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Abstract

Branched chain fatty acids (BCFA) are primarily saturated fatty acids (FA) with a methyl branch,
usually near the terminal methyl group. BCFA are abundant in bacteria, skin, and vernix caseosa
but have seldom been studied with respect to human nutrition. They are constituents of the term
newborn infant gut lumen, being swallowed as vernix particulate components of amniotic fluid in
the last trimester of normal pregnancy. We recently showed that BCFA protect against
Necrotizing Enterocolitis (NEC) in the rat pup model. Dietary BCFA at levels similar to those
found in human vernix reduced NEC incidence by more than 50%, increased the abundance of
BCFA-containing bacteria, and increased the expression of ileal anti-inflammatory IL-10. The few
published reports of BCFA in human milk enable an estimate that breast fed infants consume 19
mg BCFA per 100ml milk. Dietary BCFA consumption from milkfat and other ruminant products,
the main sources of dietary BCFA, is more than 400 mg BCFA per day in adult Americans. This
estimate exceeds by several fold the average dietary intake of bioactive FA, such as
docosahexaenoic acid. BCFA are bioactive, abundant but neglected components of the human
food supply.

Introduction

Branched chain fatty acids (BCFA) are a class of primarily saturated fatty acids (FA) with a
methyl branch on the carbon chain. The predominant branching is near the methyl end of the
carbon chain. A FA with a methyl branch on the penultimate carbon, forming a terminal
isopropyl group is referred to as an iso-BCFA. A FA with the methyl branch located on the
antepenultimate carbon forming a terminal isobutyl group is referred to as an anteiso-BCFA.
In this review, we will focus on these predominant iso- and anteiso-BCFA types.

BCFA are rare in internal mammalian tissues, but they are present in high amounts in skin
and in vernix caseosa, the waxy substance that cover the skin of the late term fetus, where
their concentrations is greater than 25%wi/w [1]. BCFA are also an essential membrane
component of many bacterial species. For instance, BCFA constitute 95% of the FA in
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several Bacilli and Lactobacilli [2]. Biophysically, BCFA function in the membranes
similarly to cis unsaturated double bonds; both interfere with the ability of saturated FA to
pack tightly to form rigid, high melting point extended structures. BCFA are thought to be
synthesized from the catabolic products of the branched chain amino acids (BCAA) valine,
leucine and isoleucine. In rats, injection of 14C labeled valine, leucine or isoleucine resulted
in increase in skin iso- and anteiso-BCFA [3]. These amino acids undergo transamination
and oxidative decarobxylation to iso-butyryl CoA, iso-valeryl CoA, and alpha-methyl-
butyryl CoA, respectively, which are then elongated to even-numbered carbon iso-BCFA,
odd-numbered carbon iso-BCFA, and odd-numbered carbon anteiso-BCFA, respectively.

To our knowledge, BCFA have not been studied for their role(s) in human nutrition. BCFA
are not routinely reported in FA studies of different tissues, apparently because BCFA are
trace or minor components of most internal tissues. In addition, most BCFA are obscured by
straight chain saturated and monounsaturated peaks on many Gas Chromatography (GC)
columns, the principle analytical method for FA.

Here, we first discuss the presence of BCFA in the newborn gastrointestinal (Gl) tract and
present evidence for their metabolism by the enterocyte. Then we will describe their
possible role in prematurity-related intestinal inflammation, and finally we will evaluate
their intake throughout the life cycle.

BCFA are normal constituents of the human neonatal gut and are

metabolized by enterocytes

The fetus relies on placental transfer to fulfill its nutritional requirements for optimal growth
and development. In addition to placental transfer, amniotic fluid (AF) contents are also
known to contribute to the growth and maturation of the fetus [4].

Vernix caseosa is one of the lipid sources in AF and is produced by the fetal skin during the
last trimester of pregnancy [5]. Late in gestation, vernix becomes suspended in AF and is
swallowed by the late term fetus in increasing amounts as term birth approaches [6]. AF
contains an estimated average 154 mg/L lipids overall [7], of which vernix BCFA are about
17 mg/L though there is wide variability in these figures [1]. The fetus swallows 200-500
ml/d of AF near term [8], enabling an estimate of 6 mg AF-suspended vernix BCFA per day,
or about 180 mg BCFA in the last month of pregnancy [1].

