 grams per day is synthesized from
cholesterol in the liver. Cholesterol is incorporated as the backbone in bile acid synthesis, a complex multistep, multi-organelle process. This synthesis accomplishes 2 goals. First, it creates a way for the body to excrete cholesterol as there is no way to break it down physiologically, and it allows lipids to be digested via emulsification and subsequent
break down by pancreatic enzymes.While cholesterol is vital for the functioning of our cells, elevated levels can cause serious problems. In addition, it is implicated in many genetic diseases, such as cholelithiasis, and is also the target of many therapeutic pharmacologic drugs. Cholelithiasis The formation of gallstones occurs if there is either a bile
salt deficiency or excess cholesterol secreted into the bile. In other words, when the liver secretes cholesterol, there must be a proper balance of bile salts, cholesterol, and phospholipids, as an imbalance causes cholesterol to precipitate. In pathologic states of hypercholesteremia, gallstones are often formed, leading to cholecystitis or even ascending
cholangitis. Understanding this precarious relationship led to the invention of two important types of antihyperlipidemic drugs: bile acid-binding resins (cholestyramine/colestipol/colesevelam) and cholesterol absorption inhibitors (ezetimibe). The former acts by blocking the reabsorption of bile acids in the small intestine, which then forces the liver to
synthesize more bile acids to use up excess cholesterol in the process, thus lowering serum cholesterol levels. Ezetimibe acts similarly by blocking the absorption of cholesterol in jejunal enterocytes, allowing the body to take excess cholesterol and again secrete it into bile. It is interesting to note that Fibrates, another class of antihyperlipidemic
drugs, can cause cholelithiasis. This occurs simply by causing cholesterol excretion into the bile, and as previously mentioned, if there is excess cholesterol in bile, it precipitates and forms stones.[11] Statins These are an important class of FDA-approved drugs used for the treatment of hyperlipidemia and hypercholesterolemia. Statins are reversible
competitive inhibitors of HMG-CoA reductase, the rate-limiting enzyme in cholesterol synthesis. They are structural analogs of HMG-CoA, the substrate for HMG-CoA reductase. Their action is mediated through transcriptional control of gene expression by SREBPs and by increasing the levels of LDL receptors on cells to facilitate the removal of
excess LDL. When serum cholesterol levels are too high, statins may be used to stop de novo synthesis in the liver.[12] Atherosclerosis This is a result of an increased level of circulating LDL lipoproteins. LDLs are commonly referred to as the "bad" lipoproteins as they carry a very high concentration of cholesterol. When LDL levels are pathologically
high, LDL deposits in the arterial wall and oxidize. Macrophages engulf these oxidized LDL particles, leading to their transformation that appears like foam, hence the name "foam" cells. Harvesting oxLLDL by macrophages triggers the activation of cytokines, growth factors, leukocytes, and neovascularization, and smooth muscle cell proliferation. This
results in fatty streak formation and eventually causes the formation of atherosclerotic plaques and consequently coronary artery disease.[13] Familial Hypercholesterolemia This inherited condition is due to mutations in certain genes such as ApoB, LDLR, LDLARP1, or PCSK9 and causes familial hypercholesterolemia. The most common defect is a
mutation of the LDL receptor, where LDLR can no longer clear the LDL from the blood circulation. This results in high cholesterol levels in the blood that can deposit in the blood vessels, accumulate and cause hardening of the arteries. If left untreated, the excess build-up can cause coronary heart disease. Review Questionsl.Rahmati-Ahmadabad S,
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declares no relevant financial relationships with ineligible companies. Disclosure: Siva Naga Yarrarapu declares no relevant financial relationships with ineligible companies. Disclosure: Manjari Dimri declares no relevant financial relationships with ineligible companies. Steroid hormones are derivatives of cholesterol that are synthesized by a variety
of tissues, most prominently the adrenal gland and gonads. The cholesterol precursor comes from cholesterol synthesized within the cell from acetate, from cholesterol ester stores in intracellular lipid droplets or from uptake of cholesterol-containing low density lipoproteins. Lipoproteins taken up from plasma are most important when steroidogenic
cells are chronically stimulated. The basic cyclopentanoperhydrophenanthrene ring structure and carbon numbering system of all steroid hormones is depicted to the right, using pregnenolone as an example. Pregnenolone is an example of what is called a "C-21 steroid" because it has 21 carbons. Similarly, a steroid such as testosterone (see below) is
referred to as a "C-19 steroid". Biosynthesis of steroid hormones requires a battery of oxidative enzymes located in both mitochondria and endoplasmic reticulum. The rate-limiting step in this process is the transport of free cholesterol from the cytoplasm into mitochondria. Within mitochondria, cholesterol is converted to pregnenolone by an enzyme
in the inner membrane called CYP11A1l. Pregnenolone itself is not a hormone, but is the immediate precursor for the synthesis of all of the steroid hormones. The following table delineates the enzymes required to synthesize the major classes of steroid hormones. Common name "Old" name Current name Side-chain cleavage enzyme; desmolase
P450SCC CYP11A1 3 beta-hydroxysteroid dehydrogenase 3 beta-HSD 3 beta-HSD 17 alpha-hydroxylase/17,20 lyase P450C17 CYP17 21-hydroxylase P450C21 CYP21A2 11 beta-hydroxylase PA50C11 CYP11B1 Aldosterone synthase P450C11AS CYP11B2 Aromatase P450aro CYP19 Typically, endocrinologists classify steroid hormones into five groups of
molecules, based primarily on the receptor to which they bind: Glucocorticoids; cortisol is the major representative in most mammals Mineralocorticoids; aldosterone being most prominent Androgens such as testosterone Estrogens, including estrodiol and estrone Progestogens (also known a progestins) such as progesterone The biosynthetic
pathways for major representatives of these classes of steroid hormones is depicted in the following diagram. Be aware that a variety of related molecules exist, some of which may have significant effects, particularly in certain pathologic conditions. Send comments to Richard.Bowen@colostate.edu Health & Medicine Anatomy & Physiology The
steroid hormones consume a very small fraction of the total cholesterol available in the organism, but they are very important physiologically. (See below Biological functions of lipids.) There are five principal classes, all derived from cholesterol: progestins (active during pregnancy), the glucocorticoids (promoting the synthesis of glucose and
suppressing inflammatory reactions), the mineralocorticoids (regulating ion balances), estrogens (promoting female sex characteristics), and androgens (promoting male sex characteristics). With the exception of progesterone, all of these closely related biologically active molecules have in common a shortened side chain in ring D and, in some cases,
an oxidized OH group on ring A. The individual molecules are synthesized on demand by the placenta in pregnant women, by the adrenal cortex, and by the gonads. High blood levels of cholesterol have been recognized as a primary risk factor for heart disease. For this reason, much research has been focused on the control of cholesterol’s
biosynthesis, on its transport in the blood, and on its storage in the body. The overall level of cholesterol in the body is the result of a balance between dietary intake and cellular biosynthesis on the one hand and, on the other hand, elimination of cholesterol from the body (principally as its metabolic products, bile acids). As the dietary intake of
cholesterol increases in normal persons, there is a corresponding decrease in absorption from the intestines and an increase in the synthesis and excretion of bile acids—which normally accounts for about 70 percent of the cholesterol lost from the body. The molecular details of these control processes are poorly understood. Regulation of cholesterol
biosynthesis in the liver and other cells of the body is better understood. The initial enzyme that forms mevalonate in the first stage of biosynthesis is controlled by two processes. One is inhibition of the synthesis of this enzyme by cholesterol itself or a derivative of it. The other is regulation of the catalytic activity of the enzyme by
phosphorylation/dephosphorylation in response to intracellular signals. Several pharmacological agents also inhibit the enzyme, with the result that unhealthy levels of cholesterol can be lowered over a period of time. The normal human body contains about 100 grams of cholesterol, although this amount can vary considerably among healthy people.
Approximately 60 grams of this total are moving dynamically through the organism. Because cholesterol is insoluble in water, the basis of the bodily fluids, it is carried through the circulatory system by transport particles in the blood called lipoproteins. These microscopic complexes (described in the section Lipoproteins) contain both lipids and
proteins that can accommodate cholesterol and still remain soluble in blood. Cholesterol is absorbed into the cells of the intestinal lining, where it is incorporated into lipoprotein complexes called chylomicrons and then secreted into the lymphatic circulation. The lymph ultimately enters the bloodstream, and the lipoproteins are carried to the liver.
Cholesterol, whether derived from the diet or newly synthesized by the liver, is transported in the blood in lipoproteins (VLDL and LDL) to the tissues and organs of the body. There the cholesterol is incorporated into biological membranes or stored as cholesteryl esters—molecules formed by the reaction of a fatty acid (most commonly oleate) with the
hydroxyl group of cholesterol. Esters of cholesterol are even more hydrophobic than cholesterol itself, and in cells they coalesce into droplets analogous to the fat droplets in adipose cells. Cholesterol is lost from cells in peripheral tissues by transfer to another type of circulating lipoprotein (HDL) in the blood and is then returned to the liver, where it
is metabolized to bile acids and salts. low-density lipoprotein (LDL) complexThe LDL complex is essentially a droplet of triacylglycerols and cholesteryl esters encased in a sphere made up of phospholipid, free cholesterol, and protein molecules known as apoprotein B-100 (ApoB-100). The LDL complex is the principal vehicle for delivering cholesterol
to body tissues through the blood.Lipoproteins are lipid-protein complexes that allow all lipids derived from food or synthesized in specific organs to be transported throughout the body by the circulatory system. The basic structure of these aggregates is that of an oil droplet made up of triglycerides and cholesteryl esters surrounded by a layer of
proteins and amphipathic lipids—very similar to that of a micelle, a spherical structure described in the section Fatty acids. If the concentration of one or another lipoprotein becomes too high, then a fraction of the complex becomes insoluble and is deposited on the walls of arteries and capillaries. This buildup of deposits is called atherosclerosis and
ultimately results in blockage of critical arteries to cause a heart attack or stroke. Because of the gravity of this condition, much research is focused on lipoproteins and their functions. The emphasis in the following discussion is therefore placed on human lipoproteins. Steroid hormones are crucial for the regulation of many aspects of metabolism,
homeostasis, immune function, reproduction, and development. Cholesterol is the precursor for the synthesis of steroid hormones by a succession of enzyme-catalyzed reactions. While studies of the regulation of steroidogenesis often focus on these enzymes, availability of cholesterol is also crucial for steroid synthesis. Its optimal intracellular levels
for steroidogenesis and other essential functions are maintained through acquisition of cholesteryl esters from circulating lipoproteins, de novo synthesis, and retrieval of stored cholesteryl esters in lipid droplets, balanced by its removal by use, including for steroid synthesis, esterification for storage, or extrusion from the cell (1, 2). A recent
publication addresses the importance of the adenosine triphosphate (ATP)-binding cassette transporter G1, which transfers intracellular cholesterol to circulating high-density lipoprotein (HDL), in decreasing its availability for steroidogenesis (3). The initial step in steroid biosynthesis requires transport of cholesterol in the cytosol from the outer
mitochondrial membrane into the inner mitochondrial membrane by the steroidogenesis acute regulator protein (StAR) where the CYP11A1 enzyme transforms cholesterol to pregnenolone, the starting steroid for all the steroidogenic cascades (4); however, regulation of the availability and presentation of cholesterol for StAR action in mitochondria is
similarly important (1). While cholesterol synthesis within the cell by the rate-limiting enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase can provide the cholesterol needed for steroidogenesis, most of the adrenal cholesterol normally comes from circulating lipoproteins. There are 2 paths for circulating cholesterol uptake in the adrenal
steroidogenic cells, low-density lipoprotein (LDL) receptor-mediated endocytosis and “selective” uptake by the HDL scavenger receptor, class B type I (SR-B1). Internalized LDL containing the esterified cholesterol is degraded in lysosomes, releasing cholesteryl esters that are hydrolyzed by the lysosomal acid lipase to produce free cholesterol for
steroid synthesis. Cholesterol sequestered by SR-B1 remains in the plasma membrane and is mobilized for steroidogenesis on stimulation. In humans, the LDL receptor plays a greater role in providing cholesterol to adrenal steroidogenic cells; SR-B1 is more prevalent in rodents (1). Disruption of LDL function, or human carriers of functional
mutations in the SR-B1, result in subtle abnormalities in cortisol response to adrenocorticotropin (ACTH) stimulation, which is more prominent in the case of SR-B1-knockout (KO) mice as predicted (2). Unused, free cholesterol within the cell is reesterified by the Acyl CoA:cholesterol acyltransferse and stored in lipid droplets (1). On stimulation by
ACTH, the cholesterol esters in the lipid droplets are hydrolyzed by the endosomal hormone-sensitive lipase close to the mitochondria where the StAR protein resides (5). Lipoproteins appear to have roles in the regulation of adrenal steroidogenesis in addition to providing cholesterol (6, 7). In cell culture studies, HDL and very LDL stimulate
aldosterone biosynthesis through a signaling cascade similar to that of angiotensin II by promoting the phosphorylation of the regulatory transcription factor cyclic adenosine monophosphate response element-binding protein (CREB), resulting in mobilization of cytosolic calcium levels, stimulation of phospholipase D, and expression of StAR protein
and aldosterone synthase (CYP11B2) (6, 7). The mechanism(s) for this effect is not clear. Endogenous HDL is a carrier of many different proteins, one or several of which may mediate the stimulatory effect, as synthetic HDL does not have a similar effect (8). Whether these lipoproteins have a signaling role in regulating steroidogenesis in addition to
being the main source of cholesterol esters to the adrenal in vivo is yet unknown. Intracellular free cholesterol not used for the synthesis of steroids is reesterified and deposited into lipid droplets, or extruded from the cell through ATP-binding cassettes G1 and Al and locally produced apolipoprotein E (2, 3). The roles of the latter proteins appear to
be more complex than simply mediating cholesterol efflux from the cell. The family of ATP-binding cassette proteins uses ATP hydrolysis to transport a variety of substrates to multiple acceptors including LDL, HDL, and liposomes (2). Fasting stress in normal mice induces a significant increase in the messenger RNA expression of the SR-B1, a
decrease in Ldlr, Apoe, and the ATP-binding cassette genes Abcgl and Abcal required for cholesterol transport, with no change in the Hmgcr required for cholesterol production (2). The impaired efflux of cholesterol in Apoe-KO mice is associated with increased secretion of glucocorticoids induced by stress, while mice with a global KO of the Abcg1l
cassette showed an increase in corticosterone in response to fasting stress or ACTH challenge that was significantly less than in wild-type mice (2). The Abcg1-KO mice had no changes in adrenal weight or the relative messenger RNA expression of the various steroidogenic enzymes, a decrease in neutral lipid accumulation, a nonsignificant decrease
in the adrenal levels of esterified cholesterol, and an increase in Apoe and Abcal expression that also mediate the efflux of cholesterol from the adrenal (2). In contrast, the 40% reduction of Abcgl specifically in the adrenal cortex did not alter levels of Abcal expression, but paradoxically increased the expression of genes that promote cholesterol
uptake, Ldlr, and synthesis, Hmgcr and Sqle. Insigl, which encodes the insulin-induced gene, was also increased, suggesting that cholesterol metabolism was dysregulated. Intracellular cholesterol pools, the expression of steroidogenic enzymes in the adrenal, glucocorticoid-responsive genes in the liver, and plasma ACTH were unchanged; however,
there was a significant increase in corticosterone (3). Inactivation of the adrenal Abcal gene in the adrenal cortex did not alter plasma ACTH or total adrenal steroid synthesis, nor was it reported to have similar effects on cholesterol transport that the Abcgl partial inactivation did (3). The efficacy of mechanisms mediating and regulating the efflux of
cholesterol from adrenal steroidogenic cells is unclear. Adrenocortical cells of patients with congenital lipoid hyperplasia due to loss-of-function mutations of the StAR protein or StAR-KO mice have a significant increase in lipid droplets, suggesting that the efflux mechanism cannot compensate when use of cholesterol in the early phase of steroid
synthesis is abnormal (4). However, the seemingly contradictory results suggest that Abcgl affects adrenal steroidogenesis by mechanisms in addition to mediating cholesterol efflux from the adrenal cortical cell. ACTH adrenocorticotropin ATP, HDL high-density lipoprotein KO knockout LDL low-density lipoprotein SR-B1 scavenger receptor, class B
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Endocrinology. 2016;157(8):3122-3129. [DOI] [PMC free article] [PubMed] [Google Scholar] Health & Medicine Anatomy & Physiology The steroid hormones consume a very small fraction of the total cholesterol available in the organism, but they are very important physiologically. (See below Biological functions of lipids.) There are five principal
classes, all derived from cholesterol: progestins (active during pregnancy), the glucocorticoids (promoting the synthesis of glucose and suppressing inflammatory reactions), the mineralocorticoids (regulating ion balances), estrogens (promoting female sex characteristics), and androgens (promoting male sex characteristics). With the exception of
progesterone, all of these closely related biologically active molecules have in common a shortened side chain in ring D and, in some cases, an oxidized OH group on ring A. The individual molecules are synthesized on demand by the placenta in pregnant women, by the adrenal cortex, and by the gonads. High blood levels of cholesterol have been
recognized as a primary risk factor for heart disease. For this reason, much research has been focused on the control of cholesterol’s biosynthesis, on its transport in the blood, and on its storage in the body. The overall level of cholesterol in the body is the result of a balance between dietary intake and cellular biosynthesis on the one hand and, on
the other hand, elimination of cholesterol from the body (principally as its metabolic products, bile acids). As the dietary intake of cholesterol increases in normal persons, there is a corresponding decrease in absorption from the intestines and an increase in the synthesis and excretion of bile acids—which normally accounts for about 70 percent of the
cholesterol lost from the body. The molecular details of these control processes are poorly understood. Regulation of cholesterol biosynthesis in the liver and other cells of the body is better understood. The initial enzyme that forms mevalonate in the first stage of biosynthesis is controlled by two processes. One is inhibition of the synthesis of this
enzyme by cholesterol itself or a derivative of it. The other is regulation of the catalytic activity of the enzyme by phosphorylation/dephosphorylation in response to intracellular signals. Several pharmacological agents also inhibit the enzyme, with the result that unhealthy levels of cholesterol can be lowered over a period of time. The normal human
body contains about 100 grams of cholesterol, although this amount can vary considerably among healthy people. Approximately 60 grams of this total are moving dynamically through the organism. Because cholesterol is insoluble in water, the basis of the bodily fluids, it is carried through the circulatory system by transport particles in the blood
called lipoproteins. These microscopic complexes (described in the section Lipoproteins) contain both lipids and proteins that can accommodate cholesterol and still remain soluble in blood. Cholesterol is absorbed into the cells of the intestinal lining, where it is incorporated into lipoprotein complexes called chylomicrons and then secreted into the
lymphatic circulation. The lymph ultimately enters the bloodstream, and the lipoproteins are carried to the liver. Cholesterol, whether derived from the diet or newly synthesized by the liver, is transported in the blood in lipoproteins (VLDL and LDL) to the tissues and organs of the body. There the cholesterol is incorporated into biological membranes
or stored as cholesteryl esters—molecules formed by the reaction of a fatty acid (most commonly oleate) with the hydroxyl group of cholesterol. Esters of cholesterol are even more hydrophobic than cholesterol itself, and in cells they coalesce into droplets analogous to the fat droplets in adipose cells. Cholesterol is lost from cells in peripheral tissues
by transfer to another type of circulating lipoprotein (HDL) in the blood and is then returned to the liver, where it is metabolized to bile acids and salts. low-density lipoprotein (LDL) complexThe LDL complex is essentially a droplet of triacylglycerols and cholesteryl esters encased in a sphere made up of phospholipid, free cholesterol, and protein
molecules known as apoprotein B-100 (ApoB-100). The LDL complex is the principal vehicle for delivering cholesterol to body tissues through the blood.Lipoproteins are lipid-protein complexes that allow all lipids derived from food or synthesized in specific organs to be transported throughout the body by the circulatory system. The basic structure of
these aggregates is that of an oil droplet made up of triglycerides and cholesteryl esters surrounded by a layer of proteins and amphipathic lipids—very similar to that of a micelle, a spherical structure described in the section Fatty acids. If the concentration of one or another lipoprotein becomes too high, then a fraction of the complex becomes
insoluble and is deposited on the walls of arteries and capillaries. This buildup of deposits is called atherosclerosis and ultimately results in blockage of critical arteries to cause a heart attack or stroke. Because of the gravity of this condition, much research is focused on lipoproteins and their functions. The emphasis in the following discussion is
therefore placed on human lipoproteins. As a library, NLM provides access to scientific literature. Inclusion in an NLM database does not imply endorsement of, or agreement with, the contents by NLM or the National Institutes of Health. Learn more: PMC Disclaimer | PMC Copyright Notice . 2010 Jun 1;7:47. doi: 10.1186/1743-7075-7-47 Steroid
hormones regulate diverse physiological functions such as reproduction, blood salt balance, maintenance of secondary sexual characteristics, response to stress, neuronal function and various metabolic processes. They are synthesized from cholesterol mainly in the adrenal gland and gonads in response to tissue-specific tropic hormones. These
steroidogenic tissues are unique in that they require cholesterol not only for membrane biogenesis, maintenance of membrane fluidity and cell signaling, but also as the starting material for the biosynthesis of steroid hormones. It is not surprising, then, that cells of steroidogenic tissues have evolved with multiple pathways to assure the constant
supply of cholesterol needed to maintain optimum steroid synthesis. The cholesterol utilized for steroidogenesis is derived from a combination of sources: 1) de novo synthesis in the endoplasmic reticulum (ER); 2) the mobilization of cholesteryl esters (CEs) stored in lipid droplets through cholesteryl ester hydrolase; 3) plasma lipoprotein-derived CEs
obtained by either LDL receptor-mediated endocytic and/or SR-Bl-mediated selective uptake; and 4) in some cultured cell systems from plasma membrane-associated free cholesterol. Here, we focus on recent insights into the molecules and cellular processes that mediate the uptake of plasma lipoprotein-derived cholesterol, events connected with the
