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ABRSTRACT: Moutargeled metabolomics analyses were wied (L) to comspare
fecsl motabolite profiles of healthy breastfed (BE) and formula-fed [FE)

L']
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o evalante feeal msebabolomies in mfant diet, Samples froen Liealthy BF T

iz FF (k= 4) infauts were individually incubated as 37 °C in anseroblc media

v cantaining 1% {wifvel} galactealigesaccharides, 8% sialyllactose, 2'-fcosplzotos,

14 leetoeMeneotetizose, biubin, asd gum ambic for up t2 6 b, acd supernatants were

peoanalyred wsiyy GOAMA and LO/MSSE o assess changes i variows

it compounds, Cemparisan of cvar 250 metabolites prior o incubation showed

17 Hat BE fenples contained higher relathe concesdradans I:F = D3] af

1 14 comepeands inclading but net Emited to lemas mil cligosiecharides and

19 elher metabolites presumabhe transfossed iroegh breast feeding (linoelaidate,

o myo-ositel] (P = 003) Conversely, feces from FU infants contained 41

u ddentified metabolites at higher lewels (P < 003). Our data are consistent with the nntion that carbon-limited cultures catabulivs
1 puobshs wnd aming adds to nbin energy, wheress the provision of fermentzbie carhatydrate creates anabafic conditions relying on
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x Bl INTRODUCTION

22 The bumsan gut microbiota play o cosclal ool o shaping, infant
4 heealth and develepmen:, Abnosual patterns of Ak micrsaiara
1o have heon clinically linked to late arser sopsis® and uecnadizing
w entezacalitis,” bwo impertant cansed of mosbidity and mortalihe
11 in preserm infante. A prowiog dody of svidence also nplicaies
tlee miestinal microbiota in the developmen: of colic” allarg=
s1 disease, and obesity Jater in Gfe’ 25 well 35 the fooation of
w 2 key metabolive involved in melamine induced kidney stone
15 formation” Indeed, the gt micrabinta medulate brain develop-
1 eenl and subsequent adule behavior by aniinal madels.”

v The compasition of the mfaot got micrabiame 35 profoundly
a¢ affected B dict Le peneral, studies vsing moleoular techniques
A indicate taat a majarte of breass aod fonnale-fed infants harkar
4 signiticant mmbers of bifidubactesin® Geces from svclugively
il bresstfed infants, however, are daminated by bifidobacteri,
ar whereas hese from formalared mfaots alse contain other
41 bacterial species, incleding £ ol Clestidim diffeile, hacter-
1 oldes, and lclobaclls®*

a Despice the abundance of studies regarding the sfiect of diat
s oninfang Fecal micrabioty and ]IELIJ‘I.-.'I,I-:I r|:i.:.1'.‘l.':|:,-' little adtendcon
1= has heen paid to the iauence of dist an the infant Bedd meta-
i bolome "™ The mesbalamic: appioacly, wlicl can sometires
7 imvolve the analysis and idemtification of thousands of simall
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% OH; n = 1), Member’s Mark Infant formula {Sam's Club,
71 Bentonville, AR; n = 1), or Enfamil Premium (Mead Johnson,
72 Glenview, IL; n = 2}. These formulas contained as much as 4 g/L
73 galactooligosaccharides {GOS), but they did not contain
7+ maltodextrins, probietics, or added oligosaccharides other than
75 GOS. Other inclusion/exclusion criteria included the following:
76 the infant was full term at birth with a gestational age of 38 to
77 42 wk; the infant was at or above the Afth percentile for weight at
78 birth; the infant had no matemal medical history of diabetes,
75 tuberculosis, or perinatal infection with proven adverse effects on
80 the fetus; were vaginal births; were at least 2 mo of age at study
81 entry but net older than 4 mo of age; had no known cardiac,
82 respiratory, gastrointestinal, or other systemic disease such as
83 urinary tract infection or otitis media; had no history of blood group
8 incompatibility serious enough to result in hematological problems;
85 and were not receiving any medications (except for supplemental
86 vitamins) and have never recefved antibiotics. The experimental
g7 protocol was approved by the University of Illinois Institutional
88 Review Board, and all legally acceptable representatives signed an
8 informed consent prior to initiation of the experiment.

