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THE HUMAN LACTASE POLYMORPHISM 207

INTRODUCTION

Lactose is the only nutritionally important carbohydrate in milk.
Contrary b thea-glycosidic disaccharides maltose and sucrose, the two
sugar moieties of lactose, glucose and galactose, are linkef-glyeosidic
bond. In order to be effectively absorbed in the small intestine, lactose must
first be hydrolyzed by a specific Byme, lactase, that is located in the brush
border of small intestinal epithelial cells. The milk of almost all mammals
contains lactose, and small intestinal lactase activity is high during the
newborn and suckling period when milk is the prime nutrimi¢.
characteristic of most mammals that lactase activity declines at the
physiologic time of weaning. Thereafter, lactase activity is maintained at
low levels, usually less than 10 percent of the activity in the newborn. Man
Is an exception to this rulalthough lactase activity is low in the majority of
human adults, subjects with high lactase activity, comparable with that
found in healthy infants, are frequent in certain populations, notably in
Europeans and their descendants on other continenjec&uwith high
lactase activity can tolerate large amounts of lactose without untoward
symptoms. After a lactose load they show a considerable rise in blood
glucose (and galactose) concentration. In contrast, the increase of glucose
concentration is abseaor small in persons with low lactase activity, and
symptoms of lactose intolerance may develop. Enzyme activity
determinations in mucosal homogenates and standardized lactose tolerance
tests permit the differentiation of two non overlapping phenotypetyde
absorbers and lactose malabsorbers. Lactase phenotype nomenclature will be
discussed later in this review.

Considerable differences in distribution of the two lactase phenotypes
first became evident during comparative studies of lactose toleradce an
intestinal lactase activity in American blacks and whites (Cuatrecasas et al.,
1965; Bayless and Rosensweig, 1966). The interpretation of these population
differences remained controversial for many years. The question of whether
lactose absorption andgh intestinal lactase activity in the adult are due to a
substrate specific induction of enzyme activity by dietary lactose or due to a
genetic control mechanism of lactase production seems to have been settled
recently in favor of the genetic hypothes#mwever, the nature of the
genetic mechanism underlying the persistence of high intestinal lactase
activity remains to be clarified. If the lactase phenotypes have a hereditary
basis, their presence in human populations may be considered a genetic
polymoiphism which is most likely the result of natural selection over many
generations.
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The purposes of this review are (1) to describe the physiology of the
two human lactose phenotypes in contrast to pathologic deficiency states of
lactase; (2) to examine tle@idence for substrate induced adaptation of
lactase; (3) to delineate the formal genetics and the distribution of the lactase
phenotypes; and (4) to discuss the hypotheses that have been put forth to
explain the vast differences of the frequency of tihake phenotypes in
human populations.

PHYSIOLOGY AND PATHOPHYSIOLOGY OF LACTOSE
ASSIMILATION

Number and Properties of Human Intestinal f-Galactosidases

Independently and using different separation methods, two groups
(Gray and Santiago, 1969; Asp andhlgvist, 1968, 1971a, and Asp et al.,
1969, 1971) havdemonstrated three differebigalactosidases in extracts
of human small intestinal mucosa. These three enzymes are now usually
named lactase (brush border &s#, OneutralO lactase, enzyr@tidOp-
galactosidase (enzyme Hnd hetergs-galactosidase (enzyme)lllAlthough
the acid 0 galactosidase hydrolyzes lactose in vitro, only the brush | )order
lactase seems to be responsible for the 1 hydrolysis of dietary lactose. Gray
and Santiago (196%eparated thg-galactosidases of mucosal preparations
by ultracentrifugation in a density gradient, whereas Dahlqgvist and
coworkers achieved the separation of the three enzymes by gel filtration.
The results of the two methods are similar; they wereircnaél with
modified techniques by Rotthae et al. (1972b) and Lebenthal et al.

(1974). The properties of tifiegalactosidases of the human small intestinal
mucosa are summarized in Table 1.

Table 1. Properties of th@-Galactosidases of Human Small Irivesl

Mucosa*
Enzyme Subcellular pH Substrates Reaction with
Localization Optimum Hydrolyzedt 0.2 mM PCMB+
Lactase Brush border 5.56 Lactose, ONPG, PNPG Not inhibited
Acid - Lysosomes 4-4.5 Lactose, PG, ONPG, | Inhibited
galactosidase PNPG, NG, BNG
Heteo-f- Presumably 5.56 PG, ONPG, PNPG, Inhibited
galactosidase cytoplasmic BNG

*From Asp and Dahlgvist (1972).

ONPG, PNPG = ortheand paranitrophenylp-galactoside; PG = phengtgalactoside;
NG = 2naphthylp-galactoside; BNG =-®romao2-naphthylp-galactoside; PCMB = para
chloromercuribenzoate.
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Only a small part of the lactase of mucosa homogenate is soluble; the
major portion sediments with the particulate fraction. The enzyme can be
solubilized with Papain (Gray and Santiago, 1969) and with the éeterg
Triton X-100 (Eggermont and Hers, 1969). The molecular weight was
determined to be 280,000 + 4000 (Gray and Santiago, 1969). Of all known
substrates, lactose is hydrolyzed most rapidly. Lactase ha§-also
glucosidase activity; cellobiose is hydrolyaaccomparison with lactose in
a ratio of 1:5.

Phlorizin hydrolase (=glycosylceramidase; Leese and Semenza, 1973)
is closely associated with the brush border lactase (Malati and Crane, 1969).
Lactase and phlorizin hydrolase conform to the same or simdigic
control mechanisms. In rats, phlorizin hydrolase shows the same age
dependent decrease of activity as lactase. In human adults with selectively
low lactase activity the activity of phlorizin hydrolase is also markedly low
or absent (Lorenz Meyer at., 1972).

Acid p-galactosidase is a lysosomal enzyme which is present in the
small intestine of all mammals so far examined. The enzyme seems to occur
in three forms with different molecular weights (Asp, 1971). The
physicochemical properties are simitarthe lysosomal aci@-
galactosidases of other tissues (Alpers, 1969).

Heterep-galactoglase, the third enzyme wifltgalactosidase activity
in the small intestine of several species, including man (Gray and Santiago,
1969; Swaminathan and Radhakrishne®69 Johnson, 1973), does not
hydrolyze lactose, but numerous artificial hetprgalactosiles are split
with a pH optimum of about 6. Gray et al. (1969) proposed that kgtero
galectosidase is a precursor of fase, because the activity of both enzgme
was lacking in some of the subjects with lactose nsalgdiion. Similarities
in the pHdepelent activity of both enzymes and a low inhibitory effect of
lactose on heterp-galactosidase seemed to favor this assumption. More
recent examinations, howevelg not lend support to this hypothesis
(Johnson, 1973).

Determination of Activity of the O Galactosidases of the Small
Intestinal Mucosa

Several methods with and without prior separation of the enzymes were
devised for the quantitative determinatiorttué 3-galactosidase activities in
small intestinal biopsy material (Grayd Santiago, 1969; Asp and

DaHhqvist, 1972). For the demonstration of a selectively low activity of the
brush border lactase it is sufficient to measure the hydrolysis of lactdse wit