intracellular cholesterol processing and the role of crucial proteins that mediate cholesterol transport to mitochondria for its utilization for steroid hormone production. In particular, we discuss the structure and function of SR-BI, the importance of the selective cholesterol transport pathway in providing cholesterol substrate for steroid biosynthesis
and the role of two key proteins, StAR and PBR/TSO in facilitating cholesterol delivery to inner mitochondrial membrane sites, where P450scc (CYP11A) is localized and where the conversion of cholesterol to pregnenolone (the common steroid precursor) takes place. Cholesterol is a starting material for the biosynthesis of steroid hormones; these fat



soluble, low molecular weight substances play diverse and important physiological functions (Table 1). There are five major classes of steroid hormones: testosterone (androgen), estradiol (estrogen), progesterone (progestin), cortisol/corticosterone (glucocorticoid), and aldosterone (mineralocorticoids). Testosterone and its more potent metabolite
dihydrotestosterone (DHT), progesterone and estradiol are classified as sex-steroids, whereas cortisol/corticosterone and aldosterone are collectively referred to as corticosteroids [1-3]. All these steroid hormones are synthesized from cholesterol through a common precursor steroid, pregnenolone [1-3], which is formed by the enzymatic cleavage of a
6-carbon side-chain of the 27-carbon cholesterol molecule, a reaction catalyzed by the cytochrome P450 side-chain cleavage enzyme (P450scc, CYP11A1) (Fig. 1) [4-6]. The adrenal gland produces both corticosteroids and androgens (dihydroepiandosterone [DHEA], and androstenedione); aldosterone is mainly produced by the cells of the zona
glomerulosa layer, cortisol/corticosterone is principally produced by the adrenocortical cells of the zona fasciculata layer and adrenal DHEA whereas androstenedione is synthesized by cells of the zona reticularis layer (Table 1) [1,7-9]. The ovarian granulosa cells mainly secrete progesterone (and its metabolite 20a-hydroxyprogesterone) and
estradiol; ovarian theca cells predominantly synthesize androgens, and ovarian luteal cells secrete progesterone (and its metabolite 20a-hydroxyprogesterone), while testicular Leydig cells are the site of testosterone production (Table 1) [1,7-9]. Progesterone is also synthesized by the corpus luteum during the first 6-8 weeks of gestation, but during
pregnancy the main source of progesterone is the placenta [10,11]. The brain also synthesizes steroids de novo from cholesterol through mechanisms that are at least partly independent of peripheral steroidogenic cells [[12-14] and references there in]. Such de novo synthesized brain steroids are commonly referred to as neurosteroids [12-14]. Major
steroids and their physiological functions Steroidogenic Tissues Trophic Hormone Steroids(s) Physiological Functions Ovary Granulosa cells FSH Estradiol Estrogen, a principal female sex steroid, required for growth and ovulation, responsible for secondary female sex characteristics, regulator of cardiovascular physiology, bone integrity and
neuronal growth Luteinized Granulosa/luteal Cells LH Progesterone A progestin, required for follicular growth and ovulation, responsible for changes associated with luteal phase of the menstrual cycle, essential for the establishment and maintenance of early pregnancy Theca-interstitial Cells LH Testosterone Androstenedione Androgens, precursors
for estrogens, transported into granulosa cells, where they are converted into estardiol and other estrogens by aromatase (CYP19A1) enzyme Testis Leydig cells LH Testosterone The most prevalent male sex hormone (androgen); testosterone and its biologically active form, dihydrotestosterone (DHT) are necessary for normal spermatogenesis and
development, responsible for secondary sex characteristics, responsible for increased muscle mass, sexual function, body hair and decreased risk of osteoporosis Adrenal gland Z. glomerulosa Cells ACTH, K+ Angiotensin II Aldosterone The principal mineralocorticoid, raises blood pressure and fluid volume, enhances sodium reabsorption in the
kidney, sweat gland, stomach and salivary gland and also enhances excretion of potassium and hydrogen ions from the kidney. Z. glomerulosa Cells ACTH Cortisol The dominant glucocorticoid in humans (in rodents, the major glucocorticoid is corticosterone), elevates blood pressure and Na+ uptake, involved in stress adaptation, regulates
carbohydrate, protein and lipid metabolism nearly opposite to that of insulin, influences inflammatory reactions and numerous effects on the immune system. Z. reticularis Cells ACTH POC-derived peptide Other factors Androstenedione DHEA DHEA-sulfate The function of adrenal androgens is not well understood, except that they contribute to the
maintenance of secondary sex characteristics, may also be involved in the regulation of bone mineral density, muscle mass and may beneficial actions against type 2 diabetes and obesity Placenta Peptide growth Factors, cAMP Progesterone Estrogens Maintenance of pregnancy Brain Neurons, Glial cells Purkinje cells Neurotransmitters
Neuropeptides Progesterone Estradiol, DHEA, ALLO, THDOC Neurosteroids are implicated in various processes such as proliferation, differentiation, activity and survival of nerve cells and a variety of neuronal functions including control and behavior, neuroendocrine and metabolic processes. Principal steps involved in the biosynthesis of various
steroid hormones. Modified from Payne and Hales and website [1,305]Although adrenal, ovarian and testicular steroidogenesis is primarily under the control of tissue-specific tropic hormones (discussed below); the availability of adequate cholesterol substrate is also a critical requirement for the optimal steroid hormone production. The steroidogenic
tissues and cells have the potential to obtain cholesterol for steroid synthesis from at least four potential sources (Fig. 2): a) cholesterol synthesized de novo from acetate; b) cholesterol obtained from plasma low-density lipoprotein (LDL) and high-density lipoprotein (HDL); c) cholesterol-derived from the hydrolysis of stored cholesterol esters in the
form of lipid droplets; and d) cholesterol interiorized from the plasma membrane. Although all three major steroidogenic organs (adrenal, testis and ovary) can synthesize cholesterol de novo under the influence of the tropic hormone, the adrenal and ovary preferentially utilize cholesterol supplied from plasma LDL and HDL via the LDL-receptor
mediated endocytic pathway and SR-BI-mediated selective pathway, respectively [9,15-20]. The use of LDL or HDL as the source of cholesterol for steroidogenesis appears to be species dependent; rodents preferentially utilize the SR-BI/selective pathway while humans, pigs and cattle primarily employ the LDL/LDL-receptor endocytic pathway to
meet their cholesterol need for steroid synthesis. In contrast, testicular Leydig cells under normal physiological conditions rely heavily on the use of endogenously synthesized cholesterol for androgen (testosterone) biosynthesis [9,20]. Potential sources of cholesterol for product formation (steroids, vitamin D and bile acids) and membrane
biogenesisThis review is focused on the role of cholesterol in the regulation of steroidogenesis. We first present an overview of various enzymatic pathways involved in the conversion of cholesterol to tissue-specific steroid hormones. Next, we summarize our current understanding about the molecules and processes that participate in the uptake of
plasma lipoprotein-derived cholesterol with particular emphasis on the SR-Bl/selective cholesterol transport pathway, events connected with the intracellular processing and trafficking of cholesterol and key proteins which facilitate the transport of cholesterol to and within the mitochondria for steroid synthesis. The overall rate of steroidogenesis
(i.e., steroid hormone production) is controlled by tropic (peptide) hormones [21-26]. The type of steroid hormone that can be synthesized by a particular cell type is dictated by its complement of peptide hormone receptor, its response to peptide hormone stimulation and its genetically expressed complement of steroiodgenic enzymes (Fig. 1). Thus,
adrenocorticotropic hormone (ACTH) stimulates cortisol/corticosterone in adrenocortical fasciculata-reticularis cells, angiotensin II (AIl) and potassium regulate aldosterone synthesis in adrenal glomerulosa cells, follicle-stimulating hormone (FSH) controls the progesterone and estrogen synthesis in ovarian granulosa cells, whereas luteinizing
hormone (LH) regulates progesterone synthesis in luteinized ovarian granulosa-luteal cells, androgen production in ovarian theca-interstitial cells and testosterone synthesis in testicular Leydig cells (Table 1) [27-38]. The adrenal gland is also responsible for the synthesis of adrenal androgens [39,40]. Tropic hormones (LH, FSH or ACTH) induce
adrenocortical and gonadal steroidogenesis by binding to their respective G protein-coupled receptors, leading to activation of adenylate cyclase, which generates cAMP and activates cAMP-dependent protein kinase (PKA) [21-25]. Stimulation of the cCAMP-PKA signaling cascade exerts both acute and chronic effects on the regulation of steroid
hormone production. The acute steroidogenic response, which occurs on the order of minutes, is characterized by a rapid mobilization of lipid droplet stored CEs and increased delivery of cholesterol to the mitochondrial cytochrome P450 cholesterol side-chain cleavage (P450scc) enzyme (encoded by CYP11A1) followed by rapid synthesis of new
steroids. More chronic, long-term regulation of steroidogenesis also occurs at the level of the transcription of the genes for the steroidogenic enzymes to enhance, which results in the enhanced synthetic capacity of the cell [41-45]. Note: angiotensin (AII) stimulation of aldosterone biosynthesis in adrenal glomerulosa cells is primarily mediated by the
protein kinase C signaling cascade, whereas potassium stimulation of aldosterone production also involves Ca2+-calmodulin-dependent kinase [26]. Although the final steroid product differs for these several cell types (described above), the first committed reaction in the biosynthetic pathway is the same, i.e., the conversion of cholesterol to
pregnenolone by the cytochrome P450 cholesterol side-chain cleavage (P450scc) enzyme (CYP11A1). P450scc is an enzyme complex consisting of a flavoprotein (NADH-adrenodoxin reductase), a ferredox (adrenodoxin) and a cytochrome P450 localized on an inner mitochondrial membrane [3,7]. P450scc catalyzes three distinct reactions: 20a-
hydroxylation, 22-hydroxylation and scission of 20, 22 carbon-carbon bond, thus converting cholesterol to pregnenolone [3,7]. This initial step in steroid hormone (pregnenolone) synthesis also represents a rate limiting step. The rate limiting nature of this step does not result from a limitation of the P450scc activity itself (conversion of cholesterol to
pregnenolone) but from limitation of access of cholesterol to the substrate site of P450scc, i.e., delivery of substrate cholesterol from an outer to an inner mitochondrial membrane where P450scc resides [46-50]. The pregnenolone produced in the rate-limiting step is further exposed to endoplasmic reticulum and mitochondria for further modifications
[1,2,7,51]. It is first converted to progesterone by the enzyme A5-3B hydroxysteroid dehydrogenase isomerase (3BHSD), which is also one of the main steroids produced by the steroidogenic cells of the ovary. In zona fasciculata cells of the adrenal cortex, progesterone is hydroxylated to 17a-hydroxyprogesterone by P450c17 (CYP17), which is
subsequently metabolized to 11-deoxycortisol (or deoxycorticosterone) by P450c21 (CYP21A2). The final step in cortisol biosynthesis takes place in the mitochondria and involves the conversion of 11-deoxcortisol (deoxycorticosterone) to cortisol or to corticosterone in rodents by the enzyme P450c11 (CYP11B1). The next two steps in aldosterone
biosynthesis are catalyzed by aldosterone synthase (CYP11B2), which converts 11-deoxycorticosterone to corticosterone and subsequently to aldosterone. In testicular Leydig cells, pregnenolone is converted to testosterone via two pathways known as the A4 and A5 pathways. The relative activities of the two pathways are known to vary according to
species [1]. The A4 involves sequential conversion of pregnenolone to progesterone to 17a-hydroxyprogesterone to androstenedione to testosterone, while in the A5 pathway pregnenolone is converted to 17a-hydroxypregnenolone to dehydroepiandrosterone to testosterone through either androstenediol or androstenedione. In the ovary, testosterone
is further metabolized to estradiol, a reaction catalyzed by aromatase (CYP19A1). In addition, estradiol can also be formed through combined actions of aromatase (CYP19A1) and 17-hydroxysteroid dehydrogenase (17HSD1) (Fig. 1). Like many tissues, all steroid producing tissues and cells are capable of synthesizing cholesterol de novo [9,15-18,20].