9 Substrates

91 Substrates used incladed galactooligosaccharides (GOS) 95
0 {GOS; Inalco Pharmaceuticals, Italy), a-(2=6")-N-acetylneur-
53 aminyl-lactose sodium salt (§'-sialyllactose) {6'SL; Inalco
s¢ Pharmaceuticals, Italy); 2'- a-L-fucopyranosyl-p-lactose (2'-
95 fucosyllactose) (2'FL; Inalco Pharmaceuticals, Italy); lacto-N-
9 neotetraose (LNnT; Boehringer Mannheim, Germany); Orafti
97 HP inulin (HP; BENEO-Orafti, Belgium); and gum arabic (GA;
98 Fisher Scientific, Pittshurgh, PA).

9 Fecal Collection

100 On the day of the in vitro experiments, fecal samples were
101 collected in diapers within 15 min of defecation. Diapers were
102 double-sealed in plastic bags and transported to the laboratory in
193 a cooler containing tepid water, Fecal samples were diluted 1:10
104 {wt/vol) in anaerobic diluent, homogenized for 15 s in a Waring
105 blender, filtered through four layers of cheesecloth, and sealed in
106 serum bottles under CO,. Serum bottles containing the inocula
107 were stored at 37 °C until use.

108 In Vitro Fermentation and Sample Collection

103 Each substrate (80 mg) was weighed in triplicate for each infant at
1o each sampling time into 16 mL Balch tubes. An aliquot {7.2 mL}
11 of media (Table 1) was aseptically transferred into the Balch
uz tubes, capped with butyl rubber stoppers, and sealed with
113 aluminum caps. Tubes containing HP and GA were stored with
11+ media at 4 °C for approximately 12 b to enable hydration of the
115 substrates before initiating fermentation. These tubes were placed
trs in a 37 °C water bath approximately 30 min before inoculation.
117 Due to the limited supply of substrates and unpredictability
ng associated with obtaining fecal samples from infants, tubes
19 containing GOS, ¢'SL, 2'FL, and LNnT were hydrated upon
120 obtaining fecal samples. Fecal samples from the individual infants
121 were alsg incubated in media without added carbohydrate, and
122 these cultures are referred to as “blank” tubes. Supernatant
123 samples were collected at 0, 3, and 6 h of fermentation and were
124 immediately frozen at —80 °C until further analysis.

12z Metabelomic Profiling

126 Frozen samples were shipped under dry ice to a commercial
127 labaratory (Metabolon, Durham, NC} for metabolite analysis.
128 Procedures for metabolic profiling have been described
129 previously for the three platforms used in combination for the
130 analysis, including GC/MS'® and two L.C/MS$ systems,'® one

Table 1. Compositien of Micrebiological Medium Used in the
in Vitro Experiment

component concentration in medium

mL/L
solubon A” 330.0
solation B* 3300
trace mineral solution® 100
water-soluble vitamin solution® 200
folate/biotin solution” 50
siboflavin salution’ 5.0
hemin solution® 5
resazucin” 14
distilled H,O 296.1

g/L

N=z,CQ, 4.0
¢ysteine HCHH,O 0.5
trypticase . 0.5
yeast extract 0.5

“Composifon {g/L): NaCl, 54; KH,PO,, 2.7 CaCl,H,0, 0.1
MgCl,-6H,0, 0.12; MnCl-4H,0, 0.06; CoCl,-6H,0, 0.06;
(NH,1,50,, 5.4. *Composition (g/L): K,HPO,, 2.7. “Composition
(mp/L): ethylenediaminetetraacetic acid {disodium salt), 500; FeSO,-
7H,0, 200; ZnSO,-7H,0, 10; MnCL41L,0, 3; HyPO,, 30; CoCly
6H10; wi CuCl;-ZHJ_O, li Nlciz'ﬁHg_O, 2} Na.zMOO.‘-zH:O; 3
4Composition (mg/L): thiamin-HC), 100; d-pantothenic acid, 100;
niacin, 100; pyridoxine, 100; p-aminobenzoic acid, §; vitamin B3, 0.25.
“Composition (mg/L): folic acid, 10; d-biotin, 2; NHHCO,, 100

fComposition: riboflavin, 10 mg/mL in 5 mmol/L of Hepas.

