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This literature review evaluates the absorption of methionine (Met) sources such as 2-hydroxy-4-
methylthiobutyric acid (HMTBa), its calcium salts (HMTBa-Ca), and DL-methionine (DL-Met) by
focusing on the state of knowledge regarding the absorption mechanism, experimental methodology,
and factors affecting their absorption. The 2 Met sources differ in mechanism and site of absorption due
to differences in their chemical characteristics and enzymatic conversion. This review addresses diffu-
sion- and transport-mediated absorption systems for amino acids and carboxylic compounds, best
elucidated by in vitro, ex vivo, and in vivo experimental models. Opportunities and limitations in the use
of radioisotopes to depict absorption sites as well as host and microbial metabolism are described.
Physiological and environmental conditions that lead to changes in gut absorptive capacity and the
impact of Met source absorption are also evaluated. This review concludes that any comparison between
HMTBa and DL-Met should consider their different behaviors during the absorption phase. Hence, the
chemical characteristics of these 2 molecules entail different absorption sites and mechanisms, from
passive absorption in the case of HMTBa and HMTBa-Ca to active transporters for DL-Met, HMTBa, and
HMTBa-Ca. In addition, the different conversion modes of these 2 molecules further differentiate their
absorption modes. Considering these important differences, it is easier to understand the apparent
divergence between the conclusions of existing publications. When comparing these 2 molecules, it is
recommended to properly adapt to the conditions under which the absorption of Met sources is
evaluated.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Numerous studies have been published over the past decades
comparing the bioefficacy of different sources of methionine (Met),
such as 2-hydroxy-4-methylthiobutyric acid (HMTBa), its calcium
salts (HMTBa-Ca), and DL-methionine (DL-Met). However, these
studies have provided conflicting results. Herein, the authors have
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extensively and critically analyzed publications related to the ab-
sorption of 2 Met sources to L-Met. This critical review provides an
understanding of diverging studies and provides insights into how
further evaluation should be conducted when the bioefficacy of the
2 molecules is discussed. This review aims to evaluate whether
there is any scientific evidence relating the transport/absorption
mechanisms to the fundamental nature of Met (i.e., L-Met, DL-Met,
HMTBa) that can explain possible differences in relative efficacy
between sources. Literature searches on the Web of Science, Sco-
pus, CAB Abstracts, and Google Scholar databases were conducted
using combinations of terms, covering the different names of
sources, including their Chemical Abstracts Service numbers (e.g.,
L-Met, HMTBa, MHA, Met, DL-Met), different species, with a focus
on monogastric animals (e.g., poultry and pigs), and with no time
limit, allowing the coverage of a period from 1937 to 2019. The
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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details and sequence of the search are provided in the Supple-
mentary Information.

2. Absorption of different met sources in the gastrointestinal
tract

Practical evidence from animal studies highlights that Met has a
higher fractional absorption rate than other proteogenic amino
acids (Webb, 1990). