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Summary 

Human milk samples that inhibit bilirubin-UDP-glucuronyl 
transferase (UDPGT) activity in vitro have been associated with 
prolonged unconjugated hyperbilirubinemia in newborn infants. 
We measured the concentrations of nonesterified fatty acids (total 
and individual fatty acids), total fat and protein, and lipase activi- 
ties (with and without bile salt stimulation) in milk samples from 
two groups of women. Women whose infants had prolonged un- 
conjugated hyperbilirubinemia and whose milk inhibited the activ- 
ity of UDPGT were in the first group ( N  = 9). Volunteers with 
healthy infants acted as controls. 

Inhibitory milk contained significantly more nonesterified fatty 
acids (total, palmitic, and oleic) than did controls. Fat and protein 
concentrations and bide salt-stimulated lipase activities were sim- 
ilar in the two groups. Unstimulated lipase activity was higher in 
the inhibitory milks (11.9 * 0.8 mM*mio-'oml-') than in the 
controls (6.0 + 0.2 m~emin-'em]-') ( P  < 0.01). The specific 
activity (mM*min-'emg protein-') of unstimulated lipase was 
also significantly higher in the inhibitory milks ( P  < 0.0001). 

The high nonesterified fatty acid levels in inhibitory milks is 
accounted for by the elevated unstimulated lipase activities. How 
these circumstances lead to jaundice in the infants remains to be 
shown. 

Speculation 

The strong association between high unstimulated lipase activity 
in human milk and the syndrome of breast milk jaundice leads us 
to conclude that fat digestion and absorption may have an impor- 
tant efffect on the metabolism of bilirubin in newborn infants. 
Further studv of the influence of the digestive Drocess on the 
absorption a id  further metabolism of dietaiy lipid ih neonates may 
help to illuminate the relationship between lipid metabolism and 
neonatal hyperbilirubinemia. 

Breast milk jaundice was described by Arias et al. (3) and 
Gartner and Arias (1, 5) as a syndrome of prolonged neonatal 
unconjugated hyperbilirubinemia related to the ingestion of cer- 
tain abnormal human milks. Arias et al. (4) found that these 
human milks inhibited hepatic bilirubin-UDP-glucuronyl trans- 
ferase (UDPGT) in vitro and identified the inhibitor as 3a,20P- 
pregnanediol.   he^ also reported that oral administration of 1 
me/dav of the ~urified steroid to infants was associated with 
elkatid serum bilirubin levels (2). One other report (21) identified 
the same pregnanediol in five milk samples associated with the 
same syndrome. 

The clinical syndrome has been described in subsequent reports 
(10, 26, 32). Two other laboratories, however, have not been able 
to find 3a,20/3-pregnanediol in milk samples from women with 
affected infants (27, 29). Ramos et al. (29) reported that oral 
administration of 3a,20/3-pregnanediol to infants elevated the 
mean serum bilirubin less than 0.5 mg/dl, an increment within 
the limits of experimental error and not statistically significant. 

Subsequently, pregnanediol isomers have been found not to in- 
hibit UDPGT, but rather to inhibit release of conjugated bilirubin 
from the liver cell (6, 17). a mechanism that could only lead to 
conjugated hyperbilirubinemia. 

Other groups of investigators have searched for alternative in 
virro inhibitors of hepatic UDPGT (5.23). Each has independently 
identified free fatty acids as in the in virro inhibitor. 

We studied milk samples from mothers of infants with the 
clinical syndrome of breast milk jaundice and compared them 
with milk samples of healthy control volunteers to investigate 
further the cause of breast milk jaundice. Our studies confirm 
those cited above (5, 22, 23) and, in addition, identify the source 
of excess non-esterified fatty acids in the inhibitory milks. 

MATERIALS AND METHODS 

Human milk samples were obtained from two groups of women. 
The first group consisted of women whose infants had prolonged 
unconjugated hyperbilirubinemia (serum indirect-reacting biliru- 
bin > 10 mg/dl after 7 days of age) without evidence of disease 
other than breast milk jaundice ( N  = 9). These women were 
referred to our laboratory by their physicians in the second to 
fourth wk of lactation. Standard laboratory investigation of the 
prolonged neonatal jaundice (28) was negative, and temporary 
cessation of breast-feeding was associated with a fall in serum 
bilirubin concentration in their infants. The second group of 
women (control group, N = 130), delivered at Hutzel Hospital of 
Detroit and elected to breast-feed their infants. None of the infants 
in the control group had prolonged jaundice. Control mothers 
volunteered a 1 to 2 cc milk sample for assay on the third or fourth 
day of lactation. An additional five volunteers submitted three to 
five milk samples each, either during the 7-day period of confine- 
ment postcesarean section or over a 4- to 5-wk period postpartum. 
Milk samples were expressed manually and stored in glass con- 
tainers at 4OC for a maximum of 6 hr. Some milk samples were 
stored for a maximum of 3 days at -20°C. These storage condi- 
tions were found not to alter appreciably any of the enzymatic 
assay measures. 

