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Abstract

Objectives—Fat is digested in the intestine into free fatty acids (FFAs), which are detergents and

therefore toxic to cells at micromolar concentration. The mucosal barrier protects cells in the adult

intestine, but this barrier may not be fully developed in premature infants. Lipase-digested infant

formula, but not fresh human milk, has elevated FFAs and is cytotoxic to intestinal cells, and

therefore could contribute to intestinal injury in necrotizing enterocolitis (NEC). But even infants

exclusively fed breast milk may develop NEC. Our objective was to determine if stored milk and

milk from donor milk banks (DM) could also become cytotoxic, especially after digestion.

Methods—We exposed cultured rat intestinal epithelial cells or human neutrophils to DM and

milk collected fresh and stored at 4 or −20 °C for up to 12 weeks and then treated for 2 hours

(37°C) with 0.1 or 1 mg/ml pancreatic lipase and/or trypsin and chymotrypsin.

Results—DM and milk stored 3 days (at 4 or −20 °C) and then digested were cytotoxic. Storage

at −20 °C for 8 and 12 weeks resulted in an additional increase in cytotoxicity. Protease digestion

decreased, but did not eliminate cell death.

Conclusions—Current storage practices may allow milk to become cytotoxic and contribute to

intestinal damage in NEC.

Additional keywords

Lipase; necrotizing enterocolitis; breast milk donor banks; necrosis; intestinal cell damage

Introduction

In many ways, the infant intestine is more vulnerable to damage than the mature intestine.

One example of this is necrotizing enterocolitis (NEC), the leading cause of gastrointestinal

related death in premature infants. NEC is characterized by intestinal hemorrhagic necrosis
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and is rarely seen before onset of enteral nutrition (1). This vulnerability to intestinal

damage likely results from the immature state at birth of the intestinal mucosal barrier,

observable as increased permeability to luminal content compared to mature intestines (2,

3). The intestines of premature infants are even more permeable (3), suggesting,

unsurprisingly, they are even less mature.

The intestinal mucosal barrier controls permeability and is comprised of an inner barrier of

epithelial cells with tight inter-epithelial junctions and an outer barrier of attached and

secreted mucin (i.e. mucus). In the mature intestine, the mucosal barrier serves to prevent

pathogens in the intestinal lumen from entering the body. The mucin component also

prevents digestive enzymes and certain products of food digestion from directly contacting

and damaging the epithelium. One such product is free fatty acid (FFA) released by lipase

digestion of ingested fats. As detergents, FFAs may insert themselves into and disrupt (4) all

types of cell membranes (5, 6) (i.e. a receptor independent event). As a result, they may be

cytotoxic in even micromolar concentration (7). Yet FFA concentrations in the intestinal

lumen after a meal may easily surpass 10 mM in humans (8). The mucin barrier prevents

FFAs from damaging the epithelium (9). However, it has been shown that at higher

concentrations (e.g. 40 mM), FFAs cause villi damage even in healthy, mature intestine (9).

Likewise, inhibition of the enzymes that create and release FFAs prevents intestinal

hemorrhagic necrosis and improves mortality after mucosal barrier disruption by intestinal

ischemia in adult rats (7).

In neonates the mucin barrier is still forming and less mature intestines may be damaged by

lower concentrations of FFA (e.g. 5 mM) (10). Mouse models suggest that the ability of the

intestine to replenish its mucin barrier after a challenge is deficient in pre-term neonates

(11). This possibility is supported by findings of fewer mucin-containing goblet cells in

histological sections from NEC infants in humans, suggesting depletion of mucin stores

(11). In contrast, addition of dietary epidermal growth factor (EGF), a mucin-stimulating

factor, protects against NEC in mouse models (12, 13). If mucin deficit is a major factor

predisposing the premature infant to NEC, then it becomes critical to determine what dietary

factors increase FFA concentration and thus cytotoxicity in the intestinal lumen.

There is a 10-fold higher risk for development of NEC in premature infants fed infant

formula instead of breast milk (14). We have shown that infant formula digested in vitro

generates 10 times the concentration of unbound (i.e. not attached to protein and therefore

cytotoxic) FFA generated by fresh human milk under the same digestion conditions (5).

Furthermore, the digested formulas but not the digested fresh human milk were cytotoxic to

multiple cell types, since they cause physical disruption of lipid membranes. This evidence

suggests that the increased risk for NEC associated with formula feeding could be

attributable to concentrations of FFA after digestion exceeding the protective capacity of the

mucin barrier.