We reported recently an analysis of BCFA in vernix (fetal gut input) and in meconium
(newborn first output) of 18 healthy term infants [1]. Vernix BCFA concentrations totaled
29%w/w, and their chain length ranged from C11 to C26. Meconium, on the other hand, had
9 BCFA of total concentrations of 17%wi/w, with chain lengths ranging from C16 to C26.
We estimated that 180 mg BCFA were swallowed in the last month of pregnancy, but only
16mg of BCFA appeared in meconium. Taken together, these data indicate that BCFA are
present throughout the length of the fetal and newborn Gl tract and that short-chain BCFA
entering the Gl tract as AF-suspended vernix do not appear in meconium. The selective
distribution of BCFA chain length between vermix and meconium and the difference
between the estimated amount of BCFA ingested from AF-suspended vernix compared to
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the BCFA amount secreted in meconium imply that these FA are not inert components in the
Gl tract but rather are being metabolized.

To investigate human enterocyte metabolism of BCFA, we studied Caco-2 human colon
carcinoma cells that differentiate into enterocyte cells [9], which, have characteristics
common to fetal intestinal cells [10] and are used as a model for FA uptake [11]. Graded
levels (0.1-0.5 mM) of a mixture of four pure BCFA with chain lengths of C14-C20
(is0-14:0, anteiso-17:0, iso-18:0 and iso-20:0) were delivered with bile salts in a micellar
solution to simulate the postprandial intestine. Table 1 demonstrates that BCFA are taken up
by Caco-2 in a dose responsive manner until they reached a plateau at around 0.50 mM. The
evidence for both saturable and diffusive mechanisms for FA uptake by Caco-2 were
described previously [11], and the saturable mechanism is consistent with the uptake pattern
observed here. In addition, BCFA were incorporated into cell lipid classes in a selective
manner (Table 2): anteiso-17:0 was unfavored in diacylglycerol (DAG) fraction compared
to phospholipids (PL) and triacylglycerol (TAG). iso-18:0 was favored in PL and iso-20:0
was favored in DAG.

An early (1957) study demonstrated that weanling rats fed 100 mg / week anteiso-17:0 in an
otherwise fat free diet excreted 8-10% of anteiso-17:0 in the feces, stored a similar amount
in adipose tissue, and converted a small amount to anteiso-15:0 [12]. Our recent study
showed that dietary BCFA fed to premature rat pups as a mixture of six pure BCFA
(iso-14:0, anteiso-15:0, iso-16:0, anteiso-17:0, is0-18:0 and is0-20:0) and in concentrations
of 20%w/w of rat formula fat, a similar concentration to human vernix, were taken up by
ileum and were further transferred via the serum to the liver [13]. Dietary BCFA were
incorporated in a structure-selective manner into the phospholipid (PL) fraction of the ileum
[13]. The relative uptake of BCFA with fewer than 16 carbons, such as iso-14:0, was
significantly lower in ileum PL compared to BCFA with 16 carbons and above (Table 3).
The relative uptake of is0-18:0 in all tissues was exceptionally high, and more than twice as
high as other BCFA with 16 carbons and above. The relative uptake pattern of BCFA in the
liver was similar to their relative uptake pattern in the ileum PL. Taken together, these
results indicate that BCFA are active components absorbed by intestine both in vitroand in
vivo. The structure-selective uptake of BCFA suggests that there are different and specific
roles for different BCFA. Selection against short BCFA for incorporation into the PL
fraction was consistent with our previous observation showing a systematic shift of BCFA
distribution between vernix and meconium [1].

BCFA and Necrotizing Enterocolitis

A developmental role for BCFA was demonstrated recently by Kniazeva and colleagues
working with Caenorhabditis elegans, a well studied nematode [14]. Both iso-15:0 and
is0-17:0 were required for worm growth, and neither straight chain saturated or mono-
unsaturated, or short or longer BCFA (iso-13:0, is0-18:0, iso-19:0) restored normal growth.
The level of iso-15:0 and iso-17:0 in eggs was critical for growth and development, as
animals depleted of these BCFA arrested at the first larva stage, and addition of iso-17:0
rescued larvae to full growth. These data demonstrate that at least one free-living animal has
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evolved a physiological requirement for BCFA of specific chain lengths and are essential for
growth.

The presence of BCFA in the Gl tract of the normal term newborn suggests that BCFA may
have a bioactive role in the gut, possibly as a signal for gut maturation and preparing the
intestine for extrauterine life. Gut disorders arising from the lack of vernix-BCFA ingestion
might then be expected. Necrotizing enterocolitis (NEC) is an inflammatory disease in the
intestine of premature infants. NEC is a major cause of morbidity in premature infants, with
an estimated rate of death of 20-30% . The major risk factors include prematurity, enteral
feeding—especially formula feeding—abnormal bacterial colonization, and intestinal
hypoxia-ischemia [15]. AF-suspended vernix is swallowed by the term fetus in increasing
amount as parturition approaches. The incidence of the prematurity-related gut inflammation
disease NEC drops as gestational age approaches term [16], consistent with the increase in
gut BCFA from ingested vernix. Thus, development of NEC could be related to the absence
of vernix-BCFA ingestion.