Milk samples were assayed in vitro for inhibition of UDPGT 
activity by the method standardized by Strebel and Ode1 (33). 
UDPGT was partially purified from Wistar rat liver homogenate 
by differential centrifugation. UDPGT activity was measured in 
the microsomal fraction using uridine diphosphoglucuronic acid 
and crystalline bilirubin as substrates with uridine diphospho-N- 
actylglucosamine added to increase enzyme activity. Whole milk 
or milk fractions (0.1 ml) were added to 0.64 ml of an enzyme: 
substrate:buffer mixture. Percentage of inhibition of enzyme activ- 
ity by the milk was calculated relative to the activity obtained with 
0.1 ml of 0.15 M KC1 added to the UDPGT assay instead of milk. 
In addition, serial dilutions of three inhibitory milks were assayed 
for their effect on UDPGT activity. 

Six inhibitory and six noninhibitory milk samples were assayed 
also for nonesterified fatty acid levels using a method derived 
from the copper chelation method of Falholt er al. (1 I). Relative 
amounts of medium and long-chain saturated and unsaturated 
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fatty acids in the same milk samples were determined by gas 
chromatography of methylated fatty acid esters (13). 

Lipase activity was measured using a modification of the 
method of Hernell and Olivecrona (19). Tributyrin (0.25 ml) was 
preincubated 15 min at 37OC in 7.25 ml of 0.154 M NaCl under 
a stream of nitrogen and with constant stirring. Then, 20 pl of 
milk were added, and the mixture was maintained at pH 7.5 wlth 
0.002 N NaOH delivered via an automatic microburette. The rate 
of NaOH addition corresponded to the rate of butyric acid release 
from tributyrin. The bile salt-stimulated lipase activity of each 
milk sample was measured using sodium taurocholate (3 mM) 
and only 5 pl of milk to compensate for the increase in lipase 
activity due to the presence of bile salt. 

Total milk protein and total fat were analyzed using the methods 
of Nakai and Le (25) without modification. 

The Student t test was used with Welch's approximation for- 
mula corrected for degrees of freedom because of the disparity 
between the group sizes and variances (30). All measured values 
are expressed * the standard error of the mean. Linear regression 
and correlation coeff~cient were calculated using standard for- 
mulae (30). 

RESULTS 

The addition of inhibitory milk ( N  = 9) to the UDPGT assay 
(13.5% v/v) reduced the activity of rat liver UDPGT to 8.1 f 2.9% 
of control activity (244 f 30 pg of bilirubin conjugated per g liver 
per 30 min). On the other hand, UDPGT activity was stimulated 
(107.7 f 1.8%) when milk from control women ( N  = 55) was 
added. When serial dilutions of inhibitory milk samples were 
tested in the UDPGT assay, less and less inhibition was seen as 
the milk samples were diluted. At the highest dilutions of inhibi- 
tory milks, UDPGT activity was stimulated (Fig. I). Oleic acid 
alone is reported to have similar effects on UDPGT activity (17). 

The results of the gas chromatography comparing medium- and 
long-chain fatty acids (CI~ .O-CI~ .~ )  for six each of inhibitory and 
noninhibitory milk samples is summarized in Table 1. Each of the 
fatty acid concentrations in the six inhibitory milk samples was 
higher than that in the six control samples with the total, oleic, 
and palmitic acids significantly elevated ( P  < 0.05). 

Total protein and total fat concentrations in the two populations 
of milk samples were not significantly different (Table 2). 

The comparison of unstimulated and stimulated lipase activities 

VOLUME OF INHIBITORY MILK ADDED (ml.) 

Fig. I. Combined results of experiments with three inhibitory milk 
samples. 

Table I. Free fatty acid concentrations in inhibitory and 
noninhibitorv milks lmMl 

Free 
fatty 
acids 

Inhibitory Noninhibitory 
(N = 5) (N = 5) 

Lauric 
Myristic 
Palmitic 
Palmitoleic 
Stearic 
Oleic 
Linoleic 
Linolenic 

Total" 

I Mean * S.E. 
"Differences in free fatty acids significant at the P < 0.05 level. 

in the inhibitory and control milks is summarized in Table 2. 
Mean lipase activity (unstimulated) of the inhibitory milks was 
approximately twice that of the mean lipase activity of the control 
milks ( P  < 0.01). This activity did not change significantly in 
control samples collected over the first wk of lactation or over the 
4- to 5-wk collection periods (Fig. 2). Bile salt-stimulated lipase 
activity, however, was not significantly higher in the inhibitory 
milks. The ratio of bile salt-stimulated to unstimulated lipase 
activity was apparently higher in control milks (12.5 f 0.3) than 
in the inhibitory milks (8.5 f 1.6) but not statistically higher ( P  
> 0.1). 