£Composition: hemin, 500 mg/mL in 10 mmol/L. of NaOH.
% Composition: resamurin, I g/L in distilled H,0.

optimized for positive ivnization and one optimized for negative 11
ionization. Peak extraction, data curation, and QC procedures 122
were performed using proprietary software,'”'" At the time 133
of analysis, samples were thawed and prepared according to 134
the described standard methanal extraction protocol, which is 135
designed to remove proteins, dislodge small molecules bound to 136
protein or physically trapped in the precipitated protein matrix, 137
recover a wide range of chemically diverse metabolites, and split 138
into aliquots for analysis on the three platforms. 139

Data Nermalization He

Data were collected over multiple platform run days and were 14
adjusted by scaling to the median values for each group-balanced 142
run-day block for each individual compound. This minimizes 143
any interday instrument gain or drift but does not interfere with 144
intraday sample variability. Data were not otherwise adjusted or 145
normalized. 146
Statistical Analysis 147
Repeated measures ANOVA was performed to leverage the data 142
from the multiple time points within the study, There were three 145
tests embedded within the repeated measures ANOVA: (1) 150
DIET Main, (2} TIME Main, and (3) Interaction (DIET X 1s1
MAIN). Essentially, the “DIET” Main effact tested whether 152
the means of the three groups were different from the BLANK 153
when averaged across all time points. The “TIME" Main effect 154
examines whether the means at each time point were different 155
when averaged across the groups. Finally, the “Interaction” asks 156
whether the time profiles are nonparallel between the groups 157
{nonparallel profiles signify a difference during the time-course 15
between the groups). The calculations also took into account the 1se
repeated measure inherent in sampling at each time point the 160
cultures from individual infants, 161
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Figure 1. Ratios, as indicated, of breast-fed (BF} and formula-fed (FF) group means for compounds that are significantly different between fecal
supernatants at time = 0 in the absence of edded carbohydrate substrates (blank). {a) BF/FF = breast-fed to formula-fed and FF/BF = formula-fed to
breast-fed. (b} Indicates compound that has not been officially “plexed” (based on 2 standard), but we are confident in its identity.

Table 2. Metabolic Pathway Classification and Fold-Change Values for Compounds Significantly Higher in Blank BF Samples at

Time =0h

super-pathway sub-pattrway ~ bivchemical name - BE/FE®

amine acid phznylalanine and tryrosine metabolism 3-(+hydroxyphenyl)lactate .56

carbohydrate fractase, mannose, galactose, starch, and sucrose metabolism fucose 2500

2-facosyllactose =30.00

Lzcto-N-fucopentacse *30.00

glycolysis, pluconeogenesis, pyruvate metaholism [actate L96

ketene bodies 1,2-propanediol 25.00

energy oaidative phosphorylation phosphate 1.25

ligid long-chain fatty acid linoelaidate (tr 18:2x8) >30.00

bile actd metabolism taurocholenate sulfate” 209

glycerolipid metabolism ethenolamine 2.33

inositol metzbolism mye-insoitol 14.29

lysolipid 1-palmitoylglycerophosphocholine 625

nucleotide purine metabolism, guznine containing guanine 345

pyrimidine metabolism, uracil containing uridine 213

“BF/FF = breast-fed to formula-fed. *Indicates compound that has not been officially “plexed” (based on a standard), but we are confident in its

identity.

12 Missing values {if any) were assumned to be bélow the level of
t63 detection for a particular biochemical with the instrumentation
164 used and were imputed with the observed minimum for that
165 particular biochemical. Welch’s Two-Sample t tests were used
166 to analyze fold differences between FF and BF groups. For all
167 analyses, missing values were imputed with the observed
168 minimum for that particular compound (imputed values were
159 added after block normalization). The statistical analyses were
170 performed on natural log-transformed data to reduce the effect
171 of any potentia] outliers in the data. Welch’s Two-Sample # test

comparisons were made between the means of each biochemical 172
using statistical software: Array Studio {Omicsoft, Inc.} or “R” 173
from the Free Software Foundation, Inc. Significance was 174
determined by P £ 0.05. 175

176

Bl RESULTS

Comparison of Initlal Conditions

Figure 1 displays fold differences of identified metabolites that 175
were present at higher levels (P < 0,05} in either the BF orin the 17