However, milk from donor banks has not always performed better than formula in

preventing NEC (15, 16) nor does exclusive breast milk feeding provide full protection from

NEC or other GI problems (14, 17). One possible reason may be the practice of storing

breast milk. Breast milk contains bile salt-sensitive lipase (BSSL) and lipoprotein lipase
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(LPL), and, if stored, forms FFAs that taste “soapy” (18). This may occur even if the milk is

stored frozen at −20 °C (19). Stored breast milk has been shown to become cytotoxic to a

number of cell types and this death was attributed to FFAs (6), but the focus was on the

effects this could have on immune cells or pathogens present in the milk, rather than on

potential damage to the intestine. Nor have previous studies taken into account the

additional FFA formation and thus cytotoxicity that may occur during digestion in an

infant’s intestine. Current guidelines suggest that parents may store milk up to eight days at

4 °C or 6 to 12 months at −20 °C (20) and allow milk banks 3 to 6 months of milk storage at

−20 °C prior to pasteurization (21). This extended storage could lead to cytotoxicity in

donor milk that may be detrimental to the premature infant’s intestine. Even otherwise

healthy full-term neonates could potentially be affected by cytotoxicity in their mother’s

own stored milk if their mucosal barrier is not fully developed.

The objectives of this study were to: 1) determine if intestinal epithelial cells (IECs) can be

killed by stored breast milk, 2) investigate general cytotoxicity as a function of storage time,

storage temperature, and subsequent digestion, and 3) determine if donor milk (DM)

obtained from human milk banks is cytotoxic with or without subsequent digestion.

Materials and Methods

To achieve our objectives we obtained DM and collected fresh milk from volunteers and

stored it at 4°, −20°, or −80° C for varying periods then digested the milk with pancreatic

lipase and/or proteases. When possible, we tested cytotoxicity on cultured IECs. However,

that assay is limited in that cells were not always available at the same time as fresh human

milk and because the presence of even small amounts of protease would cause cell

detachment from the culture wells. Since the latter interferes with quantification of cell

death, the exposure time of IECs to milk was limited to 5 minutes (well below the expected

in vivo exposure time of ~50 min, based on gastric emptying rate (22)). Therefore for some

studies a general assay of cytotoxicity was performed using 60-minute exposure to rapidly

obtainable, freshly isolated human neutrophils as the test cell type.

Ethics Statement

The Institutional Review Board of the University of California, San Diego, approved all

protocols involving human subjects.

Human Milk Collection and Storage

Fresh human milk was obtained from healthy volunteer mothers after written consent.

Participants were asked to pump a full expression to allow mixing of fore and hind milk.

Milk was kept at 4°C and aliquoted within 2 hours. Aliquots for the fresh milk group were

immediately digested for measurements of cytotoxicity on human neutrophils, an uncultured

human cell source available on short notice. Milk that was not slated for immediate testing

was stored at 4 °C, −20 °C, and/or −80 °C. For selected studies, duplicate aliquots of milk

received 0.25 mg/ml of the lipase inhibitor, orlistat (Sigma-Aldrich; St. Louis, MO), prior to

storage. Because IECs were not always available when fresh milk arrived, the primary

determination of cytotoxicity at fresh, 3 day, and 7 day time points was performed using the
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general cytotoxicity (e.g. neutrophil) assay. The “fresh” and “7 day” time points were then

replicated on IECs using milk stored at −80 °C until the day of the assay or thawed and

stored at 4 °C 7 days prior to the IEC assay. To study long-term storage at −20 °C, fresh

milk was stored for 0, 4, 8, or 12 weeks at −20 °C before transfer to −80 °C prior to testing

on IECs (all samples assayed on the same day).

Raw (N=6) and pasteurized (i.e. as provided for consumption; N=6) DM was obtained from

the San Jose Human Milk Bank. DM was frozen and shipped in batches to the milk bank by

mothers after collection over an 8 to 130 day period. The milk remained frozen at −20 °C

until pasteurization by the Milk Bank between 2 and 16 days of receipt by the bank before it

was shipped to us (written communication from milk bank). Samples were shipped frozen

on dry ice. DM was immediately thawed and aliquoted upon delivery (6 to 8 days after

pasteurization). Within minutes, raw and pasteurized DMs were assayed for lipase activity

and pasteurized DMs were digested and tested for cytotoxicity on neutrophils. The

remaining aliquots were frozen (−80 °C) for later (14 days) cytotoxicity measurements on

IECs.

Milk Digestion with Pancreatic Lipase and Protease

For studies involving digestion, human milk was incubated for 2 h (37 °C) (similar to the

transit time through an infant jejunum) after mixing 4:1 (v:v) with PBS, porcine pancreatic

lipase (Sigma Aldrich), bovine pancreatic trypsin and chymotrypsin (Sigma Aldrich), or

lipase, trypsin, and chymotrypsin. Final enzyme concentrations were either 0.1 (this, along

with reducing exposure time to 5 minutes, was designed to reduce IEC cell detachment) or 1

mg/ml. These concentrations bracket and are on the order of concentrations in the intestinal

lumen of human infants (23). Note we avoided the use of bile salts in the digestion, as bile

salt concentration is highly variable in neonates and often well below the critical micelle

concentration (i.e. the theoretical concentration at which bile would be able to assist in

digestion) (24).