The specific activity (mM . min-' - mg protein-') of unstimulated 
lipase was calculated to adjust for changing protein levels occur- 
ring during the course of breast feeding. Because protein values 
were lower in the milks with the highest unstimulated lipase 
activities, the difference in the mean specific activities of unstim- 
ulated lipase in the two populations was highly significant (P  < 
0.0001) with no overlap of individual values in the two groups. 

DISCUSSION 

We have confirmed that milk samples of women with infants 
exhibiting the clinical syndrome of breast milk jaundice inhibit 
(and normal milks enhance) the activity of UDPGT in vitro. 
Chemical comparison of normal and inhibitory milk samples 
reveals that nonesterified fatty acid (NEFA) is the in vitro inhibi- 
tor. Inhibitory milk samples contained significantly more NEFA 
than did controls in our study, and NEFA is a re, :ognized inhibitor 
of UDPGT. The array of free fatty acids in abnoi ma1 milk samples 
was similar to that found in the esters of normal human milk 
triglycerides. 

We attribute the high NEFA levels to the hydrolysis of the milk 
triglycerides by abnormally high lipase activity. Others have found 
that concentrations of NEFA in abnormal milks and their 
UDPGT-inhibitory activity increase with storage time even at 
4°C (9, 22, 23). Furthermore, fresh samples of milk from women 
with breast milk jaundice infants have little or no UDPGT- 
inhibitory capacity when heated immediately to 56OC (12, 23). 
Our data are consistent with these observations. Our measure- 
ments of the unstimulated lipase activities of inhibitory milk 
samples were clearly higher than that of controls. 

At least two lipases have been described in human milk and in 
milk from other primates (18). About 95% of lipase activity in 
milk is due to a bile salt-stimulated enzyme which is found in the 
whey protein fraction but has not been purified extensively (18). 
Most of the remaining lipolytic activity is contributed by a serum- 
stimulated lipase (probably lipoprotein lipase). The serum-stimu- 
lated milk lipase may not be active in vitro (18, 19). 

The action of bile salt-stimulated lipase like lingual lipase (16) 
appears to result in the hydrolysis of triglycerides to glycerol and 
free fatty acids (18, 20). Pancreatic lipase differs from bile salt- 
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Table 2 

Inhibitory Control Probability derived 
(N = 9) IN = 130) from 1-statistic' 

Fat @/dl) 
Protein @/dl) 
Unstimulated lipase activity 

(mM. min-' . ml-') 
Bile salt-stimulated lipase activity 

(mM - min-' ml-') 
Unstimulated lipase specific activity 

(mM. min-' . me-') 

N.S.3 
N.S. 

P < 0.01 

N.S. 

-- - 

' All I values are approximate using Welch's approximation formula and corrected for degrees of freedom. 
Mean f S.E. 
N.S., not significant. 

suggest the following hypothetical mechanisms which are consist- 
ent with the known facts. 

DAYS POST PARTUM 

L 
Milk from normal women contains little lipase activity in the 

c absence of bile salts. Most of the triglycerides in the milk are 

Fig. 2. Results of longitudinal studies of unstimulated lipase activities 
in milk samples from five volunteers (6. *. V, 1. A). 
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stimulated lipase in that the pancreatic enzyme hydrolyzes triglyc- 
erides to 2-monoglyceride and free fatty acids primarily. The 

A A 
hydrolyzed normally in the upper small intestine by human milk 

A A bile salt-stimulated lipase and pancreatic lipase. Pancreatic lipase 
rn hydrolyzes fatty acids from triglycerides and diglycerides well but 

is only weakly active with 2-monoglyceride .as its substrate (20). 
Human milk bile salt-stimulated lipase hydrolyzes readily all three - *  fatty acids from triglyceride producing free glycerol. Normally, a . considerable amount of glycerol backbone from milk triglycerides 
is available for resynthesis of triglycerides in the intestinal epithe- - hum. Most of the triglycerides resynthesized there enter the lym- . phatics. 