177
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Table 3. Metabolic Pathway Classification and Fold-Change Values for Compounds Significantly Higher in Blank FF Samples at

Time=0h
super-pathway sub-pathway Biochemical name FF/BF®

amine acid glutamate metzbolism N-acetylglutamate 108
phetiylalanine and fyrosine metabolism phenylacetate 10.39

4hydroxyphenylacetate 6.91

3-phenylpropionate (hydrocinnamate } 2.52

ryptophan metabolism tTyptamine 185

ured ¢ycle, arginine and proline metabolism S-aminovalerate 27.89

butznoate metabolism Z-amincbutyrate 178

carbohydrate ghyeolysis, gluconeogenesis, pyravate metabolism Z-isopropylmalate 152
energy Krebs cyce ticarballylate 148
lipid essential fatty acid Lnoleate ( 18:2#5) 287
linolenate [lpha or gamma; {18:303 or 6] 413

docosapentaenoate (n3 DPA; 22:543) 5.50

short-chain fatty acid valerate 8.52

isovalerate 4699

medium-chain fatty acid caproate (6:0) 1.79

caprylate (8:0) 168

pelargonate (9:0) 2.19

caprate (10:0) 2.87

Taurate {12:0) 649

long-chain fatry acid myristate (14:0) 494

pentadecanoate (15:0) L1%

palmitate (16:0) 375

cleate {18:1n%) 334

lignocerate (24:0} 220

fatty acid, monohydroxy 2-hydroxypalmitate 159

fatty acid, branched 13-methylmyristic acid 276

endocznnabineid palmitoy! ethanolamide 800

carnitite metabolism deoxycarnitine 682

3-dehydrocarnitine® 5.51

bile acid metabolism 7-ketolithocholate 327

gamma-muricholate 2126

inositol metaholism ingsito] 1-phosphate (1IF) 734

sterol fsteroid beta-sitostero! .02

stigmasterol 297

pregnen-doil disulfate? 3.38

cofactars and vitamins hemogiobin 2nd porphyrin metabolism urobilinogen 4.63
nicotinate and nicatinamide metabolism nicotinate ribonuceoside® 218

partothenate and CoA metabelism pantothenate 1.61

tocopherol metabolism alpha-tacopherol 805

gamma-tocapherol 1334

vitarnin Bé metabolism preidozzate 4.15

“FF/BF = formula-fed to breast-fed. “Indicates compound that has not been officially "plexed” {based on a standard), but we are confident in its

identity.

1s0 FF groups. These differences were calculated by comparing the
181 fevels of the various metabalites in the blank tubes at time = 0.
182 Since the contents of the blank tubes were identical except for the
183 fecal samples from the individual infants, any differences in the
184 levels of the various metabolites between the groups presumably
tes represent differences in the relative levels of fecal metabolites
186 between the two diet groups. Samples from BF infants contained
187 significantly greater concentrations of 14 compounds compared
188 to FF infants. As expected, supernatants from BF infants had
189 greater levels of the human milk oligosaccharides (HMO),
190 2'fucosyllactose and lacto-N-fucopentaose, and the HMO
w1 precursor, fucose, than those from FF infants. These two
tyz oligosaccharides were not detected in FF samples, but based on
193 detection limits, these values must have been at least 25-fold
194 higher in stool samples from BF infants (Table 2}. Furthermore,

time = 0 samples from BF infants were higher in a single amino 195
acid super-pathway-related compound, [3-{4-hydroxyphenyl) 1ss
lactate], a metabolite of tyrosine. Samples from the BF infants 157
also were higher in five lipid super-pathway-related compounds 158
(Table 2) and were particulacly elevated in the C18:2, n-6 trans 199
fatty acid, linoelaidate (>30-fold) and in the cyclic alcohol 100
structural membrane component, myo-inositol (14.29-fold). 201