After digestion, selected samples were defatted (centrifugation at 16000g, 20 min, 4 °C,

collecting the supernatant under the solid fat layer). Defatting to remove fat globules was

required for all cytotoxicity assays involving neutrophils to allow measurement by flow

cytometry and for all plate reader assays (i.e. lipase activity and FFA concentration

measurements).

Some samples were filtered after digestion and defatting through glass fiber pre-filters (Pall-

Gellman; Port Washington, NY) to remove unbound FFAs, as previously described (5).

Cytotoxicity Assays

Freshly isolated human neutrophil and cultured rat IEC cytotoxicity measurements were

performed as previously described (5). In brief, after a 60 minute exposure to sample for

neutrophils (to approximate the expected bolus transit time of food passing through the

intestine as suggested by gastric emptying rate (22)) or a 5 minute exposure for IECs (to

avoid cell detachment), death was determined using propidium iodide (PI; Sigma), a

fluorescent life/death indicator, and analyzed immediately via flow cytometer (neutrophils)

or fluorescent imaging (IECs). % Cell death was calculated as the percentage of gated cells
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that were PI-positive in the neutrophil assay and by using the ratio of PI-positive cells to the

average number of PI-positive cells in wells treated with 0.1% Triton X-100 in PBS for 30

seconds (100% cell death). A sample was defined as cytotoxic if it caused more than 17%

(neutrophils) or 5% (IECs) cell death (i.e. at least one standard deviation above the mean

death of cells exposed to PBS alone − 10±7% and 1.6±1.7%, respectively).

Lipase Activity Assay

Lipase activity of defatted milk was assayed fresh, after 1 week of refrigeration (4 °C) or

freezing (−20 °C), after long-term (16±9 weeks) storage at −80 °C, and in the raw and

pasteurized DM upon arrival. Lipase activity was determined via digestion of the fluorescent

substrate, O-pivaloyloxymethyl umbelliferone (C-POM; Invitrogen; Carlsbad, CA) as

previously described (7).

FFA Measurement

Total FFA concentration was determined in a 96-well plate using the Free Fatty Acids Half-

Micro Test kit (Roche Applied Sciences; Indianapolis, IN). All samples were pre-diluted 10-

fold to bring concentrations within the linear range of the assay (<1 mM), with reported

values corrected to the original concentrations. The kit measures total FFAs regardless of

binding to fatty acid binding proteins such as bovine serum albumin (BSA) (5). Filtration

through glass fiber pre-filters removes unbound but not bound FFAs (5) and reduces

cytotoxicity (7, 25). Therefore, to determine the approximate amounts of bound and

unbound FFAs, we filtered samples through 3 glass fiber filters in series, as previously

described (5). Filtered samples were then assayed for total FFAs yielding the bound FFA

concentration of the original unfiltered sample.

Statistics

Data are presented as means ± standard deviation. Single or multi-factor ANOVA (with

repeated measures for paired samples) was completed for experiments with multiple groups

(α=0.05) followed by Bonferroni correction for pair-wise t-test comparisons. Statistical

analysis was performed in Excel and SPSS (IBM corporation; Armonk, NY).

Results

Cytotoxicity of digested fresh vs. stored breast milk to human neutrophils

Defatted fresh human milk was on average not cytotoxic in the neutrophil assay, regardless

of digestion group (only 1 of 12 samples became cytotoxic after lipase digestion; Table 1).

However, milk stored for 3 days at 4 °C or −20 °C showed a significant increase in

cytotoxicity after lipase digestion, with more cell death in the 4 °C group than in the −20 °C

group. After 1 week of storage, 11 of 12 milk samples stored at 4 °C and 10 of 12 samples

stored at −20 °C were cytotoxic after lipase digestion. Neutrophils exposed to 4 °C, but not

−80 °C, stored milk (1 week) show visible disruptions of the cell membrane (e.g. large

blebs) (Figure 1), similar to previously observed bleb formations that precede cell membrane

rupture and death by a FFA mechanism (5, 7, 25).
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Protease digestion, shown previously to increase the capacity of breast milk to resist death

from exogenously added FFA (5), either decreased the cell death and/or the number of

samples that were cytotoxic in stored milk (Table 1). This did not appear to be due to

digestion of endogenous or exogenous lipase since lipase activity was unchanged with

protease addition (1259±585 vs. 1196±487 fluorescent units in the 7 day, 4 °C, milk with

lipase vs. lipase + protease groups). Lipase- and protease-only controls were not cytotoxic to

neutrophils (not shown).

The post-natal age of the child at the time of milk donation (range: 22–507 days) did not

correlate to the cytotoxicity of milk stored 7 days at 4 °C (PBS digestion, correlation

coefficient = 0.15, p=0.32) or initial lipase activity in the sample (correlation coefficient =

−0.01, p=0.49). Mother’s age at time of expression was unavailable for 2 samples, but we

did not find a correlation between mother’s age and cytotoxicity of milk stored 7 days at 4

°C (PBS digestion, correlation coefficient = −0.17, p=0.32) or initial lipase activity in the

sample (correlation coefficient = 0.13, p=0.35) in the remaining 10 samples. Mothers’ race

was primarily Caucasian (7 Caucasian/non-Hispanic, 1 Black, 1 Asian, 1 half-Asian/half-

Caucasian, 2 unavailable), so no effects of race are determinable for this data.

FFA Cytotoxic Mechanism

We measured lipase activity in samples stored for 7 days at 4 °C or −20 °C, or long-term at

−80 °C, normalized by their activities when fresh, as well as that of raw and pasteurized DM

(Figure 2A). Fresh milk alone had 3.1±1.4 times the activity as 1 mg/ml of exogenous

pancreatic lipase (not shown). Pasteurized DM had no detectable lipase activity, in

agreement with previous studies (26), but all other samples had activity. Activity was

significantly elevated with freezing (−20 °C) compared to refrigeration (4 °C). Raw DM and

−80 °C stored milk also trended towards increased activity compared to 4 °C (p=0.046 for

raw DM; p=0.076 for −80 °C stored milk). This agrees with previous studies showing lipase

activation by cooling (2 °C) cow’s milk (27) and by freezing human milk (BSSL normally

needs bile salt to become active, but this requirement is lost after freezing) (28). No

correlation was seen between cytotoxicity of the Milk with PBS after 7 days storage at 4 °C

and the initial (correlation coefficient = −0.04, p=0.45) or final lipase activity (correlation

coefficient = −0.35, p=0.16), suggesting that variations in cytotoxicity were due more to

differences in substrate (e.g. milk fat globules) between samples than differences in lipase

activity.

Despite a relatively short 5 minutes exposure, milk stored at 4 °C for 7 days killed 41% of

IECs, as compared to 5% from milk stored at −80 °C (Figure 2B). Exogenous lipase

digestion increased both of these values a small but significant (by paired t-test) amount (see

inset for raw data of 4 °C groups). Cytotoxicity was prevented when lipase was inhibited

with orlistat prior to storage at 4 °C. Thus, as with digested formula (5), FFAs created by

lipase digestion in stored milk are cytotoxic to intestinal cells. We confirmed that lipase

inhibition would also prevent cytotoxicity to neutrophils (Figure 2C) and that passage of

cytotoxic stored milk through glass fiber filters, which bind and remove unbound, but not

bound, FFAs (5), significantly reduced cytotoxicity (Figure 2D).
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We measured total and unbound FFAs in aliquots of the same defatted solutions that were

previously tested for cytotoxicity on human neutrophils (Table 1) and stored at –80 °C until

FFA analysis. We detected little to no FFAs in fresh milk incubated with PBS or proteases

(Figure 3). Pancreatic lipase digestion significantly increased the total and unbound FFAs in

fresh breast milk. Milk stored for 7 days at 4 °C had significantly higher unbound and total

FFA levels compared to fresh milk in all cases, except for unbound FFAs in the Milk with

Lipase groups which approached, but did not reach significance (P=0.02). Lipase digestion

of stored milk increased neither the total nor the unbound concentrations of FFAs over the

Stored milk with PBS control unless protease digestion also occurred, in agreement with the

cytotoxicity findings (Table 1). It is possible that fat digestion or FFA aqueous solubility in

breast milk are near their maximal levels in the stored milk already, minimizing the effect of

exogenous lipase unless proteases are present to increase the binding of FFA to proteins (see

below) removing them from solution and making room for additional FFA (in vivo,

solubility is increased via FFA incorporation into bile acid micelles (29)). Protease digestion

decreased total FFA levels in all cases. Overall, unbound FFA concentration correlated

significantly with cytotoxicity (correlation coefficient = 0.706, p<0.001).

Long-term milk storage at −20 °C

To explore the effects of long-term milk storage at −20 °C on IEC cytotoxicity, we stored

fresh milk at −20 °C for 0, 4, 8, or 12 weeks, transferring the aliquots to −80 °C until

simultaneous digestion and testing on IECs (total storage = 20.7 ± 8.3 weeks, max 37.6

weeks). Every group, including the 0 week group that was kept at −80 °C for the duration,

increased their cytotoxicity with lipase digestion (Figure 4 also apparent in Figure 2B). This

suggests that frozen milk, even at −80 °C, loses some of the resistance to lipolysis present in

fresh milk, subject to variations between donors and/or assay conditions. However, after 8

weeks we saw an additional cytotoxic effect of storage at −20 °C. This increase was seen

even in the absence of exogenous pancreatic lipase digestion.