Biosynthesis of 27-carbon skeleton of cholesterol involves the conversion of acetate (acetyl CoA) through a series of complex enzymatic steps requiring the participation of numerous enzymes [52]. Among the major steps, mevalonate is formed by the condensation of 3 molecules of acetyl-CoA, a reaction catalyzed by the rate limiting enzyme HMG-
CoA-reductase, which is converted to squalene, a 30-carbon linear structure followed by cyclization to yield lanosterol and subsequently removal of 3 carbons to produce cholesterol. The endoplasmic reticulum (ER)-associated integral membrane protein complex, SCAP/SREBP, transcriptionally controls the expression of the genes of many enzymes
involved in cholesterol biosynthesis including the rate-limiting enzyme, HMG-CoA reductase [52,53]. In steroidogenic cells, the de novo cholesterol biosynthesis is also under the control of tropic hormone [15-18]. Indeed, adrenal, ovarian and testicular Leydig cell cholesterol biosynthesis as well as HMG-CoA reductase is rapidly stimulated upon
exposure to tropic hormone [15-18]. Newly synthesized cholesterol primarily moves initially from the ER to the plasma membrane (PM) [54-57]. This energy dependent and predominantly nonvesicular trafficking process appears to require the participation of cholesterol-rich, sphingolipid-rich domains (i.e., lipid rafts/caveolae) and proteins such as
caveolin, heat shock proteins and possibly other soluble sterol carrier candidate proteins such as OSBP, ORPs, SCP2, START domain containing proteins and phosphoinositides but not NCP1 [58-66]. After endogenously synthesized cholesterol is transported to the PM, its immediate fate is not well understood at present. While newly synthesized
cholesterol is preferentially translocated to the PM, excess cellular cholesterol from other cellular organelles including PM is transported back to ER for esterification. The PM reverse cholesterol transport to ER is suggested to involve at least two pathways: a) a vesicular route via an endosome and/or Golgi; and b) a nonvesicular alternative route
[55,66]. It should also be mentioned that retrograde transport of cellular cholesterol to ER and translocation of newly synthesized ER cholesterol to PM follow different itineraries [55,66]. Cholesterol esterification is primarily catalyzed by ER-localized ACAT1 and newly formed CEs are stored along with triglycerides in the core of cytoplasmic lipid
droplets [66-68]. Little is known about the mechanisms that control the biogenesis of lipid droplets, but it is clear that they are synthesized at and bud off from ER [69-71]. In steroidogenic cells of adrenal, ovary and testis, both the formation and depletion of lipid droplets is hormonally regulated. As noted before, the lipid droplet-associated
cholesterol serves as a source of substrate for steroid hormone synthesis in response to acute hormonal stimulation [72-81]. Although cellular de novo cholesterol synthesis and cholesteryl esters stored in lipid droplets can potentially supply adequate amounts of cholesterol substrate to support steroidogenesis, the overwhelming evidence now
suggests that the adrenal and ovary (and testicular Leydig cells under certain conditions) preferentially utilize plasma lipoprotein-derived cholesterol for steroid synthesis [9,20]. One pathway by which steroid producing cells acquire cholesterol is from plasma LDL, or other apolipoprotein B- (apoB) or apoE-containing lipoproteins via the LDL (B/E)
receptor-mediated endocytic pathway (Fig. 3) [19]. LDL or other relevant apoB/apoE lipoproteins bind to the LDL receptor initially localized at the plasma membrane (PM), which subsequently translocate to specialized regions of the plasma membrane, called the coated pits. The coated pits, made of clathrin protein, and some other accessory,
invaginate, and pinch off from the PM in the form of coated vesicles [19,66]. These coated vesicles in the cell interior fuse with early endosomes, shed off their clathrin coat, and fuse with each other to form larger vesicles, called endosomes. At this stage, the LDL-receptor complex rapidly dissociates as the endosomal pH falls, and the released, but
fully intact LDL-receptors are delivered to the endocytic recycling compartments (ERC) for their return itinerary to the PM [66]. The LDL cholesteryl esters (CEs) are hydrolyzed in a unique acid lipase-enriched compartment of early endosomes, the released cholesterol accumulates in the late endosomes/lysosomes, and subsequently through some
unknown mechanisms is transported to PM as a membrane constituent, ER for esterification by the resident ER enzyme acyl-coenzyme A:cholesterol acyltransferase I (ACAT1) and storage in lipid droplets, or mitochondria for the synthesis of steroid hormones [67-71,82-85]. Diagrammatic representation of the molecular and cellular events involved in
the selective and endocytic uptake and intracellular processing of the lipoprotein-derived cholesteryl esters for steroid hormone biosynthesis by adrenal and gonadal tissues. ACATA1, acyl-coenzyme A:cholesterol acyltransferase I; CEs, cholesteryl esters; CS, cytoskeleton; CYP11A1, cytochrome P450 side-chain cleavage enzyme (P450scc); FC, free
cholesterol; NPC1, Nieman-Pick type C1; NPC2, Nieman-Pick type C2; SCP2, sterol carrier protein2; SREBP, sterol-regulatory element-binding proteins; SCAP, SREBP cleavage-activating protein. StAR, steroidogenic acute regulatory protein; TGs, triglycerides; TSPO, translocator protein. Modified from Chang et al, Rone et al, and Farese and Walther
[68,288,306].A pair of proteins called Nieman-Pick type C1 and C2 (NPC1 and NPC2, respectively) appear to be important in the movement of unesterified cholesterol out of the late endosomes and lysomes [66,86-89]. NPC1 is a polytopic, sterol-sensing protein of 1,278 amino acids located in the membranes of late endosomes and lysosomes that,
along with NPC2, a cholesterol binding soluble protein of 131 amino acids located within lysosomes, facilitates the movement of cholesterol to various organelles by mechanisms not yet understood [66,88,89]. NPC1 appears to be important in trafficking LDL-cholesterol, particularly under conditions in which the substrate for steroidogenesis is
primarily supported by LDL-cholesterol, but does not appear to be involved in other pathways for cholesterol delivery for steroidogenesis [90,91]. Additional proteins are also involved in this process such as MLNG64 which facilitates the movement of lysosomal cholesterol to mitochondria for steroidogenesis [92,93]. MLN64 (StarD3) is a polytopic
protein that is also found localized to late endosomes along with NPC1 and is a member of the StAR-related lipid transfer (START) domain superfamily that possesses cholesterol binding and transport activity [94]. However, targeted mutation of MLN64 in mice caused only minor alterations in sterol metabolism in vivo, but defects in cholesterol
utilization for steroidogenesis were still seen in vitro, consistent with the existence of multiple mechanisms for cholesterol delivery for steroidogenesis. In addition, considerable evidence now indicates that transport of late endosomal/lysosomal LDL-cholesterol to other cellular destinations including mitochondria may also involve an endosomal-
specific Rab 9 GTPase-dependent vesicular trafficking mechanism [66,95-97]. Whereas LDL-receptor-mediated uptake of cholesterol allows for its efficient delivery, steroidogenic cells can process exceptionally large quantities of lipoprotein-derived cholesteryl esters through a specialized pathway known as the "selective" cholesteryl ester uptake
pathway (Fig. 3) [98-100]. In fact, the "selective" cholesterol uptake pathway is quantitatively the most important source for cholesterol delivery for steroidogenesis in the tropic-hormone stimulated rodent adrenal and ovary [9,20,99-102]. The term "selective" cholesterol uptake is used when cell surface bound cholesterol-rich lipoproteins (HDL or
LDL, regardless of lipoprotein composition) release cholesteryl esters without the parallel uptake and lysosomal degradation of the lipoprotein particle itself [72,73,98-100,103]. Tropic hormone (ACTH or LH)-stimulated rodent adrenal and ovary (and under certain conditions testicular Leydig cells) rely heavily on selective cholesteryl ester uptake to
fulfill their cholesterol needs for steroid synthesis [9,20,72,73,99-102]. The pathway is also functional in humans, in rodent liver and a variety of cultured cells such as isolated primary hepatocytes and hepatic cell lines, fibroblasts, adipocytes, and macrophages, although it may be quantitatively less important in humans [9,20]. Scavenger receptor
class B, type I (SR-BI) is a physiologically relevant cell surface receptor responsible for "selective" uptake of lipoprotein-derived cholesteryl esters [104]. SR-BI is a member of the class B scavenger receptor family that also includes CD36, LIMPII, and SR-BII (an isoform of SR-BI with an alternate C-terminal cytoplasmic tail) [9,20,105]. SR-BI, like the
other family members, contains two transmembrane domains, two cytoplasmic domains (the amino- and carboxyl terminal domains), as well as a large extracellular domain (ECD) containing a cysteine-rich region and multiple sites for N-linked glycosylation [9,20,105]. Cells, which have high levels of SR-BI, efficiently utilize the selective pathway in
delivering cholesteryl esters for use in steroid hormones or product synthesis [9,20]. In rodents, SR-BI is abundantly expressed in the liver, but also in steroidogenic cells of the adrenal gland, ovary, and testis where SR-BI levels are regulated by tropic hormones and influence the selective uptake of HDL-CE, and ultimately, steroidogenesis in these
organs [74,75,106-110]. It is also of interest that steroiodogenic tissues, which express high levels of SR-BI in vivo, are endowed with an intricate microvillar system for the trapping of lipoproteins [111,112]. This general region of steroidogenic cells is referred to as the microvillar compartment, and the specialized space created between adjacent
microvilli are called microvillar channels; these are specialized domains that form by staking of microvilli or the juxtaposition of microvilli with the plasma membrane. It is the microvillar channels where the various lipoproteins are trapped prior to the selective uptake of CEs into cells [111-113]. Electron microscopic immunocytochemical techniques
reveal heavy labeling for SR-BI specifically in these regions (corresponding to such microvilli and microvillar channels) and at present, there is no doubt that issues with microvillar compartments expressing high levels of SR-BI are also active in selective CE uptake [74,75,108-110,114-117]. The formation of these specialized microvillar channels
appear to be dependent on the presence of SR-BI since these microvillar are quantitatively reduced in adrenals from SR-BI null mice [118]. Conversely, overexpression of SR-BI promotes microvillar channel formation in both steroidogenic and non-steroidogenic cells in vitro [114,116,117]. Additionally, SR-BI has been functionally associated with
caveolae/lipid rafts, although this has not always been the case [74,119-124]. SR-BI does show specificity for apolipoproteins, but interacts promiscuously with HDL, LDL, amino acid modified LDL, phospholipids and a variety of other ligands [9,20,105,125,126]. Hormone treatment or other factors which increase the demand for cholesterol also
increase the expression of SR-BI and the influx of lipoprotein cholesteryl esters [74,75,108-110,127]. Deletion of the SR-BI gene in mice resulted in increased circulating levels of HDL-cholesterol, substantially reduced stored tissue cholesterol [128,129], and inhibited the selective uptake, storage, and utilization of cholesterol by steroid-hormone
producing cells. The mechanism by which SR-BI mediates selective transfer of CE from the cell surface to cell interior is not clearly defined, but may require participation of accessory proteins and lipids, alterations in physicochemical characteristics of the plasma membrane and the physical forms of SR-BI itself. The entire process of "selective"
cholesterol ester delivery and its subsequent utilization for steroid synthesis can be broadly divided into three distinct steps, each of which may involve multiple complex processes. The first step in the selective CE uptake is the transfer of lipoprotein-associated CE to the plasma membrane, the second step entails the translocation of CE from the
plasma membrane to lipid droplets within the interior of the cell; and the third step in the process is the movement of cholesterol from intracellular lipid droplets to mitochondria for steroid hormone synthesis. Events connected with the SR-BI-mediated transfer of lipoprotein cholesteryl esters to the cell surface--The initial step in the transfer of
