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Phytosterols are functional ingredients with known efficacy and safety. Phytosterols are found as free sterols or as

their esters with fatty acids. Although phytosterol esters are soluble in oil and have been used in many commercial

foods, it has been difficult to similarly use free phytosterols since they are insoluble in water and practically

insoluble in oil. Phytosterols are attractive, functional ingredients for preventing arteriosclerotic diseases since they

reduce serum total cholesterol and LDL-cholesterol levels.

phytosterol esters  free phytosterols  Safety

1. Phytosterols

Phytosterols are structurally similar to cholesterol and constitute plant cell membranes . Various phytosterols are

found in nature, especially in seeds, major examples of which include β-sitosterol, campesterol, stigmasterol, and

brassicasterol . Structures of these phytosterols are shown in Figure 1.
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Figure 1. Structure of phytosterols.

2. Consumption of Phytosterols

Since phytosterols constitute plant cell membranes and are thus contained in most plant foods, humans routinely

ingest phytosterols as constituents of plant foods, such as vegetables, grains, fruits, and vegetable oils.

Phytosterols are particularly abundant in vegetable oils, cacao beans, peanuts, and broccoli .

Daily intake amounts of phytosterols in Japanese have been reported to be 400 mg by Nakashima et al. through a

survey of university cafeterias  and 0.373 g by Hirai et al. . The daily intake of phytosterols in children aged 6–

12 years was 137 ± 65 mg according to a survey by Ishinaga et al. .

The following values have been described in reports from other countries. Nair et al. surveyed the suburbs of Los

Angeles and reported that daily intake amounts of phytosterols in the general public and lacto-ovo vegetarian

populations were 0.078 g and 0.344 g, respectively . Morton et al. have reported that the phytosterol intake in

British people was 0.158 g . The mean daily intake of phytosterols in Dutch people was 0.289 g .

Furthermore, as described previously, humans worldwide have a history of daily exposure to phytosterols as

constituents of plant foods since ancient times. They are thus considered to have a sufficient eating experience.
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3. Safety of Phytosterols

Phytosterol safety studies focusing on acute toxicity, subacute toxicity, chronic toxicity, mutagenicity, and

reproductive toxicity have shown no toxic aberrance . No serious adverse reactions were found

in healthy individuals, postmenopausal women, and infants with familial hypercholesterolemia after phytosterols

ingestion .

Phytosterols reduce blood levels of some fat-soluble vitamins within the normal ranges and thus have no major

effects on serum levels of fat-soluble vitamins . In addition, phytosterols had no effects on levels of fat-

soluble vitamins in the blood .

In healthy humans, phytosterol ingestion increases serum β-sitosterol levels only slightly. The concentration of β-

sitosterol in human blood has been reported to be less than 1 mg/dL , which did not change after phytosterol-

containing mayonnaise-type dressing materials were ingested . The concentration was markedly lower

(~1/100) than the serum β-sitosterol level in patients with β-sitosterolemia, which causes pathological symptoms

. Phytosterols are highly safe since they are hardly absorbed by the body . Even if phytosterols are

absorbed by the body from the small intestine and migrate into the blood, phytosterols are considered safe in

normal humans since they are discharged from the body . These data indicate that phytosterols are highly safe

materials.

Moreover, phytosterols are recognized as safe. They are listed as existing food additives in Japan, and fatty acid

esters of phytosterols are certified as generally recognized as safe substances in the United States.

4. Serum Cholesterol-Lowering Effect of Phytosterols

After SD rats ingested β-sitosterol, a phytosterol, along with cholesterol, the total serum cholesterol and liver

cholesterol levels decreased . In male CD-1 mice fed with a diet containing 1% β-sitosterol for 15 days, the liver

cholesterol level decreased significantly compared with controls. No significant differences in the serum total

cholesterol level were observed. In addition, although the fecal sterol excretion increased, bile acid excretion

significantly decreased .

Golden Syrian hamsters fed with a diet containing 0.25% cholesterol and 0.01%, 0.2%, or 1% phytosterols for 45

days, and those receiving ≥0.2% phytosterols showed significant decreases in the serum and liver cholesterol

levels .

In rats that underwent thoracic duct cannulation, administration of β-sitosterol along with cholesterol significantly

reduced the amount of cholesterol recovered in the lymph . When phytosterols (a mixture of β-sitosterol,

campesterol, stigmasterol, and brassicasterol) were administered with cholesterol to Wistar rats, serum and liver

cholesterol levels decreased, and the fecal excretion of neutral sterols increased .
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Ooyama et al. investigated the effects of phytosterols on postprandial serum lipid levels in healthy Japanese

individuals who received chicken eggs and phytosterol-containing edible oil. The results showed that phytosterol-

containing edible oil suppressed the increase in postprandial RLP-C levels .