To determine whether the secondary increase in cytotoxicity during storage at −20 °C is due

to retention of residual lipase activity even while frozen, we tested the effect of lipase

inhibition on milk prior to storage. Milk from 7 individual donors was stored 28 days or

approximately 2 months (60.1 ± 3.0 days) at −20 °C with or without 0.25 mg/ml orlistat,

then moved to −80 °C before thawing and immediate defatting and testing for cytotoxicity to

neutrophils without additional digestion or incubation at 37 °C (total storage time 33.1 ± 3.0

and 61.1 ± 3.0 days, respectively). Aliquots of the defatted milk were immediately returned

to −80 °C until testing for FFA concentration (total storage time 38.1 ± 3.0 and 68.1 ± 3.0

days, respectively). We found no appreciable cell death at either time point (3 ± 1% with or

without orlistat at 28 day time point, 2 ± 1% with or without orlistat at 2 month time point).

At 28 days we found approximately the same low concentration of FFAs as we observed in

the fresh milk group (Figure 3) in both groups (0.13 ± 0.12 mM FFA without orlistat and

0.10 ± 0.04 mM FFA with orlistat). However, at the 2-month time point, FFAs were doubled

(0.22 ± 0.11 mM FFA), and this increase was prevented by pretreatment with orlistat (0.10 ±

0.04 mM FFA; p<0.011).
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Milk from Donor Bank

Given that 8 weeks of storage at −20 °C can increase FFAs and cytotoxicity and that milk

banks allow donors to store milk for longer periods before shipping to their facilities, we

determined the cytotoxicity of DM, with and without exogenous lipase digestion. We found

that 2 of 6 DM samples were initially cytotoxic to neutrophils, but after lipase digestion all 6

samples were cytotoxic (Figure 5 left). The IEC assay gave similar results for the control

and lipase digested DM although by that method, 4 of the samples were considered

cytotoxic to start with, increasing to 5 of 6 with lipase digestion (Figure 5 right). The

addition of proteases to the digestion of DM resulted in a decrease in cytotoxicity by IEC

assay, but increased cytotoxicity as measured by the neutrophil assay, possibly due to the

higher protease concentration and extra ~1.5 hours of digestion (55 minutes longer

incubation with neutrophils plus ~30 minutes for defatting step) in that assay (see below).

FFA binding capacity as measured by cytotoxicity response to exogenous FFA

Because FFAs are likely to insert themselves into milk fat globule membranes, the fat layer

itself may provide some protection from cytotoxicity. We therefore compared the ability of

defatted and whole milk to lower the cytotoxicity of exogenous oleic acid (e.g. via binding

the FFA) and determined how those capacities are affected by protease digestion. Similar to

previous results with milk (5), digestion by proteases significantly improved the ability of

milk to lower the cytotoxicity of exogenous FFA, whether or not the milk was defatted prior

to oleic acid addition (Figure 6). This suggests that protease digestion increases FFA binding

capacity not just in whole milk but also in the components that remain in defatted milk.

There was also a significant protection against cytotoxicity if oleic acid was added to milk

before, as opposed to after, defatting. This suggests that the fat layer and/or pellet also have

a significant FFA binding capacity. There was a significant interaction by ANOVA between

defatting and digestion, implying that the binding capacity of the fat layer/pellet is also

increased by protease digestion. This agrees with the FFA measurement (Figure 3) showing

a decrease in total FFA concentration in milk digested by proteases before defatting, despite

no decrease in lipase activity.

To determine if the differential response to protease digestion shown in Figure 5 could be

the result of differences in the degree of protein digestion, we kinetically tested the effect of

protease digestion on FFA binding capacity in DM. 5mM exogenous oleic acid was added to

defatted DM, which was then digested for 0, 0.5, 1, 2, or 4 hours with 1 mg/ml trypsin and

chymotrypsin before inhibiting protease activity with 1 mM phenylmethanesulfonylfluoride

and incubating with neutrophils. Unlike in Figure 5 left we saw a significant decrease in

neutrophil cytotoxicity compared to 0 hours digestion (59±11%) at 0.5 (47±11%, p<0.0001)

and 1 hours (46±11%, p<0.015) digestion (N=6). However, this was followed by a near

significant increase in cytotoxicity at the 2-hour time point (55±21%, p=0.052 versus 1-hour

time point, with one sample having a 10% increase in cytotoxicity compared to its 0-hour

time point) and a second significant decrease at 4 hours (33±11%, p<0.01 versus 2-hour

time point). The complexity of the kinetics suggests that more than one protein is likely to

be involved in this process.
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Discussion

The current results indicate that 1) stored human milk is capable of killing IECs with as little

as 5 minutes exposure, 2) 3 days storage at either 4 °C or −20 °C will cause milk to become

cytotoxic after lipase digestion similar to that in the infant intestine, and 3) some milk from

donor banks is already cytotoxic upon distribution and, unlike fresh milk, gains significant

cytotoxicity after lipase digestion.

Cytotoxicity could be prevented by pre-treatment with the lipase inhibitor, orlistat, prior to

milk storage, confirming that the products of lipolysis are the cause of cell death.