In contrast, supernatants from FF infants contained a total of 202
41 identified metabolites that were present at significantly higher 203
concentrations compared to those from BF infants {Figure 1), 2
More specifically, samples fiom FF infants contained seven 105
compounds related to the amine acid super-pathway, a total of 206
two compounds related to carbohydrate and/or energy super- 207
pathways, 26 compounds related to the lipid super-pathway, 203
and seven compounds related to cofactor and/or vitamin 200

o dobargs 10T AprSid 1 v | L Proteame fas, 30000 X0 3000000
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ap super-pathways that wers present ab greater concentrtions then
211 theee S BE jnfants (Table 30 The amiine wid super pathway
zix related compeunds that wese parnzifanly clevaed in FF infants
s inchaded the aiming acid catabolites: pherydactse J1059 Fald),
a4 hydmooyphenylacetate (6.21-fold), aod -aminovalerats
1y [27.89-feld). Likewise, the lpid superspatmay compoimds
2 I:_hﬂf wore eliceakly preater in FF infant samples included the
cied r.nlln'!'.-.'.'lzg'. Celly acids, valerate (R.52-0ald 1 and iscvalerte {4599
28 bl e endocannabinpid, palmitey] ethanoluncds (5,00 fld);
s thesters! beba-sitesteral {5,020-fald 5 2od bobl - [A.05:Feld] and
0 F-towuphesa] 18.56-ld )

11 The relative Jevels of e esseatial Rty zed, finoleare (18:3,
228 wB ), and its omega conversion: prodect, linoelaidate {frans, frans-
22 B Z-octadecadienolc acid), in snples from BE and FF infas,
I oare PrﬂiE-'In:'l-‘l in Figuae 2, Linaleale way ITL.'.TkEl.‘“l? higher In FF

Refafive
Concentialion

B EF
BFF

lraiaicat

inoleabe

Fatly Acki

Figgnre X, Heative Levels of lincleake and 165 coneps donversion prockazt,
limueldate, 0 BF versts 2R ilfan soaples,

25 -5-1I'|'|PJI:$_ Tl weas also rEL'_t'i'."el':,' abun dzntin the RE superalanls,
s Hovwever, thie Bgure alse indicates markedly higher levele of frang,
a fraws form in the BF infant compared to these from the FF
2 mfants, which had alosost pooe.

2w Infant Variabidlity

ziz Some compounds exhibived high individual infart vasiation, often
zit being only detecled from ors infant, or being many fold lighes i
z ome individual compared to the pepulation. For dustance, one of
135 the BF infints had considerably higher levels ofthe orega-3 Gty
4. actd, docosalesanoate (IVHAT compared o the athiers, s well 25
2e uniquely delectabie levels of creating, acetvicantitioe, and umte
214 (data mot show), Wide variation was alsa moted Uy e amoant of
zir 2'FL detected i Feces foome BE and FE infants {datz oot shown ),
s Other examples of londividual infint vasiation, mduding differ-
L encesin several aming acid calabolites and long chain fatty acdds,
a0 were wbserved in both the BF and FE groups.

Additkon of Ckngeanus Carbobydratas |

Al amap di':ilL:}'ing dhe campeunds whose fermeatation 2z
patlerzs were altared by the presence of cvagenoely added s
carboliyidnie in one or both of the dizt graups (BE or FEY & 0s2
shordl in Figues 3. Permentation patterns far GGOE, 2'FL, and ne
EMaT were |:|i|:rl'.1i.}' similar b =ack other, with carrespoding e
incrcazes feed) and deceases [green] in wvarious aming ackds, 200
carbolydrate, and lipid-related metabalites cwver the 6 h e
fermentalion. By comparisen, che progles for 681 ang HE w0
shawed similarite ta ane annther bus differed suberannally Gomn s
tacae of GO, 2°FL, and LT, Lasthy, the profile far G4 wis 1
esaentially identical o the blank {no carbohydrate added =
coatrel) and did net resemible shose of she ather carboliedrabe e
Lreatinents. In additian, Fipure 3 indicates that some metabelites 2
Gt responded differentially to alipa 2ddition bebweer tie BF 2s:
amel LE pmoups (Fzgred as bles codls in the S oright ealumn), 2s:
wlilch included wacicus metznalites related o amina acid 257
uelabolivm, the urea cycle, pyruvate metabelism, and specific 25
SCEFA fe.;._, valerate and isovalerare), 14
s an m‘.;mph: ot a ditterential response toaliges, Figuee 2 a6
displays in greater derail changes in the relative concentrations of
the fthy acid, walerate, i BF versus BF zamples durlng the course 1
af fermentation. Valevate, a peoduct of proline degradstion, .
accomalated vapidly duriog the 6 h Ronentacen in the Dlank, 2=
oS0, HP and GA treatiments, Ban the incoese wasg anly observed 26
in samples collecbed dom FF infants, Ralative Tewels of valeoowe 2::
chanped very lidle for BF infands, cegardless of cadbolydree o5
sabsteate Shnda cesedls wee absenied fod daevalesate, o pooduct 8
ot valine fermentation (data not shownl, 16
Tlie velebive concentralions of selecled egenic waines dusing o
the course of fermentation are presented i Figure 5, Wt @ few o
excepiions, the fold diferences betwssn 1 and BE (BI/DE) 1
infants i:."|.1:|5m'| very fttle apnn aczition ot |:.'.r|'.-n-|1}'r|'rars_~, 7
Honeever, the addition of either HE or G& resaléed in v.gni,ﬁ- b
eantly grearer conzentrations of potrescine after & h of fermenta- 272
tion fiom FF compased o BF infant ivocufum 0F < B02] 25
Lizewse, supplementation wish LNnT Jed ro higher relatioe 230
cancentrations of apnatine n FF compsred fo BF nkans at 0 b 223