lipoprotein-cholesteryl esters to the plasma membrane is the binding of cholesterol-rich lipoproteins to the cell surface/microvilli-associated SR-BI followed by release of lipoprotein-cholesteryl esters to the plasma membrane. While SR-BI-lipoprotein interaction is important, it is not sufficient to promote selective transfer of cholesteryl esters to the
plasma membrane. This assertion is based on several observations including the fact that mutations of certain glycosylation sites do not affect binding but inhibit selective cholesteryl ester uptake [130]. It has been proposed that SR-BI forms a hydrophobic "channel" through which the cholesteryl esters in SR-Bl-associated lipoprotein move down in a
concentration gradient manner, and thus, any changes in the structure of the receptor might alter the "channel" without impacting the binding of the lipoprotein [130]. Moreover, it has been suggested that the localization of SR-BI within microvilli or the association of SR-BI with caveolae contributes to the movement of cholesteryl esters into these
specialized regions of the plasma membrane.Furthermore, these specialized microvilli/microvillar channel regions and/or caveolae could increase functional efficiency of the transfer process through increased availability of donor particles [111-113]. Limited studies have also suggested the involvement of C-terminal and extracellular domain (ECD)
domains of SR-BI in the selective cholesterol uptake process [131-134]. Finally, evidence is accumulating suggesting that accessory proteins (see below) and lipids, in addition to SR-BI, contribute to the selective uptake process [135-145]. SR-BI interacting accessory proteins--other significant progress in the area of SR-BI structure and function is the
realization that accessory proteins may interact functionally with SR-BI and facilitate the dimerization process, enhance selective HDL-CE uptake and promote cell surface architectural changes. In recent years, one such protein, the PDZ domain containing protein called CLAMP, has been identified with SR-BI mediated selective CE uptake [127]. (The
name PDZ is derived from the first three proteins in which these domains were found: PSD-95 Dlg, and ZO1; these domains range 70-90 amino acids in length and recognize 3-5 residue motifs that occur at the C-terminus of target proteins or structurally related internal peptide motifs [146-152]). CLAMP was purified from rat liver extracts by affinity
chromatography using the last 15 amino acids of the carboxyl terminus of SR-BI, and co-expression of CLAMP, (which is identical to and now referred to as PDZK1 or NHERF3 [127,141,153,154]) and SR-BI in CHO cells led to a two-fold increase in selective CE uptake. More recently, Silver by using transgenic animals expressing SR-BI with a mutated
PDZK1 interacting domain provided evidence that PDZK1 interacting domain of SR-BI is essential for cell surface expression of hepatic SR-BI in vivo [136]. Also, an endogenous regulator of PDZK1, termed small PDZK1-associated protein (SAP, DD96/MAP17) has been characterized, which when overexpressed in the liver causes increased degradation
of PDZK1, resulting in hepatic SR-BI deficiency and markedly increased plasma HDL cholesterol [137]. Krieger and colleagues further demonstrated that targeted disruption of the PDZK1 gene induced hypercholesterolemia, and resulted in substantial reduction of hepatic and intestinal SR-BI, without affecting SR-BI or cholesteryl ester stores in
steroidogenic organs [138]. The latter observations are in agreement with the results showing that adrenal and gonads express very low levels of PDZK1 as compared to the liver and strongly suggest the possibility that different types of PDZ-domain containing proteins impact SR-BI in a tissue-specific manner. Interestingly, hepatic expression of SR-
BII, a variant with an alternate C-terminal domain, is not affected in PDZK1 knockout mice, suggesting that PDZK1 specifically regulates SR-BI expression and function in the liver. Further studies demonstrated that overexpressing full-length PDZK1 in PDZK1 null mice restored normal hepatic SR-BI protein levels [155]. Likewise, hepatic
overexpression of wild-type SR-BI restored near or greater than normal levels of functional, cell surface SR-BI protein levels in the livers of SR-BI(-/-)/PDZK1(-/-) double knock-out mice and such genetic manipulation restored normal lipoprotein metabolism in the absence of PDZK1 [156]. From these studies, it is concluded that PDZK1 is important for
maintaining adequate steady state levels of SR-BI in the liver but is not essential for cell surface expression or function of hepatic SR-BI [155,156]. More recent studies indicate that hormone (glucagon)-mediated phosphorylation of the C-terminal region of PDZK1 as well as the presence of all four PDZ domains in PDZK1 is required for normal
abundance, localization and, therefore, function of hepatic SR-BI [157,158]. More recently, Komori et al, using a transgenic mouse model coexpressing both CLA-1 (human homolog of SR-BI), and human PDZK1 provided evidence that PDZK1 is also an important enhancer of CLA-1 expression in the liver [159]. Besides the liver, a role for PDZK1 is
indicated in HDL/SR-BI signaling in endothelium and in the maintenance of endothelial monolayer integrity [142]. Given that PDZK1 is not expressed in steroid producing tissues, coupled with the demonstration that PDZK1 null mice show normal expression of SR-BI in the adrenal gland and ovary, we considered the possibility that additional PDZ
domains with specificity for other PDZ proteins may be involved in the regulation of SR-BI function in steroidogenic tissues. We searched for and identified additional Class I, II and III PDZ interacting domains in the C-terminal cytoplasmic tail of SR-BI (Table 2) using a simple modular architecture research tool . To a large extent these PDZ domains
are well conserved among various mammalian species (i.e., mouse, rat, hamster, pig, bovine and human SR-BI), and the Class II PDZ-domain (PDZK1 site) described above is simply the final extreme end site on the SR-BI, which is not well conserved. The function of the other sites is as yet unknown, but it is of interest that the C-terminal domain of
SR-BII (the alternative spliced form of SR-BI) lacks terminal PDZ domain and contains entirely different sets of PDZ interacting domains while another family member, CD36 contains no PDZ sites. Interestingly both SR-BII and CD36 are less efficient in mediating selective HDL-CE uptake as compared to SR-BI [131,132]. We believe these SR-BI PDZ-
domain binding motifs may, in fact, be important for steroidogenic tissues--in that they permit binding to a variety of PDZ-containing proteins [146-151]. Indeed, our preliminary Protein Array analysis indicated significant interaction between hCLA-1/SR-BI and PDZ-domain(s) of RGS12, CLP36 (also called hCLIM1 or elfin), RIL, PSD-95, and Mint-3-
proteins [160-172]. Among these, RGS12 and RIL, PSD-95 PDZ proteins are known to be highly expressed in steroidogenic proteins [160,163,170]. In addition, PDZ-RhoGEF, a novel guanine nucleotide exchange factor (GEF) for Rho-like proteins, contains a PDZ domain which shows high affinity for the actin cytoskeleton, and is also highly expressed
in various steroidogenic tissues [173,174]. Potential Consensus PDZ Domain Binding Sequences in SR-BI, SR-BII and CD36 Mouse SR-BI: QLRSQEKCFLFWSGSKKGSQDKEAIQAYSESLMSPAAKGTVLQEAKL QLRSQEKCFLFWSGSKKGSQDKEAIQAYSESLMSPAAKGTVLQEAKL Rat SR-BI:
QLRSQEKCFLFWSGSKKGSQDKEAMQAYSWSLMSPAAKGTVLQEAKL QLRSQEKCFLFWSGSKKGSQDKEAMQAYSWSLMSPAAKGTVLQEAKL Hamster SR-BI: QLRSQEKCFLFWSGSKKGSQDKEAIQAYAESL.MSPAAKGTVLQEAKL QLRSQEKCFLFWSGSKKGSQDKEAIQAYAESLMSPAAKGTVLQEAKL Rabbit SR-BI:
QVRSQEKCYLFWSGSKKGSKDKEAIQAYSESLMTPDPKGTVLQEARL QVRSQEKCYLFWSGSKKGSKDKEAIQAYSESLMTPDPKGTVLQEARL Pig SR-BI: QIRSQEKCYLFWSSSKKGSKDKEAIQAYSESLMTPAPKGTVLQEARL QIRSQEKCYLFWSSSKKGSKDKEAIQAYSESLMTPAPKGTVLQEARL Cow SR-BI:
QIRSQEKCYLFWISFKKGSKDKEAVQAYSEFLMTSPPKGTVLQEARL QIRSQEKCYLFWISFKKGSKDKEAVQAYSEFLMTSPPKGTVLQEARL Human SR-BI: QIRSQEKCYLFWSSSKKGSKDKEAIQAYSESLMTSAPKGSVLQEAKL QIRSQEKCYLFWSSSKKGSKDKEAIQAYSESLMTSAPKGSVLQEAKL Mouse SR-BII:
QLRSQGPEDTISPPNLIAWSDQPPSPYTPLLEDSLSGQPTSAMA QLRSQGPEDTISPPNLIAWSDQPPSPYTPLLEDSLSGQPTSAMA Rat CD36: RSKNGK-None Additionally, using a transient overexpression strategy, we directly examined the effect of a number of PDZ domain containing proteins on SR-BI-mediated selective HDL-CE uptake in representative
steroidogenic (MLTC, mouse testicular Leydig cells) and hepatic (HepG2, human hepatoma cells) cell lines. Co-transfection with PDZ proteins, DLG3, DLG5, or PDLIM1 plus SR-BI significantly increased selective HDL-CE uptake in both HepG2 and MLTC cells as compared to cells transfected with SR-BI alone. Moreover, several additional PDZ
proteins such as GOPC, HTRA2, INADAL, LIN7B, MAG12, MAG13, MAST2 and PARDGB variably, but significantly enhanced selective HDL-CE uptake. In contrast, expression of other PDZ domains containing proteins including DVL1, DLV3, LIN7C, MPP2, DLG2, DLG3, or GRIP1 showed no demonstratable effect on SR-BI-mediated selective HDL-CE
uptake. These data led us to conclude that steroidogenic cells, like hepatocytes, require the participation of PDZ type proteins for the maximal functional efficiency of SR-BI, but show a wide specificity towards PDZ proteins. However, at present, a number of important questions remain unanswered. For example, it is unclear how these various
proteins regulate SR-BI function, whether they are expressed in steroidogenic cells, and their expression, like SR-BI, is regulated by tropic hormones and whether different PDZ proteins differentially impact SR-BI function in different steroidogenic cell types (i.e., adrenal, ovarian and testicular cells). SR-BI-mediated alterations in the lipid composition
of plasma membranes--It has been suggested that SR-BI may alter the composition of lipid domains of plasma membranes which then leads to changes in free cholesterol flux, changes in membrane cholesterol content, changes in plasma membrane phosphatidylcholine subspecies or in altered physical/chemical properties of the membrane [143,144].
In another study, Chen et al. reported that expression of SR-BI in RAW macrophages markedly reduced ABCA1-mediated cholesterol efflux to apolipoprotein Al presumably by sequestering cholesterol that is normally available to ABCA1 for efflux [145]. On the other hand, it is demonstrated that sphingomyelin and ceramide in the lipoproteins and the
cell membranes regulate the SR-BI-mediated selective uptake of CE in SR-BI transfected CHO cells, hepatocytes (HepG2) and adrenocortical cells (Y1BS1), possibly by interacting with the sterol ring or with SR-BI itself [140]. Our recent studies suggest that SR-BI may also be involved in the regulation of cell surface expression of microvillar channel
formation, a function that may increase the functional efficiency of the selective CE uptake process through increased trapping and binding of HDL at the cell surface [114,116,117]. SR-BI dimerization--the physical form of SR-BI may also play an important role in its ability to mediate selective CE transport. Indeed, it is becoming increasingly clear
that hormone-induced changes in tissues--which alter the expression of SR-BI, alter selective CE uptake in the same tissues, and correspondingly produce architectural changes in the cell surface of affected cells--also show changes in 'dimerization' of SR-BI in cell or tissue samples (for simplicity, we use the term dimerization here to include the
multiple forms of the SR-BI protein; i.e., dimers, and higher order oligomers). In one of the earliest direct demonstrations of protein-protein interaction involving SR-BI, our laboratory demonstrated (by SDS PAGE-Western blotting) that SR-BI exists as homodimers in 17a-ethinyl estradiol (17a-E2) primed and microvilli-enriched rat adrenal plasma
membrane [109]. In subsequent studies, we were able to demonstrate that SR-BI exists in dimeric and high order oligomeric forms in all cells and tissue which are active in 'selective' uptake of HDL-CEs (e.g., hormone activated steroidogenic tissues such as mouse adrenal, testis, and ovary; steroidogenic cells such as rat ovarian luteal cells, Y1-BS1
mouse adrenocortical cells, R2C rat Leydig cells, and MLTC mouse Leydig cells; liver from SR-BI transgenic mice; SR-BI overexpressing non-steroidogenic cells such as HEK 293, Y1-BS1, CHO and COS cells; Sf9 insect cells programmed to express rat SR-BI [114,116,117]. Early functional evidence for SR-BI dimerization came from the observation
that in normal rat adrenal tissue, SR-BI exists primarily in the monomeric form with some dimer formation. ACTH stimulation increased the dimerization of SR-BI in this tissue along with increased selective CE uptake, and dexamethasone-induced loss of ACTH led dramatically to the loss of SR-BI, SR-BI dimers and selective HDL-CE uptake [109,116].