Cytotoxicity could be decreased by protease digestion, and by filtering through glass fiber

pre-filters, a procedure that removes unbound FFAs but not FFAs bound to proteins such as

albumin (5, 7). Both total and unbound FFAs are increased in stored milk and unbound FFA

concentration correlates with levels of cell death. These findings support the hypothesis that

unbound FFAs are the main cytotoxic mediator in stored milk, though monoglycerides may

also contribute.

We observed membrane bleb formation and rupture and eventually total cell destruction,

similar to that observed with other FFA sources (7), and consistent with the idea of physical

disruption of the bi-lipid membrane. Cell destruction by FFAs is cell type independent (e.g.

epithelial cells (5), endothelial cells (5), leukocytes (6), red cells (6)). Though neutrophils

were used here primarily as a convenient measure of general cytotoxicity, neutrophils are

present in intestinal tissue and, like other cell types in the intestine that remain to be

investigated, may be affected by FFA cytotoxicity when the mucosal barrier is breached. In

our previous work, the cell sources were human, rat, and bovine, all of which gave

qualitatively similar results (5), making it unlikely that there are major species differences

with regards to response of cells exposed to FFAs.

Freezer stored milk (−20 °C) caused cell death that appears to increase in a biphasic fashion.

In the first phase, we saw that freezing for 3 or more days resulted in increased cytotoxicity

after subsequent exogenous lipase digestion. We saw no increase in cytotoxicity, and levels

of FFA that approximated that of fresh milk, in milk stored for 4 weeks at −20 °C without

subsequent digestion, suggesting that no appreciable fat digestion occurs while milk is

frozen for less than 4 weeks. Therefore, the increased cytotoxicity versus fresh milk we

observed at 3 and 7 days (Table 1) after exogenous lipase digestion is likely due to an

increase in the susceptibility of the milk fat to lipolysis (e.g. disruption of the milk fat

globule membrane). Alternatively, BSSL activated by freezing (28) (Figure 2A) may

interact synergistically with the exogenous lipase to increase lipolysis.

The secondary increase in cytotoxicity of milk stored for 8 and 12 weeks at −20 °C but not

milk kept at −80 °C is likely the result of lipase activity while the milk is frozen, since FFA

concentration was doubled in milk stored at −20 °C for 8 weeks without orlistat. Partial

digestion of milk fat or the milk fat globule membrane may also prime the fat for increased

lipolysis after thawing. The non-negligible death in milk stored long-term −80 °C (Figure 4

0 week Control group) and the small but significant increase in cytotoxicity with exogenous

lipase digestion after short-term storage at −80 °C (Figure 2B) suggest that the same changes
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to milk that occur at −20 °C may also occur at −80 °C, but to a lesser extent that varies

between individuals.

Two-thirds of the milk samples obtained from the donor bank were cytotoxic to IECs

without additional lipid digestion, increasing to five-sixths after exogenous lipase digestion.

This is in line with our findings of increased cytotoxicity compared to fresh milk after long-

term storage at −20 °C.

In vivo intestinal environment

Though we tried to match factors such as digestion time and temperature, enzyme

concentrations, and cell exposure time, our in vitro protocols are not, of course, a perfect

representation of digestion as it occurs in an infant in vivo. For example, lipase profiles

change during early development and in response to weaning (30). For this study, we chose

to use pancreatic lipase so our findings would be comparable with our previous study

comparing formula and fresh milk (5). This is likely to match the conditions in infants that

have begun to wean, but are still consuming some human milk, but may not match

conditions in infants on a milk-only diet, as prior to weaning most of the lipase activity in a

neonatal intestine is from pancreatic lipase-related protein 2 (PLRP2) or BSSL (30). PLRP2

may be less efficient at lipid digestion in milk than pancreatic lipase (31), which could lead

to lower FFA levels and cytotoxicity in the intestine than demonstrated in the current

experiments. In contrast, lingual and gastric lipases, also not included in this study, may

prime milk fats for easier digestion in the intestine, leading to higher FFA levels and greater

cytotoxicity. Interestingly, since BSSL and PLRP2 have a lower affinity for large saturated

fatty acids like palmitic acid (32, 33), which is almost exclusively located at the sn-2

position in human milk triglycerides and is found there over 3 times as often as any other

fatty acid (34), and since pancreatic lipase also avoids cleaving the sn-2 triglyceride

position, it is unlikely that the composition of FFAs will differ substantially regardless of

which lipase dominates. Though we clearly demonstrate here that subsequent lipase

digestion may cause non-cytotoxic stored milk to become cytotoxic (Table 1), testing

cytotoxicity in infant intestinal aspirates will be necessary to resolve the question of the

degree to which digestion increases stored milk cytotoxicity in-vivo.

Likewise, we did not include bile acids in our digestions, as their concentration is low and

variable in neonates (24). However, since bile acids are small, amphiphilic molecules like

FFAs, and are themselves cytotoxic (35), with the in vivo purposes of activating BSSL (28),

emulsifying fats, and increasing FFA solubility and transport of FFAs across the mucin

barrier by incorporating them into bile acid micelles (36), it is likely that bile acids would

only increase overall cytotoxicity from stored milk.