{P = 205, e
B DISCUSSION 0
Fecal Matabolifes: Breasi-Fed versus Formula-Fad £

Ao abjective of thas study was o connpace fecal metalolite 25
profdes of FE and BF infants, To accomplish this objecive, 25
we ilentiied compounds present in diffedng amounts in the 2
tme = b Blank FF and BF samples, because these compounds 252
would presumably represent those residing in the fecal inoculz. 250
Lecalumz from BE mfants contuined elsvated levels of many ==
auion acid cababolites such 2 phendlaciate from the degradz- 20
tion of phenylabmine, Hhyvdroggpbezalacette Fom e break- 2
dorwnr ol tyeosive, and S-amino valerate fom e aoetabolism
of Iysine, Surnples from this group also contained highes levels o
of isovalerate and valerte, which are indicstive of F-rnt-ein IR
fermentation. 1-E]

The predeminance of protein fermentation, as previaushe .
nerted by Haavy =t al,"™ may be due to a number of contcibating 2
factors. To compensate far diferences in the amine acid s
compasiticn between bovine and buman milk, infant fermoalas 25+
bave DLeen Lommulaved 1o coolain greater concentitions of 2
protein than hiatea ik, ™ g a greater guantity of protein ceald s
petentially cecape digestion and abeosption in the small fistestins. e
Moreover, samples from B infants presumabhe contain & muoce 20
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106 would be expected to contain higher levels of protein
307 fermentation products.

38 Very little is known about the fermentation of dietary proteins
309 in the infant gut and its potential effects on human health.
310 However, receatly published studies using a formula-fed piglet
311 model suggest that excessive protein intake during the neonatal
312 period could potentially lead to a variety of physiological con-
313 sequences such as compromised intestinal barrier function,™
414 disturbed regulation of intestinal permeability by acetylcholine
315 and vasoactive intestinal peptide,” eardy implantation of ileal
16 microbiota,®® and altered colonic immune cell development. ™
317 Indeed, the piglet data®?* suggest that neonatal feeding of
315 high protein diets might also result in metabolic consequences
19 later in life by altering sensitivity of the colonic mucosa to pro-
320 inflammatory insults at maturity. Nenetheless, given the limited
3zt number of animal studies, the scarcity of mechanistic data, and
32 the qualitative nature of our metabolomics data, it is premature to
323 extrapolate the results to human infants.

32¢ Carbohydrate Supplementation

325 The second objective of the current study was to determine
32 the effect of carbohydrate supplementation on fermentation
sz7 profiles of the fecal inocula. As expected, the 0 h blank cultures
328 (no carbohydrate added), as well as those treated with GA,
32¢ mainly produced various fatty acids such as caproate, isovalerate,
33 and valerate as a result of protein fermentation. By contrast, the

addition of fermentable carhohydrates, such as GOS, 2'FL, and 331
LNnT, to the cultures reduced the levels of various amine acids, 132
decreased the accumulation of amino acid-related metabolites, 333
and increased the levels of metabolites related to energy 334
generation. These chservations are consistent with the idea 33s
that cultures lacking a source of fermentable carbohydrate will 335
ferment amino acids to obtain energy, whereas the provision 1w
of carbon wonld obviate the need for metabolism of amino acids 338
for energy and create anabolic conditions that would require 339
utilization of amine acids for growth. 340