These results are coupled with striking architectural changes of the microvillar compartment at the adrenocortical cell surface, and suggest that SR-BI dimers may, in a very basic way, be associated with SR-BI sites of action and function. Additional functional evidence came from our laboratory showing a strong correlation from the levels of SR-BI
dimers and increased selective HDL-CE uptake in cells and tissues (Fig. 4), and from co-immunoprecipitation studies of epitope-tagged SR-BIs (SR-BI-cMyc and SR-BI-V5) used to demonstrate that SR-BI can exist as homodimers [116]. The use of cross-linking agents further confirmed that SR-BI forms dimers in native steroidogenic cell lines
(endogenous), as well as in a heterologous insect cell expression system [114]. Also, analysis of cellular extracts from SR-BI transfected HEK-293 cells or ACTH-treated Y1-BS1 cells by size-exclusion chromatography and sucrose density centrifugation demonstrated that a significant portion of SR-BI exists in dimeric and oligomeric forms. As an
independent measure, we have utilized immunoelectron microscopy which further provides convincing evidence for the formation of SR-BI:SR-BI homodimers. We showed that when double tagged-SR-BI proteins (SR-BI-cMyc and SR-BI-V5) are co-expressed in HEK-293 cells and the different proteins are subsequently immunostained and identified
with two differently stained gold particles, there is mixing and clustering of gold particles suggesting 1) that the proteins travel to the same cell location, and 2) that many of the gold particles are in exceedingly close physical contact, i.e., within the distance accepted for protein dimers by fluorescent resonance energy transfer (FRET) technique
[116,117]. Similar results were obtained when Y1-BS1 mouse adrenocortical cells were transfected with V5 and/or cMyc tagged-SR-BI proteins. Interestingly, SR-BI transfected Y1-BS1 demonstrated major architectural changes along with the formation of double membranes in flower like arrangements. Gold-labeled secondary antibodies against V5
or cMyc antibody localized SR-BI to these sites, and revealed substantial dimer formation of this protein--shown by close contact between gold particles [116,117]. Correlation between the cellular levels of SR-BI dimers and the functional efficiency of selective HDL-CE uptake. Appropriate Western blots from various cell types were scanned for SR-BI
monomers and dimers and dimer/monomer ratios were plotted against the respective selective HDL-CE uptake data. The results show that dimer/monomer ratios determined for individual cell types correlate significantly with their respective SR-BI-mediated selective HDL-CE uptake.From the above discussion it is apparent that while the
understanding of the functional significance of SR-BI dimerization in steroidogenic tissues and cell lines which utilize the selective pathway for cholesterol transport is improving, the structural basis of the intramolecular interactions involved in SR-BI dimerization and function is not completely understood. In particular, the information about the
contribution of the extracellular domain (ECD) of SR-BI either independently or in cooperation with the C-terminal domain on SR-BI dimerization, SR-BI-induced microvillar channel formation, and selective HDL-CE uptake remains sketchy. In an effort to further expand our understanding about the structure-function relationships and dynamics of SR-
BI activity, we recently carried out studies aimed at determining the structural and functional contributions of cysteine residues within the SR-BI. We focused our efforts on cysteine residues because: (a) cysteine residues are integral for inducing and maintaining the three-dimensional confirmation in proteins by forming critical inter- and intra-
molecular disulfide bond linkages; (b) sulfhydryl (SH) side chains of cysteins are polar similar to that of the hydroxyl group (OH) of serines and can participate in hydrogen bonding interactions and facilitate protein-protein interactions; (c) cysteine side-chains are preferred sites for various biological coupling and conjugation reactions such as
palmitoylation, isoprenylation, disulfide cross-linking, and thiol-disulfide exchange which are known to play critical roles in intracellular protein trafficking, stability and/or activity; and (d) the SR-BI contains several cysteine residues that are highly conserved across the species and uniquely distributed within the different domains of the SR-BI
molecule and as such are highly likely to contribute towards SR-BI structure and function [175-179]. We chose to study the rat SR-BI because it contains more conserved cysteine sequences than SR-BI from any other species. Its sequence contains a total of eight cysteine (C) residues (C21, C251, C280, C321, C323, C334, C384, and C470). With the
exception of C21, the remaining seven residues are highly conserved in other species including the mouse, hamster, rabbit, pig, cow, dog, tree shrew and human. Five residues (C280, C321, C323, C334, and C384) are clustered in the C-terminal half of the putative extracellular domain (ECD). The remaining three cysteine residues are equally
distributed in the N-terminal transmembrane domain (C21), N-terminal half of the ECD (C251), and the C-terminal domain (C470). Given that the extracellular domain contains six conserved cysteine residues, these could form up to three disulfide bonds, which in turn could help to stabilize the confirmation of SR-BI or participate in its dimerization.
We replaced these cysteine residues with serine (S) singly or in pairs, expressed the mutated SR-BI constructs in CHO or COS-7 cells and examined the impact of these mutations on SR-BI expression and function. Overall, these studies indicated that C280S, C321S, C323S and C334S residues of the extracellular domain (ECD) are necessary for
preserving normal SR-B (HDL) binding activity, selective CE uptake, and/or cell surface expression. Interestingly, mutation of any of these four cysteine residues to serine resulted in a robust induction of SR-BI dimer formation, but they are rendered non-functional because these residues are most likely also essential for the optimal HDL binding and
hence, the selective CE uptake. Although selective uptake of cholesteryl esters for all practical purposes is considered to be non-endocytic, at least from the point of view of uptake of the intact lipoprotein particle, there are controversies regarding cholestryl ester movement to lipid droplets. However, there are some suggestions that HDL-cholesteryl
esters are delivered to the cell interior by the retero-endocytosis, where the receptor-bound HDL particle analogous to the transferrin receptor system is internalized, traverses an intracellular pathway during which cholesteryl esters are transferred to the cell interior and the HDL particle is recycled back to the plasma membrane where the lipid
depleted HDL is now released [180-185]. This possibility appears to be weak given the overwhelming morphological evidence both at the light- and electron microscopic evidence showing that in vivo and in vitro HDL-cholesteryl ester delivery to adrenal and ovarian luteal tissues and cultured cells, respectively, does not involve internalization of the
intact HDL particle itself, [73,90,100,101,103,186,187]. It is possible that a small amount of HDL internalization in cultured cells reported by some investigators was in fact due to non-specific endocytosis of the HDL particle; indeed, there is considerable in vitro evidence that cultured cells can internalize a variety of receptor ligands in a non-specific
manner [188-191]. It has also been suggested that HDL- cholesteryl esters are delivered to intracellular membranes via the formation of complexes with caveolin, annexin and cyclophilins [192]. In this regard, it is noteworthy that caveolin is a component of several intracellular vesicle populations, caveolin-1 is required for lipid droplets formation,
and all forms of caveolins (i.e. caveolin-1, -2 and -3) can associate with lipid droplets [193-197]. Lipid droplets are associated with proteins involved in vesicle-vesicle targeting and the fusion process in the cells including N-ethylmaleimide (NEM)-sensitive factor (NSF), soluble NSF attachment protein (alpha-SNAP), and the SNAP receptors (SNARESs),
synaptosomal-associated protein of 23 kDa (SNAP23), syntaxin-5 and vesicle-associated membrane protein 4 (VAMP4), a chaperone protein that participates in [198]. In this context our own studies have shown that treatment of steroidogenic cells with NEM, an inhibitor of NSF, results in a total block of HDL-derived selective cholesteryl ester uptake
[72,73]. Thus, intracellular transport of cholesteryl esters to lipid droplets might involve active participation of carrier- and/or vesicle-mediated cholesterol transport processes. On the other hand, ~75% of SR-BI delivered HDL-cholesteryl esters were reported to be hydrolyzed by non-lysosomal neutral cholesteryl ester hydrolases (nCEHs) suggesting
that freshly delivered cholesteryl esters could also be transported in the form of free cholesterol to various cellular destinations [199]. Existing literature also supports this possibility given that fatty acid composition of cholesteryl esters in the rodent adrenal and ovary is significantly different from that of plasma or HDL, i.e., this could only occur if
internalized plasma lipoprotein-derived cholesterol esters were at first hydrolyzed and then ensuing free cholesterol re-esterified with fatty acids to a defined fatty acid composition that is unique and specific for each of the steroidogenic tissues [200-203]. A combination of vesicular and non-vesicular transport processes most likely facilitates the
transport of the newly released free cholesterol to the ER for its esterification and subsequent storage in lipid droplets [55,57,66,204]. Depending on cellular needs, free cholesterol could also be redirected to the plasma membrane or mitochondria (for steroid synthesis), again possibly via vesicular and/or non-vesicular transport pathways
[55,57,66,204]. Steroid producing cells through the use of multiple cholesterol supply sources discussed above maintain adequate cholesterol reserves primarily in the form of lipid droplets that enable them to quickly respond to tropic hormone stimulation with the rapid mobilization of cellular cholesterol reserves and ensuing transport to
mitochondria for steroidogenesis. In adrenal and ovarian cells, cellular stores of cholesterol esters are constantly replenished by the delivery of plasma cholesterol through endocytic or selective pathway (depending on species and lipoprotein type), whereas this chore in Leydig cells, under normal physiological conditions, is mainly achieved through
increased de novo cholesterol synthesis. During acute hormonal stimulation, these endogenously stored cholesterol esters are rapidly mobilized (hydrolyzed) and released free-cholesterol is efficiently transported to and within the mitochondria for its conversion to pregnenolone, the precursor of all steroid hormones. This entire process involving the
intracellular cholesterol mobilization, processing and transport to the appropriate site within the mitochondria for side-chain cleavage and pregnenolone production can be broadly divided into two separate, but equally important segments: a) mobilization of cholesterol from intracellular stores, particularly from lipid droplets; b) transport of mobilized
cholesterol to the outer mitochondrial membrane; and c), transfer of this cholesterol from the outer to the inner mitochondrial membrane. In the following sections, we will discuss characteristics of these three segments of intracellular cholesterol transport and also summarize current understanding about the functional roles of key proteins and
factors involved in the mobilization of cellular cholesteryl esters, intracellular transport of newly released cholesterol to the outer mitochondrial membrane and its subsequent translocation to the inner mitochondrial membrane for the initiation of steroidogenesis. It is well known that adrenal, ovarian and testicular Leydig cells' cholesteryl esters are
rapidly depleted following tropic hormone (ACTH, LH/hCG) treatment supporting the notion that mobilization of lipid droplets (LD) stored cholesteryl esters provides cholesterol for acute hormonal stimulation of steroid synthesis [205-207]. This mobilization of substrate cholesterol occurs through tropic hormone-mediated increased formation of
second messenger, cAMP followed by activation of PKA, and PKA-mediated phosphorylation (activation) of neutral cholesteryl ester hydrolase (nCEH), resulting in rapid hydrolysis of cholesteryl esters [21-24,24,78-80,205-210]. We reported that hormone-sensitive lipase (HSL) is responsible for the vast majority, if not all, of nCEH activity in the
adrenal [208]. This was based on the observation that inactivation of HSL resulted in the loss of >98% of nCEH [208]. Moreover, we reported that adrenocortical cells isolated from HSL null mice show almost complete inhibition of ACTH stimulated and HDL-supported corticosterone secretion (>99%) as compared to cells isolated from control mice,
further demonstrating the importance of HSL in adrenal steroidogenesis; HSL null mice also show an increased lipid accumulation in the adrenals and a blunted corticosterone secretion in vivo [209,210]. Current evidence also suggests that HSL is likely to function as a cholesteryl ester hydrolase in the ovary [211-213]. There is also a testis-specific
isoform of HSL with a molecular mass of 120 kDa [80-82]. This isoform differs from a more common isoform of HSL, which is expressed in adipose tissue and adrenal, ovary and other tissues/cells, by containing some additional 300 amino acids [213-215]. This 120 kDa isoform is predominantly expressed in germ cells of the testis and its expression is