Lastly, while milk supplied to donor banks is expected to come from later in lactation and

while older infants could also be affected by milk stored later in lactation, it is possible that

colostrum obtained in the first week or two may develop cytotoxicity either faster or slower

with storage than the milk used for this study.
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Protease Digestion of Stored Milk

Similar to our findings with fresh milk and a few infant formulas (5), cytotoxicity of stored

milk also decreased significantly with protease digestion, which increases the FFA binding

capacity of the milk. This is opposite to the effects of protease digestion on FFA binding

proteins we have previously studied (e.g. albumin and the binding proteins in intestinal wall

homogenates) (7, 25), suggesting the involvement of a specialized protein. One possible

candidate is the casein micelle, which is disrupted upon protease digestion (37) to expose

hydrophobic portions of the individual casein molecules and which is known to bind to

hydrophobic lipid after disruption (31, 38). Alternatively, partial digestion could induce the

conformational change in alpha lactalbumin that allows it to bind FFAs after the removal of

its calcium ion (39).

This putative specialized protein is likely not the only protein involved in this process,

however, as Figure 4 indicates that milk has the capacity to bind mM quantities of FFA even

without protease digestion. For example, serum albumin is also present in human milk, and

as mentioned above is capable of binding FFAs unless first digested with protease (7). A

simultaneous decrease in binding capacity of some proteins and increase in binding capacity

of other proteins with protease digestion could easily explain our findings in Figure 5 and

the kinetic experiment on DM. We have preliminary data suggesting that the protection

provided by protease digestion of milk eventually disappears altogether as protease digestion

continues. It is possible that the pasteurization step that occurs during preparation of DM

may accelerate the rate at which the protective protein is degraded compared to the

unpasteurized milk in Table 1. The effect of protease on the fat layer may also have an

effect.

Cytotoxicity reduction strategies

Our findings suggest a number of possible strategies to limit cytotoxicity in stored breast

milk. Storage of breast milk at −80 °C rather than −20 °C or above, or earlier pasteurization

for donor milk to denature the lipase, may reduce the potential production of cytotoxic

mediators prior to, and during, digestion of the milk. Since freezing activates milk lipases,

more limited storage of thawed milk before consumption or pasteurization may also serve as

a preventive measure. If pancreatic insufficiency is present, pretreatment of breast milk with

trypsin and/or chymotrypsin may decrease cytotoxicity. Guidelines for milk storage times at

4 °C or −20 °C could be more limited. If long-term storage is required and colder storage is

unavailable, the efficacy and safety of glass fiber filtration or addition of a lipase inhibitor

could be considered.

In summary, we determined that milk stored according to current practices, whether

obtained from a fresh source or from a donor bank can become cytotoxic, though to a lesser

degree than nearly every infant formula we previously tested (5). It remains to be examined

to what degree the cytotoxicity is increased during digestion in-vivo, however, the incidence

of cytotoxicity in stored milk may explain why NEC can occur in milk fed infants and why

DM has not always performed better than formula in preventing NEC.
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Figure 1. Neutrophils exposed to stored milk
Representative images of human neutrophils exposed for 30 minutes, prior to glutaraldehyde

fixation, to PBS (control) or human breast milk stored for 1 week at −80 °C, 4 °C, or at 4 °C

with orlistat pretreatment. Neutrophils in the PBS, −80 °C, and 4 °C + Orlistat groups were

either round or had pseudopods. In contrast, all of the observed cells in the 4 °C group,

showed either blebbing or had the appearance of cells whose blebs were ruptured (arrow).

Bar = 10 µm (800x).
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Figure 2. IEC death after 4 °C storage, lipase activity and effects of lipase inhibition or
hydrophobic filtering on cell death
(A) Milks stored (duration and temperature as shown) or obtained from the milk bank before

and after pasteurization. Values normalized by activity prior to storage (or the mean of the

fresh milk activity, in the case of DM). N=12 donors of fresh milk, N=6 batches of raw DM

and 6 batches of pasteurized DM. * p < 0.0007 vs. Day 7 4°C milk. **p< 0.003 vs. raw milk

or Day 7 4°C milk. (B) Milk stored at −80 °C or 7 days at 4 °C (with or without orlistat)

before transfer to −80 °C (total storage time 13 ± 5 days – min 7, max 20), then digested

(PBS (white) or 0.1 mg/ml lipase (black)) and exposed to IEC for 5 minutes. N=15; ‡

p<0.006 vs. without lipase; * p<0.0007 vs. −80 °C storage only; § p<0.0007 vs. without

orlistat. Inset: raw data from Day 7 4°C milk digested with PBS or Lipase. (C&D) Milk

stored 7 days at 4 °C (non-cytotoxic samples excluded) (C) with (black) or without (white)

orlistat pretreatment or (D) before (white) or after (black) removing unbound FFAs by

filtering three times with glass fibers. (C) * p<0.02 (N=3 for milk w/ PBS; N=4 for milk w/

lipase and protease groups), (D) * p<0.05 (N=3 in milk w/ PBS; N=5 in milk w/ lipase and

protease).
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Figure 3. Effect of storage on FFA concentrations
Total (full columns) and bound (black portion) FFA concentrations in (top) fresh milk or