BCFA are also a major component of a wide range of bacteria, about 15% of phyla [2].
BCFA constitute 95% of the FA in several Bacilli and Lactobacilli, including species such
as Bacillus subtilis that have been shown to have a protective effect in colitis-induced
animals [17]. We hypothesized that the presence of BCFA in the neonatal gut would alter
the mix of dominant species, favoring those organisms that use BCFA in their membranes,
thus maintaining species evolved to colonize the gut symbiotically. Moreover, we speculate
also that the known greater diversity term infant microbiota compared to premature infant
microbiota [18] may be enhanced by dietary BCFA, and inhibiting the increase in one or
few dominant species and thus decreasing the risk for NEC.

We tested this hypothesis recently, showing that feeding BCFA to rat pups reduces the
incidence of NEC in a neonatal rat pup model [13]. When rat pups were exposed to
ischemia-hypoxia conditions to induce NEC, four days with a rat milk formula with six
BCFA substituted for 20%w/w of the fat reduced the incidence of NEC by more than 50%
compared to Controls fed conventional rat milk substitute (Fig 1A and 1B).

In addition, pup ceca was profiled by 454 pyrosequencing. The microbiota was altered by
BCFA feeding, supporting a several fold greater relative abundance of the BCFA-containing
bacteria Bacillus subtilis and Pseudomonas aeruginosa (Fig 2A). In addition, the relative
abundance of B. subtilis was higher in healthy animals compared to sick animals regardless
of treatment (Fig 2B), suggesting it may play an elementary role in reducing the incidence of
NEC. B. subtillis contains over 90% of BCFA in its membranes [2]. Elevated B. subtilis
have been associated with improved macroscopic lesion scores, reduced levels of pro-
inflammatory cytokines, and increased anti-inflammatory cytokine levels in colitis-induced
animals compared to untreated colitis-induced animals [17].

The relative abundance of P. aeruginosa, normally considered a serious pathogen, increased
in the BCFA-fed group compared to the Control group, despite lower incidence of NEC.
Recent data show that BCFA, specifically iso-14:0, anteiso-15:0 iso-16:0, and anteiso-17:0,
included in our study BCFA diet, repress motility and biofilm formation in P. aeruginosa
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without significantly inhibiting its growth in liquid cultures [19]. Both motility and biofilm
formation are components of the virulence of P. aeruginosa. Thus, it is possible that BCFA
in our study supported P. aeruginosa growth while repressing its motility suggesting yet
another mechanism for a protective effect of BCFA. A plausible mechanism is that BCFA
alter the gut microbiota of rat pups fed BCFA compared to Control by increasing BCFA-
containing species, enhancing the diversity of the gut microbiota with some species exerting
beneficial effects, reducing the pathogencity of pathogenic bacteria, or both.

Reductions in the BCFA-precursors iso-butyric, iso-valeric and alpha-methyl-butyric acids
were reported recently in both ulcerative colitis (UC) and Irritable Bowel Syndrome (IBS)
patients compared to healthy controls. While there were no differences in the levels of
BCAA, the difference in BCFA-precursor levels was suggested to have resulted from a
reduction in the abundance of BCFA-precursor forming bacteria [20]. This suggestion is
consistent with our hypothesis that BCFA-dependent bacteria reduce intestinal disease states
and warrants further investigation.

Our data also showed that dietary BCFA increased the expression of the anti-inflammatory
cytokine, IL-10 compared with the Control group [13]. From our data we were not able to
establish whether BCFA increased IL-10 thereby reducing inflammation, or reduced factors
causing inflammation thereby reducing the need for inflammatory signaling. Reduced NEC
incidence in rat-milk-fed versus formula-fed pups was associated with a twofold increase of
ileal IL-10 mRNA [21]. Others showed that subcutaneous administration of recombinant
human IL-10 to the intestine of NEC-induced neonate rats reduced the severity of
microscopic ileal lesions compared with untreated rats [22]. Thus, the elevated expression
we observed in ileal IL-10 may mediate NEC reduction in the BCFA group, possibly by
opposing proinflammatory effects.