hormonally regulated [216]. However, the identity and expression of HSL in testosterone producing testicular Leydig cells has yet to be established. The newly released cholesterol is transported to the outer mitochondrial membrane (OMM) for the production of steroid hormones. Because cholesterol is a hydrophobic molecule and diffuses poorly in
an aqueous environment, it can traverse from the cytoplasmic locations to the OMM by several potential mechanisms [54-57,66]. Cholesterol can be transported via the vesicular transport mechanism, i.e., it can be incorporated into the vesicular structures involved in cellular trafficking (e.g., transport vesicles, endosomes, and secondary lysosomes)
which then fuse either directly or indirectly (through other intermediary membranes) fuses with mitochondria and deliver their cargo to the OMM. However, this pathway appears to play a minor role [55,84]. Cholesterol may also be delivered to OMM via protein-protein interactions between the lipid droplets and mitochondria. As early as in 1975,
electron microscopic observations provided evidence suggesting that lipid droplets become juxtaposed during stimulation by tropic hormone [217]. In the last few years, additional evidence has emerged showing potential interactions between lipid droplets and cellular organelles including mitochondria in several cell systems [69,218-220]. More
recently, Bostrom et al reported the presence of some constituent proteins of the SNARE complexes on the lipid droplets [198]. (SNARE complexes facilitate fusion between transport vesicles and target membranes during protein trafficking) [221-223]. These proteins include, NSF, a«-SNAP, and SNAREs, SNAP23, syntaxin-5, and VAMP4. The authors
of this report also provide evidence that VAMP4, syntaxin5 and SNAP23 are required for lipid droplet fusion [198]. More recently, another report provided direct evidence showing that the SNAP23 protein promotes interaction between lipid droplets and mitochondria [224]. Other reports suggest that steroidogenic cells express high-levels of some
members of SNARE proteins such as Syntaxin-17 SNAP23, and SNAP25, and that expression of the neuronal type of SNAP25 is hormonally regulated in ovarian granulosa cells [225-229]. These various observations strongly suggest that SNARE proteins may mediate the transport of cholesterol substrate from lipid droplets to steroidogenic
mitochondria, most likely by promoting the functional interaction between lipid droplets and mitochondria. A second potential mechanism by which mobilized cholesterol from lipid droplets may be delivered to the mitochondrial for steroid synthesis is through a non-vesicular transport process involving high-affinity cholesterol binding proteins
[55,57,66,84,230]. Earlier studies indicated that sterol carrier protein2 (SCP2), a nonspecific lipid transfer protein, mediates cholesterol transport to steroidogenic mitochondria and also stimulates steroid hormone biosynthesis [230-232]. Contrary to these findings, more recent metabolic and genetic evidence suggests that SCP2 mainly functions as a
carrier for fatty acyl CoAs, facilitates branched-chain fatty acid oxidation and regulates the distribution of key lipid signaling molecules (e.g., FA, fatty acyl CoAs, LPA, PI and sphingolipids) between lipid rafts/caveolae and intracellular sites, while it appears to play a minor role in cellular cholesterol trafficking primarily because of its very low affinity
for cholesterol [233,234]. More recently, Breslow's laboratory has identified a subfamily of lipid binding proteins referred to as StarD4, StarD5 and StarD6 (StarD4 subfamily) [235,236], which are structurally related to steroidogenic acute regulatory protein (StarD1/StAR), a prototype of the steroidogenic acute regulatory-related lipid transfer
(START) domain containing a superfamily of proteins [84,235-238]. StarD4 and StarD5 are widely expressed in steroid producing cells, while StarD6 expression appears to be mostly restricted to the testicular germ cells [239,240]. In contrast to StarD1 and StarD3/MLNG64, StarD4, StarD5 and StarD6 lack any signal peptides, and thus, they are not
targeted to any specific cellular organelles. Therefore, they are considered to be a cytosolic protein like StarD2/PCTP [238,239]. Interestingly, StarD6 despite lacking any N-terminal target sequences that should direct this protein to mitochondria is reported to have physicochemical properties and biological activity (stimulation of steroidogenesis)
similar to that of StarD1/StAR, while StarD4 and StarD5 exhibit low levels of StarD1/StAR-like activity [240]. Both StarD4 and StarD5, however, bind free cholesterol with high-affinity and specificity, facilitate cholesterol transport through an aqueous environment and have been shown to play important roles in the maintenance of cellular cholesterol
homeostasis [241,242]. The ability and specificity of StarD4 and StarD5 to bind cholesterol, coupled with their high levels of expression in steroidogenic tissues, raises the strong possibility that StarD4 and StarD5 facilitate cholesterol transport to the outer mitochondrial membrane. However, confirmation of this possibility must await the relevant
experimental evidence. Extensive but mostly circumstantial evidence suggests that cellular architecture and cytoskeletal elements, in particular, vimentin-intermediate filaments (IF, Type III) may also be involved in facilitating cholesterol transport to mitochondria [8,243,244]. Vimentin-intermediate filament constitutes part of the network of the
cytoskeleton [245]. It is expressed in many cell types including adrenal, ovarian and testicular Leydig cells [245-250]. Several different reports of proteomic analyses of lipid droplets isolated from cells have consistently identified vimentin as a lipid droplet associated protein [251-253]. Vimentin has been shown to interact with several different
proteins, including some motor-like propertiesand sterol binding properties [254-256]. Using a proteomics approach, vimentin was identified as an interacting partner of agonist stimulated B3-adrenergic receptors and this interaction was shown to be important for activation of ERK and stimulation of lipolysis, providing the additional involvement of
vimentin in lipid droplet metabolism [257]. The overexpression of ORP4, which interacts with vimentin and causes its aggregation, results in a defect in cholesterol esterification [254]. Likewise, adrenal cells lacking vimentin display a defect in the re-esterification of LDL cholesterol without any alterations in LDL-receptor-mediated endocytosis [258].
Hall and colleagues reported a close association of both functional mitochondria and cholesterol-enriched lipid droplets with the intermediate filaments in Y1 adrenal tumor cells, and testicular Leydig cells and suggested the possibility that such binding may facilitate the transport of cholesterol to mitochondria for steroid synthesis [248-250].
Furthermore, binding of lipid droplets and mitochondria to vimentin-intermediate filaments may also provide an ideal platform for docking of lipid droplets to the mitochondria and secondarily increased cholesterol transport to mitochondria. Besides morphological evidence, a number of biochemical studies employing pharmacological inhibitors raised
the possibility that cytoskeletal elements including vimentin may contribute to the cholesterol transport to mitochondria and the regulation of steroidogenesis although conflicting results have been generated [243]. Also, it is important to realize that agents which were previously used in many of these studies to disrupt microfilaments, e.g.,
nocadazole, cytochalasin, and cyclohexamide, affect tubulin and actin, but have no effects on vimentin [259]. Obviously, more experimental work is needed to clearly define the role of cytoskeletal elements/structures including vimentin intermediate filaments in cholesterol transport to mitochondria and regulation of steroidogenesis. The second
critical step in steroid hormone biosynthesis is delivery of the cholesterol substrate to the inner mitochondrial membrane (IMM) sites, where cholesterol side-chain cleavage P450scc is located, and the enzyme that catalyzes the conversion of cholesterol to pregnenolone takes place [3-6,8]. This step is rate-limiting because the hydrophobic cholesterol
cannot freely diffuse through the aqueous intermembrane space of the mitochondria to support acute steroid synthesis and requires the participation of a de novo synthesized labile protein [8,47-50,260-264]. This putative labile protein evaded detection for almost twenty years until 1983 when Orme-Johnson's laboratory first demonstrated that acute
ACTH stimulation of adrenocortical cell steroidogenesis was accompanied by a rapid induction of 37 kDa phosphoprotein [265]. Subsequent studies from her laboratory provided further characterization of this phosphoprotein in the adrenal and also demonstrated its presence and hormonal induction in corpus luteum and testicular Leydig cells [266-
272]. Stocco and colleagues confirmed these observations in MA-10 Leydig tumor cells, and subsequently cloned this protein and named it steroidogenic acute regulatory protein (StAR) [273,274]. StAR has been cloned from many species and is highly conserved across the species [275]. StAR protein possesses all of the necessary characteristics of
the acute regulator of steroid synthesis in steroidogenic cells i.e., its synthesis is specifically induced in steroidogenic cells of the adrenal and gonads in response to tropic hormone, is highly labile, and is sensitive to the protein synthesis inhibitor, cycloheximide [8,23,84,264-273]. The role of StAR protein in the regulation of acute hormonal
steroidogenesis was supported by three lines of evidence. First, transfection of a model testicular Leydig cell line (MA-10 cells) with a StAR plasmid stimulated steroid production to the same extent as that seen with a maximum stimulating dose of cAMP analog [274]. Second, co-transfection of StAR plus a fusion protein complex of P450scc plasmids
in a heterologous cell system produced several-fold more pregnenolone (steroid) as compared to cells transfected with P450scc fusion complex alone [276,277]. Third, the most compelling evidence for a role of StAR in steroiodogenesis was provided by demonstrating that mutations in the StAR gene cause a fatal condition in newborns, the congenital
lipoid adrenal hyperplasia (lipoid CAH), characterized by severe impairment of steroiodogenesis, hypertrophied adrenals containing high levels of cholesterol esters and free cholesterol and increased amounts of neutral lipids in the testicular Leydig cells [276,278]. Depletion of the murine StAR gene by homologous recombination yielded an identical
phenotype of impaired steroidogenesis and lipid accumulation in the adrenal and gonads [279,280]. In accordance with its role in the acute regulation of steroidogenesis, StAR is expressed mainly in the adrenal cortex, steroid producing cells of the ovary and testicular Leydig cells [277,281]. Significant expression of StAR is also reported in the rodent
brain cell type that parallels the expression of P450scc and other steroidogenic enzymes, but its potential role in neurosteroidogenesis is not yet established [84]. In contrast, StAR expression is not detected in another major steroidogenic tissue, the placenta, which secretes progesterone constitutively [277,281]. StAR is synthesized as a short-lived
cytoplasmic 37-kDa protein with a mitochondrial targeting peptide that is cleaved upon mitochondrial import to yield the long-lived intramitochondrial 30-kDa form [84,269,273]. StAR functions as a sterol transfer protein, binds cholesterol, mediates the acute steroidogenic response by moving cholesterol OMM to IMM, acts on the OMM, and requires
structural change previously described as a pH-dependent molten globule [282-287]. StAR is also a prototype of a family of proteins that contain StAR-related lipid transfer (START) domains (StarD proteins), of which StarD3/MLNG64, StarD4, 5 and 6 exhibit steroidogenic potential [235,236,238,240,282-287]. Given that StAR (StarD1) acts on the outer
membrane in mediating the transfer of cholesterol from the OMM to the IMM, and raises the possibility that it may be a component of a multi-protein complex [84,284-289]. Several lines of evidence indicate that peripheral-type benzodiazepine receptor (PBR) is also involved in mitochondrial import of cholesterol substrate [290,291]. PBR, which is
now referred to as translocator protein (18 kDa, TSPO) is a high-affinity drug- and cholesterol-binding mitochondrial protein, with a cytoplasmic domain containing a cholesterol recognition amino acid consensus (CRAC) domain [292]. TSPO is expressed ubiquitously in the OMM, but is more abundant in the adrenal gland and steroidogenic cells of
gonads [288,289,291-296]. TSPO ligands stimulate steroid synthesis and promote translocation of cholesterol from OMM to the IMM in testicular Leydig cells, ovarian granulosa cells, and adrenocortical cells [290,291,293-298]. Mutagenesis of the CRAC domain interferes with cholesterol binding and transfer of cholesterol to IMM [299,300]. Targeted
deletion of the TSPO gene in a Leydig cell line (TSPO-deficient R2C cells) blocked cholesterol transport into the mitochondria and dramatically reduced steroid production, whereas reintroduction of TSPO in the deficient cell line restored the steroidogenic capacity [301]. TSPO is a component of a 140-200 kDa multi-protein complex consisting of 18-
kDa TSPO itself (and its polymorphic form), the 34-kDa voltage-dependent anion channel (VDAC), the 30-kDa adenine nucleotide translocator (ANC), a 10-kDa protein (pk 10), TSPO-associated protein-1 (PRAX-1), and the TSPO and protein kinase A (PKA) regulatory subunit Rla-associated protein (PAP7) [288]. Increasing evidence now suggests that
TSPO and StAR interact functionally in mediating the transfer of cholesterol from the outer mitochondrial membrane to the inner mitochondrial membrane. For example, FRET measurements indicated that StAR and TSPO come within the 100 A° of each other consistent with the possibility that StAR and TSPO may interact with each other [302].