(bottom milk stored for 7 days at 4 °C after digestion and subsequent defatting. The

differences between the total and bound FFAs (white portion) represent the concentrations

of unbound FFAs. * p<0.0006 for total FFAs (or ^ p<0.016 for unbound FFAs) vs. without

lipase digestion. † p<8×10−4 for total FFAs (‡ p<0.008 for unbound FFAs) vs. fresh milk. §

p<0.009, significant decrease in total FFA with protease digestion. Some values of unbound

FFAs approached, but did not reach significance (i.e. p<0.0167): stored milk with lipase vs.
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fresh milk with lipase (p=0.02) and stored milk with PBS vs. stored milk with protease

(p=0.05). N=12. Fresh milk data from reference (5).
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Figure 4. Effect of −20°C milk storage on IEC death
Fresh milk was aliquoted and stored at either −80°C (0 weeks) or −20°C for 4, 8, or 12

weeks before being moved to −80°C until testing (total storage time = 20.7 ± 8.3 weeks,

max 37.6). After thawing, milk was digested with PBS (white) or lipase (black) (0.1 mg/ml

final). N=17. * p<0.0007 vs. Control; § p<0.02 vs. 0 weeks.
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Figure 5. Cytotoxicity of milk from a donor milk bank
Milk was assayed with (A) neutrophils the day it arrived from the milk bank and with (B)

IECs 2 weeks later (−80°C in interim). After thawing, milk was digested with PBS (black),

lipase (grey), or lipase, trypsin, and chymotrypsin (striped) (1 mg/ml for neutrophil assay,

0.1 mg/ml for IEC assay) and defatted (neutrophil assay only), before exposure to cells (60

minutes for neutrophils, 5 minutes for IECs). As a no milk control (white), neutrophils (30

replicates) were incubated for 60 minutes with PBS and IECs (7 replicates) were kept in

normal media until their propidium iodide steps. N=6 donor milks, p<0.025 considered

significant. (A) * p<0.02 vs. PBS control, # p<0.02 vs. Donor Milk + Lipase. (B) * p<0.025

vs. no milk control, § p<0.025 vs. Donor Milk + Lipase.
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Figure 6. Effect of protease digestion and defatting on FFA binding capacity
Milk from −80 °C storage (20.9 ± 11.3 weeks; min 10.1, max 41.4) was placed in PBS

(solid) or digested with 1 mg/ml proteases (slashed). 0 mM or 10 mM oleic acid (in ethanol,

1.5% final) was then added after (white or before (gray) defatting, prior to 60 minute

incubation with neutrophils. N=9 milk donors; p<0.017 considered significant. * p<0.01

versus without protease; ‡ p<0.007 versus no oleic acid; § p<0.0002 versus oleic acid added

after spinning.
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Table 1

Percent neutrophil death a after 1 h exposure b

with PBS with Protease with Lipase with Lipase +
Protease

Fresh Milk c 3 ± 2 (0 of 12) 2 ± 1 (0 of 12)§ 6 ± 7 (1 of 12) 7 ± 12 (1 of 12)

Stored 3 days (4°C) 5 ± 4 (0 of 12) 3 ± 2 (0 of 12) 43 ± 23 (10 of 12)*‡ 28 ± 10 (10 of 12)*§‡

Stored 7 days (4°C) 47 ± 38 (7 of 12)‡ 17 ± 17 (5 of 12)§‡ 50 ± 19 (12 of 12)‡ 39 ± 19 (10 of 12)§‡

Stored 3 days (−20°C) 3 ± 1 (0 of 12) 2 ± 1 (0 of 12)§^ 18 ± 12 (7 of 12)*‡^ 13 ± 11 (3 of 12)*^

Stored 7 days (−20°C) 4 ± 2 (0 of 12)^ 2 ± 1 (0 of 12)§^ 27 ± 15 (10 of 12)*‡^ 22 ± 19 (6 of 12)*‡^

a
upper number: Mean % ± SD; lower number in parentheses: Fraction of samples that were cytotoxic - i.e. with death greater than 17%

b
Samples skimmed after digestion (2 h, 37 °C). Enzyme concentrations: 1 mg/ml. N=12 breast milk donors

c
Fresh milk data from reference (Penn et al., 2012)

*
lipase digestion increased death (p<0.003)

§
protease digestion decreased death (p<0.01)

‡
increased death vs. fresh milk (p<0.01)

^
less death when stored at −20 °C vs. 4 °C (p<0.01)

p<0.0125 considered significant
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