A more detailed examination of these data revealed that 3a
cultures from PP infants responded differently to carbon 42
limitation than those of BF infants. Although both BF and FF 3
samples generated amino acid super-pathway-related compounds 44
in response to carbohydrate supplementation, only those from FF 345
infants also fermented pretein under carbon-limited conditions 345
(eg, 0 h blank or GA). Continuous degradation of amino 347
nitrogen by samples from FF infants during carbonlimited as
conditions was likely due to the presence of bacteria that are 349
able to exclusively utilize amino acids and/or peptides such as aso
clostridia, Sh:‘geﬂ'a, enterococd, bacteroides, Escherichia coli, or 351
staphylococei™ 352

Interestingly, fecal microbiota from all four FF infants quickly asa
degraded 2'FL in vitro within the first 3 h of incubation, but those 354
from BF infants varied considerably in their ability to ferment this 155
oligosaccharide {data not shown). The rapid disappearance of 136
2'FL in cultures from FF infants is consistent with previous work 357
showing that the introduction of foods other than breast milk to 3ss
infants improves the ability of fecal bacteria to ferment complex 359
carbohydrate®® including HMQ.*® More specifically, the zapid 360
degradation of 2'FL might possibly be attributed to the presence 36
of a significant population of bactercides in FF infants, some 36
strains of which have been decumented to readily utilize HMO 153
as a sole source of wbnh)'drate.n In contrast, the variation in 354
the ability of microbiota from BF infants to catabolize 2°FL ass
might have been caused by either the presence or absence s
of bifidobacteria species that are capable of utilizing HMO® or 167
differences in the levels of bifidobacteria species that are capable 348
of utilizing HMO in the gut. Although we did not determine 369
whether the mothers of the infants who participated in the study 370
were secretors or nonsecretors,” it is also possible that variability a7t
in the fucosylated oligosaccharide content of breast milk could 372
influence the ability of the infant colonic microbiota to at least 37
degrade this particular HMO. Additional experiments are needed 274
to verify the difference in the ability of fecal microbiota from 375
BF and FF to degrade various HMO and to determine whether 376

Fold of Change (FF / BFY"
CONPOUND Formuta-Fud vs. Broasi-Fod
Btank GOS &'SL 2FL LNKT HP GA
oh | sh [ 6h | ¢n | 3n | en [ on | 3n | 6h | on | 3n | 8h [ on ] an | 6n f Oon | 2n | ex | on | 3% | 6n
m!!!l!!!! IG:BDM 0¥t | vaz 054 | 063 | 115 | 029 [ 088 § 102 | 030 | 050 | 067 | 068 | 04p | 061 { 050 | 051 1 198 | 152 | 051 | ope
sodavering 287 | 311 1.71 | 180 [ 604 | 270 ) 279 | Oda | 064 | 385 | 006 | 200 | 180 | 087 | G0 | vE2 | 145 | 108 | 013 | 232
tyraming Q71 | 114 | OBB | 073 | 068 | 123 ] 051 | 1.90 | 047 | 082 | 243 | 102 | 001 | 174 | 1,31 | 048 | 120 | 084 | 078 | 068 | 150
Iryptamine 1485 | 127 | 123 | 123 | 123 |12 | 120 [ 180 | 139 | .32 | 137 | 123 | 122 | 1.24 | 088 | 141 [ 122 | 184 | 110 | 128 | 129
putrcacine 295 | 164 | 044 | 200 | 012 | 053 | 0.02 | 829 | 150 | 034 | 7.98 | 294 | 142 | 310 | 257 | 065 | 128 m 128 | 145 m

egmatina 415 | 030 | 009 | 096 | 028 | 040 | 071 | 043 | 009 | 080 | 202 | 110 | 0ea | 08B 137 | o078 | 156 [ 142 | 044 | nug
speniding 200 [ 126 | 089 | 1356 | 100 | 083 | 143 | 132 | 108 [ 134 | 070 | ves | 1.42 | 072 ﬁ 148 | 132 | os2 [ 182 | t20 | 138

“Shaded cells indicate P < 0.05 (red indicates that the mean values are significantly higher for that comparison; green values significantly fower).
Blue-bolded text indicates 0.05 < p < 0.10, Noncolored text and cells indicate that mean values are not significantly different for that comparison,
Fignre 5. Fold changes (FF/BF) of biogenic amines in FF vs BF infants during 6 h fermentation.
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377 secretor status influences the ability of the microbiota to degrade
378 fucosylated oligosaccharides.