The data described in these reports have revealed that inhibition of cholesterol absorption from the small intestine

underlies the serum total cholesterol-lowering effect of phytosterols.

5. Mechanisms Underlying Cholesterol Absorption Inhibition
by Phytosterols

Complex mechanisms underpin digestion/absorption of cholesterol. Dietary cholesterol is found as free cholesterol

or a cholesterol ester with a fatty acid. A cholesterol ester is hydrolyzed to free cholesterol and fatty acid in the

small intestine lumen by the action of cholesterol esterase secreted by the pancreas. Hydrolyzed cholesterol forms

micelles with bile acids, phospholipids, and fatty acids. The micelles enter a water layer that does not mix with the

small intestine contents and is located adjacent to the microvillus membrane (unstirred water layer). In this layer,

micelles release cholesterol molecules as monomers, which are taken up via simple diffusion according to a

cholesterol concentration gradient across the microvillus membrane. Cholesterol molecules that are taken up by

the cells are reconverted to esters with fatty acids by acyl-CoA cholesterol acyltransferase (ACAT). The resulting

cholesterol esters are incorporated into chylomicrons and released into the lymph .

Phytosterols inhibit cholesterol absorption through a series of steps, as summarized below. Possible steps

responsible for the inhibition are as follows . Figure 1 shows the mechanism by which phytosterols inhibit the

absorption of cholesterol.

Phytosterols compete against cholesterol in micelle formation, resulting in inhibition.

Phytosterols bind to and inhibit the cholesterol receptor essential for the cholesterol uptake across the

microvillus membrane.

Phytosterols inhibit the intracellular esterification of cholesterol.

First, β-sitosterol, a phytosterol, has been reported to form micelles just as cholesterol does. Since only a limited

amount of sterols is dissolved in micelles, the coexistence of cholesterol and β-sitosterol in the lumen of the small

intestine results in a relative decrease in the cholesterol solubility in the micelle . Furthermore, β-sitosterol

is hardly absorbed from the small intestine  and is retained in micelles and emulsions. As a consequence,

cholesterol solubility in micelles is reduced. This contributes to the decreased cholesterol absorption since

cholesterol solubilization in micelles is essential for its absorption. Moreover, in rats fed with a diet containing

cholesterol alone and those fed with a diet containing cholesterol and β-sitosterol, β-sitosterol decreased the

cholesterol solubility in micelles, the cellular cholesterol uptake via the microvillus membrane in the small intestine
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, and the cholesterol recovery in the lymph by practically the same percentages . These results

demonstrate that phytosterols inhibit cholesterol absorption during cholesterol incorporation into micelles.

Second, β-sitosterol does not specifically bind to the microvillus membrane and does not competitively inhibit

cholesterol absorption . Third, β-sitosterol has no inhibitory effect on cholesterol esterification in mucosal cells

of the small intestine .

Therefore, phytosterols inhibit cholesterol absorption by reducing the cholesterol solubility in micelles, lowering the

serum cholesterol level.

In addition to inhibiting cholesterol absorption by phytosterols, recent findings have indicated that small amounts of

phytosterols are absorbed and reach the liver. Plant sterols that reach the liver promote cholesterol’s catabolism

into bile acids and excretion into bile by activating the Liver X receptor, α-CYP7A1 pathway . Phytosterols

reduced hepatic cholesterol level . These effects reduce serum LDL cholesterol levels by reducing the hepatic

cholesterol pool and the excretion of cholesterol into the blood by VLDL from the liver .

6. Minimum Effective Dose of Phytosterols

Pelletier et al. conducted a crossover study on 12 healthy individuals . The participants ingested a butter

preparation containing 740-mg/day phytosterols and a butter preparation containing no phytosterols every day for 4

weeks. When phytosterols were ingested, the total serum cholesterol and LDL-cholesterol levels were significantly

lower than those when phytosterols were not ingested .

Sierksma et al. and Hendriks et al. tested the ingestion of 0.8- and 0.83-g/day phytosterols, respectively, and found

significant decreases in the serum total cholesterol level . Meanwhile, Miettnen et al. reported no significant

difference between 0.63 and 0.65-g/day β-sitosterol and control mayonnaise .

Matsuoka et al. studied the minimum effective dose of phytosterols on serum cholesterol levels in Japanese

participants. The results showed that the minimum effective daily dose of phytosterols for the serum cholesterol-

lowering effect was likely to be 800 mg . In an extensive literature survey including nearly 70 research on the

phytosterol intake and serum cholesterol levels, Saito et al. concluded that the adequate intake of phytosterols was

≥800 mg .
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