BCFA intake in infants and adults

The ingestion of BCFA is not limited to the perinatal period. The breastfed infant consumes
BCFA since they are found in colostrum and mature milk at concentrations up to 1.5% w/w
[23]. Taking 0.6% as a conservative estimate of mean BCFA concentration in American
human milk [24] with 3.2%fat, we estimate that consumption of BCFA is about 19 mg
BCFA per 100 mL human milk. Taking 600 mL as the mean intake of human milk by a one
month-old infant, then a typical male infant weighing 4.5 kg <http://www.cdc.gov/
growthcharts/data/who/GrChrt_Boys 24LW _100611.pdf> (Table 15-7) consumes about
114 mg total BCFA per day, or about 25 mg BCFA per kg body weight. A three-month-old
infant consumes, on average, 800 mL human milk per day, ingesting about 152 mg
BCFA/day or about 23 mg BCFA/kg body weight for a male infant weighing the median of
6.5kg. <http://www.cdc.gov/growthcharts/data/who/GrChrt_Boys 24LW_100611.pdf>. For
comparison, the mean human milk concentrations of the bioactive long chain polyun-
saturated fatty acid (LCPUFA) docosahexaenoic acid (DHA) is 0.32%w/w [25] and
comparable total intakes for 1 and 3 month old infants would be 13 and 12 mg DHA per kg
body weight per day, respectively. Thus, BCFA are consumed at levels that exceed DHA, a
bioactive FA of great interest in infant nutrition. BCFA are not, however, a component of
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powdered milk formulas that use vegetable oils as their fat source, and in this sense these
formula lipids differ from human milk.

BCFA are prominent in ruminant meat and milk, constituting 2%w/w of fat in the US retail
cow’s milk supply [26]. Our preliminary analyses of foods from an Ithaca, New York, USA
market show BCFA to be about 0.9-1.8% in various cheese and ground beef types (Ran-
Ressler, et al., unpublished data). Based on these initial figures, and taking 1.3% and 0.9%
as conservative estimates of the mean BCFA concentration in cheeses and in ground beef,
respectively, we can estimate BCFA consumption in children. For children ages 2-11 years,
the mean intake of beef is 43.5 g/d beef [27]. Children who consume a total of 28 g (1 0z) of
cheese with an average of 27% fat, and 43.5 g/d of cooked beef with an average of 18% fat,
consume about 168 mg BCFA per day. Addition of 1 cup of whole milk (155 mg BCFA)
increases their daily BCFA intake to 323 mg. For comparison, the mean intake of DHA and
arachidonic acid (ARA) in Canadian children, ages 4-7 years, was recently estimated to be
37 mg and 57mg per day [28]; both combined are only one third of the daily BCFA
consumption from milk, cheese and beef.

Based on the same preliminary food data, the BCFA intake of an adult who consumes 28g
(10z) of cheese, 100 g of cooked beef and 1 cup of whole milk will total approximately 415
mg/day (Table 4) (Ran-Ressler, et al., unpublished data). BCFA intake is greater than the
100 mg average daily consumption of the DHA and eicosapentaenoic acid (EPA) reported in
a survey of 8604 Americans between 1999 and 2000 and by women of child-bearing age,
based on NHANES |1l data [29,30]. Thus, BCFA are being consumed in substantial
amounts by most non-vegans, during all life stages.

In conclusion, BCFA are normal constituents in the gut from very early age, and they are
present in the gut throughout the human life cycle. Studies in human cell and animal models
show that BCFA are not inert components of the GI tract but are metabolized by
enterocytes. BCFA have a beneficial role against inflammation in the premature intestine,
alter the microbiota, and increase expression of anti-inflammatory cytokines in an animal
model. These initial observations suggest that research is warranted to define with much
more clarity BCFA bioactivity in infant and adult nutrition.
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Figure 1.
A. The proportions of animals that were healthy (white) and ill with NEC (black) in each

treatment group: DF (Dam Fed; no sick animals), Control (Formula Fed, no BCFA; 17 of 31
animals were sick), BCFA (Formula Fed, 20%,w/w BCFA; 5 of 24 animals were sick). B.
NEC incidence in rat pups in all experimental groups. NEC was significantly lower in the
BCFA group compared to the Control group *p<0.05 Control vs. BCFA.
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Figure 2.
A. The relative abundance (%; mean £ SEM) of Bacillus subtilis and Pseudomonas

aeruginosa in the treatment groups: DF (Dam Fed), Control (Formula Fed, no BCFA),
BCFA (Formula Fed, 20%,w/w BCFA). B. Bacillus subtilisin healthy animals and in
animals with NEC. Data not marked by the same symbol are significantly different
*(p<0.05).
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Table 1