However, using a complementary bioluminescence resonance energy transfer, the same laboratory was unable to provide evidence for protein-protein interaction between TSPO and StAR [303]. Hauet et al provided evidence that isolated mitochondria from Tom20/StAR overexpressing MA-10 Leydig cells produced steroids at a maximal level, but
these cells lose their steroidogenic capacity if exposed to TSPO-antisense oligonucleotide [304]. Interestingly, re-introduction of recombinant TSPO into the mitochondrial environment in vitro restored the steroidogenesis [304]. The current thinking is that functional cooperation between proteins such as the cAMP-dependent protein kinase regulatory
subunita (PKA-RIa) and the PKA-RIa- and TSPO-associated acyl-coenzyme a binding domain containing 3 (ACBD3) proteins, PAP7, cholesterol is transferred to and docked at the OMM [288]. The TSPO-dependent import of StAR into mitochondria, StAR interaction with VDAC1, and phosphate carrier protein (PCP) on the OMM, and the association of
TSPO with the outer/inner mitochondrial membrane contact sites, drives the intramitochondrial cholesterol transfer and subsequent steroid formation [288]. Steroid producing cells have a dual requirement for cholesterol: they need cholesterol for membrane biogenesis and cell signaling as well as starting material for the mitochondrial synthesis of
pregnenolone, the precursor steroid required for the formation of glucocorticoids, mineralocorticoids, and sex-steroids. For steroid hormone production to proceed normally, adequate cholesterol must be available and supplied to the mitochondria. Under most physiological conditions, the supply of cholesterol is not rate-limiting, because there are
multiple pathways that can fulfill the cholesterol needs of the cell. Although cellular de novo cholesterol synthesis and cholesteryl esters stored in lipid droplets can potentially supply adequate amounts of cholesterol substrate to support steroidogenesis, adrenal and ovary (and testicular Leydig cells under certain conditions), they however,
preferentially utilize plasma lipoprotein-derived cholesterol for steroid synthesis. All steroidogenic cells irrespective of species have the capability to acquire cholesterol from plasma LDL, or other apolipoprotein B- (apoB) or apoE-containing lipoproteins via the well-characterized LDL (B/E) receptor-mediated endocytic pathway. Its functional
efficiency, however, is dictated by the physiological status of the steroidogenic cell, the species and the type and composition of circulating lipoproteins. Steroidogenic cells can also process exceptionally large quantities of lipoprotein-derived cholesteryl esters through the "selective" cholesteryl ester uptake pathway. Indeed, the "selective"
cholesterol uptake pathway is quantitatively the most important source for cholesterol delivery for steroidogenesis in the tropic-hormone stimulated rodent adrenal and ovary. The "selective" cholesterol uptake pathway involves internalization of cholesteryl esters from cell surface bound cholesterol-rich lipoproteins (HDL or LDL, regardless of
lipoprotein composition) without the parallel uptake and lysosomal degradation of the lipoprotein particle itself. Hormone regulatable scavenger receptor class B, type I (SR-BI) is a physiologically relevant cell surface receptor responsible for "selective" uptake of lipoprotein-derived cholesteryl esters. The mechanisms by which plasma-lipoprotein
cholesterol is delivered to steroidogenic cells via the SR-BI mediated "selective" uptake pathway has been extensively studied, but remains incompletely understood. Based on the current evidence, it appears that selective transfer of cholesterol esters to plasma membrane and their subsequent delivery to the cell interior by SR-BI requires the
participation of accessory proteins, alterations in physicochemical characteristics of the plasma membrane (e.g., microvillar channel formation, caveolae/membrane lipid raft, lipid domain) and the specific physical form of SR-BI itself (dimerization, oligomerization). The second step in cholesterol utilization for steroid hormone synthesis is intracellular
cholesterol mobilization and processing and transport to the appropriate site within the mitochondria for side-chain cleavage and pregnenolone production. This process can be broadly divided into three separate, but equally important segments: a) tropic hormone-induced mobilization of cholesterol from intracellular stores, particularly from lipid
droplets, transport of newly released free cholesterol to the outer mitochondrial membrane; and b) transfer of this cholesterol from the outer to the inner mitochondrial membrane for steroid (pregnenolone) production. Tropic hormone-mediated increased formation of the second messenger, cAMP, stimulates cAMP-PKA resulting in activation of
cholesteryl ester hydrolase, and rapid hydrolysis of cholesteryl esters. The newly released cholesterol is transported to the outer mitochondrial membrane, although the actual underlying mechanism is not defined. Based on the currently available information, it appears that transport of hydrophobic cholesterol from the aqueous environment to OMM
is primarily facilitated by the non-vesicular cholesterol transport mechanism involving StarD proteins such as the StarD4 and StarD5 family, which avidly bind cholesterol. In addition, cytoskeletal components/structures, particularly vimentin intermediate filaments, and direct interaction of lipid droplets to cellular organelles (e.g., mitochondria) and
other cytosolic factors, steroidogenesis activator polypeptide (SAP) and changes in cellular architecture could also contribute to cholesterol transport to OMM. The next step in cholesterol transport to mitochondria is the transfer from the outer to the inner mitochondrial membrane; this is considered as a rate-limiting step in hormone-induced steroid
formation. Two proteins, translocator protein (18 kDa, TSPO) and steroidogenic acute regulatory (StAR) protein, which presumably work in concert, mediate this transfer. TSPO, previously known as the peripheral-type benzodiazepine receptor, is a high-affinity drug- and cholesterol-binding mitochondrial protein. StAR is a hormone-induced
mitochondria-targeted protein that has been shown to initiate cholesterol transfer into mitochondria. The current thinking is that functional cooperation between TSPO and proteins such as the cAMP-dependent protein kinase regulatory subunita (PKA-RIa) and the PKA-RIa- and TSPO-associated acyl-coenzyme A binding domain containing 3 (ACBD3)
protein, PAP7, cholesterol is transferred to and docked at the OMM. The TSPO-dependent import of StAR into mitochondria, StAR interaction with VDAC1, and phosphate carrier protein (PCP) on the OMM, and the association of TSPO with the outer/inner mitochondrial membrane contact sites, drives the intramitochondrial cholesterol transfer and
subsequent steroid formation. ACAT1: acyl-coenzyme A:cholesterol acyltransferase 1; ACTH: adrenocorticotropin hormone; All: angiotensin II; ANC: adenine nucleotide transporter; AALO: allopregnanolone; CEH: neutral cholesteryl ester hyrplase; CE: cholesteryl ester; CEs: cholesteryl esters; CLA-1: CD36 and LIMP-II analogues-1; CLMP: c-terminal
linking and modulating protein; CLP36: C-terminal LIM domain protein 36; CRAC: domain; cholesterol recognition amino acid consensus domain; DHEA: dihydroepiandrosterone; DHT: dihydrotestosterone; DHEA: dehydroepiandrosterone; Dlg: the Drosophila discs large protein; ECD: extracellular domain; E3KARP: sodium hydrogen exchanger type 3



kinase A regulatory protein; EBP50: ERM binding protein 50; ER: endoplasmic reticulum; ERM: ezrin, the radixin and the moesin; FERM: Four-point one, ezrin, radixin and moesin; FRET: quantitative fluorescence resonance energy transfer; FSH: follicle-stimulating hormone; hCG: human chorionic gonadotropin; HDL: high-density lipoprotein; HSL.:
hormone-sensitive lipase; IF: vimentin-intermediate filaments; IMM: inner mitochondrial membrane; LDL: low-density lipoprotein; LH: Leuteinizing hormone; NHERF1: Na+/H+ exchange regulatory factor; NHERF2: Na+/H+ exchange regulatory factor 2; NPC1: Nieman-Pick type C1; NPC2: Nieman-Pick type C2; OMM: outer mitochondrial
membrane; NSF: N-ethylmaleimide-sensitive factor; OMM: outer mitochondrial membrane; ORPs: OSBP-related proteins; OSBP: oxysterol-binding protein; CYP11A1: P450c11A; CYP11B1: P450c11; CYP11B2: aldosterone synthase; CYP17: P450c17; CYP21A2: P450c21; PBR: peripheral-type benzodiazepine receptor; PDZ: PSD-95, DglA, ZO-1; PSD-95:
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PMID: 37513689 Free PMC article. See all "Cited by" articles Health & Medicine Anatomy & Physiology The steroid hormones consume a very small fraction of the total cholesterol available in the organism, but they are very important physiologically. (See below Biological functions of lipids.) There are five principal classes, all derived from
cholesterol: progestins (active during pregnancy), the glucocorticoids (promoting the synthesis of glucose and suppressing inflammatory reactions), the mineralocorticoids (regulating ion balances), estrogens (promoting female sex characteristics), and androgens (promoting male sex characteristics). With the exception of progesterone, all of these
closely related biologically active molecules have in common a shortened side chain in ring D and, in some cases, an oxidized OH group on ring A. The individual molecules are synthesized on demand by the placenta in pregnant women, by the adrenal cortex, and by the gonads. High blood levels of cholesterol have been recognized as a primary risk
factor for heart disease. For this reason, much research has been focused on the control of cholesterol’s biosynthesis, on its transport in the blood, and on its storage in the body. The overall level of cholesterol in the body is the result of a balance between dietary intake and cellular biosynthesis on the one hand and, on the other hand, elimination of
cholesterol from the body (principally as its metabolic products, bile acids). As the dietary intake of cholesterol increases in normal persons, there is a corresponding decrease in absorption from the intestines and an increase in the synthesis and excretion of bile acids—which normally accounts for about 70 percent of the cholesterol lost from the
body. The molecular details of these control processes are poorly understood. Regulation of cholesterol biosynthesis in the liver and other cells of the body is better understood. The initial enzyme that forms mevalonate in the first stage of biosynthesis is controlled by two processes. One is inhibition of the synthesis of this enzyme by cholesterol itself
or a derivative of it. The other is regulation of the catalytic activity of the enzyme by phosphorylation/dephosphorylation in response to intracellular signals. Several pharmacological agents also inhibit the enzyme, with the result that unhealthy levels of cholesterol can be lowered over a period of time. The normal human body contains about 100
grams of cholesterol, although this amount can vary considerably among healthy people. Approximately 60 grams of this total are moving dynamically through the organism. Because cholesterol is insoluble in water, the basis of the bodily fluids, it is carried through the circulatory system by transport particles in the blood called lipoproteins. These
microscopic complexes (described in the section Lipoproteins) contain both lipids and proteins that can accommodate cholesterol and still remain soluble in blood. Cholesterol is absorbed into the cells of the intestinal lining, where it is incorporated into lipoprotein complexes called chylomicrons and then secreted into the lymphatic circulation. The
lymph ultimately enters the bloodstream, and the lipoproteins are carried to the liver. Cholesterol, whether derived from the diet or newly synthesized by the liver, is transported in the blood in lipoproteins (VLDL and LDL) to the tissues and organs of the body. There the cholesterol is incorporated into biological membranes or stored as cholesteryl
esters—molecules formed by the reaction of a fatty acid (most commonly oleate) with the hydroxyl group of cholesterol. Esters of cholesterol are even more hydrophobic than cholesterol itself, and in cells they coalesce into droplets analogous to the fat droplets in adipose cells. Cholesterol is lost from cells in peripheral tissues by transfer to another
type of circulating lipoprotein (HDL) in the blood and is then returned to the liver, where it is metabolized to bile acids and salts. low-density lipoprotein (LDL) complexThe LDL complex is essentially a droplet of triacylglycerols and cholesteryl esters encased in a sphere made up of phospholipid, free cholesterol, and protein molecules known as
apoprotein B-100 (ApoB-100). The LDL complex is the principal vehicle for delivering cholesterol to body tissues through the blood.Lipoproteins are lipid-protein complexes that allow all lipids derived from food or synthesized in specific organs to be transported throughout the body by the circulatory system. The basic structure of these aggregates is
that of an oil droplet made up of triglycerides and cholesteryl esters surrounded by a layer of proteins and amphipathic lipids—very similar to that of a micelle, a spherical structure described in the section Fatty acids. If the concentration of one or another lipoprotein becomes too high, then a fraction of the complex becomes insoluble and is deposited
on the walls of arteries and capillaries. This buildup of deposits is called atherosclerosis and ultimately results in blockage of critical arteries to cause a heart attack or stroke. Because of the gravity of this condition, much research is focused on lipoproteins and their functions. The emphasis in the following discussion is therefore placed on human
lipoproteins.