373 Biogenic Amines

8¢ Emerging research has linked the intestinal microbiome to both
381 brain development and behavior’ via the brain—gut—enteric
382 microbiota axis.*® This relationship is mediated in part through
383 signaling molecules generated by the gut bacteria® such as the
384 biogenic amine/neurotransmitter gamma-amino butyric acid*
385 On the basis of previous work showing elevated levels of the
336 biogenic amine, tyramine, in feces from healthy infants fed either
367 cow’s milk or cow milk formula compared to those who were
368 breast fed,” we originally hypothesized that (a} stool samples
389 from the FF infants would contain higher relative levels of the
390 variouts amines than those from BF infants and {b) the additon
391 of fermentable carbohydrate would suppress accumulation of
392 amines, FHowever, our limited data suggest that this was not
393 necessarily the case, at least with the biogenic amines that were
354 identified in the current study. To illustrate, at time = 0 h, out of
395 seven biogenic amines identified, only a single amine, tryptamine,
396 was higher in FF than in BF infants (Table 3). Furthermore,
37 provision of fermentable carbohbydrate actvally resulted in
398 increases rather than decreases in several biogenic amines (e.g,
399 GABA, cadaverine, and agmatine) regardless of diet (Figure 3).
#0 Lastly, the excess production of amines by samples from FF
401 infants depended on the specific amine analyzed and on the
402 type of carbohydrate that was added to the cultures (Figure 5).
403 Although we did not anticipate that supplementation with
404 fermentable carbehydrate would increase generation of amines,
405 our data are consistent with the observation that the ability to
406 produce amines is widespread among human intestinal bacterja,>*

7 Other Compounds of Dietary Origin

apg Direct comparison of the time = 0 h blank samples also showed
409 that BF and FF infants contained elevated levels of several
410 metabolites that presumably originated from breast milk and
an infant formula, respectively. To ilustrate, samples from FF
a12 infants contained at lzast 8-fold more 2- and y-tocophero! than
413 those of BF infants. Because tocopherols are considered an
414 essential nutrient and cannot be synthesized endogenously, the
415 presence of elevated levels of tocopherols in the stool samples
416 of FF suggest two possible scenatios: (1) tocopherols are being
417 provided in the diet at levels in excess of infant need or (b)
418 tocopherols provided in infant formula are not completely
419 absorbed by in the small intestine. If (a) were true, one might
420 consider lowering the amount of tocopherols that are
a21 incorporated into infant formula. On the other hand, if (b}
azz were true, further research would be needed to identify methods
423 for improving tocopherol absorption by infants.

a4 Il CONCLUSIONS

425 In this study, we used metabolomics analyses to compare the
226 fermentation profiles generated by fecal inocula from BF and FF
417 infants. Comparison of the samples at time = 0 h revealed signs
a8 of carbon limitation and predominant protein fermentation in
429 samples from FF infants versus the presence of HMOQ and fess
430 carbon restriction in the BF group. Furthermore, the comparison
43t revealed differences in relative levels of some compounds that
432 were most likely acquired through either breast milke {e.g,
433 linoelaidate) or infant formula (eg., tocopherols, soy-based
434 compounds). Supplementation with fermentable carbohydrates
438 led to the accumulation of compounds indicative of energy
436 generation. Cultures from BF infants that were not suppie-
437 mented with carbohydrate (blank) did not accumulate

compounds indicative of protein fermentation, but those from 438
FF infants continued to accumulate compounds involved in 3
protein catabolism. Although cur results suggest that supple- a0
mentation with fermentable carbohydrates had little effect on the 401
accummulation of biogenic amines, further investigations are 142
needed to first determine the biological significance of amino acd 443
catabolites, including biogenic amines, on infant gut health and, 4
more broadly, on overall infant health. In light of these findings, 45
fecal metabolomics appears to be a useful tool for assessing s
the quality of infant diets regardless of whether the source of 47

nourishment comes from breast feeding or formula feeding. 449
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