We propose that human milk with high lipase activity in the 
absence of bile salt-stimulation (abnormal milk) may initiate a 
markedly different digestive process. The triglycerides in such 

, I I I , I 1 milk would be hydrolyzed extensively by the variant lipase before 

pancreatic enzym; is weakly active with-2-monoglyceridd as its 
substrate. Bile salt-stimulated lipase activity is much more likely 
to yield free glycerol than is pancreatic lipase. 

Bile salt-stimulated lipase is resistant to acid-pepsin treatment 
and to the action of neutral trypsin (20). We measured lipase 
activities (stimulated by bile salt and unstimulated), total protein, 
and fat in 130 normal human milk samples in nine UDPGT- 
inhibitory milks from women with infants who had prolonged 
unconjugated hyperbilirubinemia. The two populations were sim- 
ilar in protein and fat concentrations and in bile salt-stimulated 
lipase activities. They differed significantly in unstimulated lipase 
activities and in the specific activities of unstimulated lipase. The 
ratios of bile salt-stimulated to unstimulated lipase activities were 
lower in the abnormal milks, but the difference between means 
were not statistically significant. 

The somewhat higher protein values in the control milks can be 
explained by the time of collection (third to fourth days) as 
compared to the time of collection of the inhibitory milks (eighth 
to 20th days). Transitional milk is known to be higher in protein 
than mature milk (24). Our longitudinal studies of milk samples 
from five control mothers showed that the activity of unstimulated 
lipase changes insignificantly over the first 4 to 5 wk of lactation. 
The maturity of the milk, therefore, does not seem to account for 
the significant difference in unstimulated lipase activity that we 
found. 

No experimental evidence has been developed to explain the 
mechanisms responsible for the production of hyperbilirubinemia 
in infants who are fed milk with the variant lipase activity. We 

5 10 15 20 25 3 0  35 4 0  they reach the upper small intestine. We estimate from our studies 
that the milk trgycerides can be completely hydrolyzed to glyc- 
erol and fatty acids in approximately 30 min at near-neutral pH. 
Gastric acid production is low in neonates (I) and postprandial 
pH values above 6.0 are common (14). Extensive predigestion of 
triglycerides would result in high levels of free fatty acids in the 
lumen of the upper small bowel. Glycerol can be absorbed rapidly 
in the stomach as well as the duodenum (34) and may be assimi- 
lated long before the bulk of the fatty acids is absorbed. Another 
source of glycerol backbone for the nonesterified fatty acids would 
then be necessary. Saunders and Dawson (3 1) found that less than 
one-third of labeled glycerol was recovered as triglycerides in 
lymph after feeding an oleic acid:glycerol:taurocholate mixture to 
adult rats. 

Glucose may be an alternate source of glycerol backbone for 
the resynthesis of triglycerides in the intestinal epithelium, but 
newborn infants may have difficulty in utilizing this alternative. 
Buchs and Favarger (8) found about 25% of reconstructed triglyc- 
erides from rat intestine had glycerol backbones derived from 
circulating glucose. Glycerol phosphate and dihydroxyacetone 
phosphate (products of glycolysis) have each been suggested as 
substrates for the resynthesis of triglycerides in the intestine (7). 
However, enzymes in this pathway such as monoglyceride acyl- 
transferase, acyl-CoA synthetase, and diglyceride acyltransferase 
are low in specific activity in fetal animals as well as starving 
animals. These enzymes can be induced to higher specific activity 
by high-fat diets. We have no reason to believe, therefore, that 
newborn infants would have high specific activities of these en- 
zymes in their intestinal epithelia. 

If (I) the glycerol freed from milk triglycerides became unavail- 
able because of early digestion by an abnormally high unstimu- 
lated lipase activity and rapid absorption, or (2) the intestinal 
epithelium is unable to produce enough glycerol backbone from 
glycolysis to re-esterify all the fatty acids absorbed, or (3) the 
intestinal epithelium is unable to keep up with the actual esterifi- 
cation of absorbed fatty acids due to a relative deficiency of fatty 
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acyl-CoA formation, then the fatty acids may diffuse into the 
portal circulation in significant quantities. The livers of such 
infants may be presented with a fatty acid load which might 
saturate the Z protein carrier system (12) or directly inhibit the 
activity of UDPGT. Either of the last two mechanisms would lead 
to prolonged unconjugated hyperbilirubinemia in the infant. 

In summary, there is a strong association between breast milk 
jaundice and an inhibitor of UDPGT activity in vitro. The inhib- 
itor is nonesterified fatty acids which appears in the abnormal 
milk in excess quantities due to the action of an abnormal lipolytic 
activity. Whether this defect is genetically determined or due to 
some "stimulant" of lipase activity and how it leads to prolonged, 
unconjugated hyperbilirubinemia all remain to be investigated. 
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