Caco-2 cell relative uptake of BCFA (%; mean + SEM) dose-response

Amount of total BCFA in the diet
BCFA type | 0.1mM 0.25mM 0.4mM 0.5mM
is0-14:0 126+0.62 | 15.9+0.2° 22.1+0.6° 209.+£04°¢
anteiso-17:0 | 159022 | 18.7+0.5° 25.6+0.3° 26.1+0.3°
is0-18:0 19.2+0.62 | 209+0.52 26.9+0.3° 26.4+0.7°
is0-20:0 9.4+0.32 10.7+0.3% | 17.3+£0.20¢ | 22.4+2.8°

The relative uptake of dietary BCFA was calculated as the percent of a BCFA in the cells (%w/w) divided by the percent of that BCFA in the
dietary mixture (%wi/w), x 100. Cells were incubated for 4 hours with graded levels (0.1-0.5 mM) of a mixture of 4 BCFA (iso-14:0, anteiso-17:0,
is0-18:0, and iso-20:0). BCFA were delivered to the cells in fat-free media with 10 mM Taurocholate salt and 0.2 mM mono-olein, as described by
Ho et al. [11]. Control cells were treated with 10 mM Taurocholate salt and 0.2 mM mono-olein, with and without graded levels of oleic acid
corresponding to doses of BCFA. BCFA were negligible in Control cells (not shown). Comparisons were made among the relative uptake of
individual BCFA across treatment groups and confirm dose-dependent uptake (different superscripts (a,b,c,d) indicate a statistically significant
difference, p<0.05). Cells took up BCFA from the medium in a dose responsive manner until they reached a plateau at around 0.50 mM of BCFA
in the dietary mixture.
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Table 2
BCFA uptake (%BCFA; mean £ SEM) into Caco-2 cells’ lipid classes

FA Diet | Phospholipids (PL) | Diacylglycerols (DAG) | Triacylglycerols(TAG)
is0-14:0 16.8 142+16°2 142+27% 203152
anteiso-17:0 | 23.7 275+0.42 21.6+0.6° 285+1.02
is0-18:0 27.2 37.2+042 23.4+0.7° 300x12°¢
is0-20:0 32.2 19.8+1.72 385+0.8" 205+1.02

Cells were incubated as described in Table 1. Comparisons were made among individual BCFA across lipid classes (different superscripts (a,b,c,d)
indicate a statistically significant difference between lipid classes, p<0.05). For example: anteiso-17:0 was unfavored in diacylglycerol (DAG)
fraction compared to phospholipids (PL) and triacylglycerol (TAG). iso-18:0 was favored in PL and iso-20:0 was favored in DAG.
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Table 3
The relative uptake of BCFA (%: mean = SEM) in pups’ ileum phospholipids and liver

BCFA is0-14:0 anteiso-15:0 is0-16:0 anteiso-17:0 is0-18:0 is0-20:0

lleumPL | 38+1.72 15.0+1.2% | 243+520 236+3.1° | 57.0+6.3° | 246 +45P

Liver 106+272 | 209+18% | 298+1.6% | 36.2+3.09 | 744+3.2° | 20.6+0.3°

The relative uptake of dietary BCFA was calculated as the percent of a BCFA in the tissue (%wi/w) divided by the percent of that BCFA in the rat
milk substitute (%w/w), x 100. Comparisons were made among individual BCFA within each tissue type (different superscripts (a,b,c,d) indicate a
statistically significant difference, p<0.05). The concentrations of tissue BCFA in the Control animals (no dietary BCFA added) was negligible
[13], thus all BCFA in the BCFA-fed pups’ tissues originated from the diet. The relative uptake of iso-14:0 in the ileum phospholipids (PL) was
lower compared to longer BCFA (BCFA with 16 carbons and higher). The relative uptake of iso-18:0 was exceptionally high in all tissues. The
relative uptake of BCFA in the liver was similar to the relative uptake in the ileum PL.
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Table 4

Estimated BCFA content by representative serving size

BCFA intakein common use

serving sizes
Food Fat content | BCFA (%w/w) Amount BCFA content,
(Yowt) consumed, g mg
Cow’s milk 3.2 2.0 240.0 155.0
Cooked 18.0 0 91 100.0 162.0
beef ’
Cheese 27.02 1.32 28.0 98.0
Total BCFA 415.0

Preliminary determination of BCFA concentrations in beef, purchased from a local retail store.

Preliminary determination of the mean fat and BCFA concentrations in different cheeses, purchased from a local retail store.
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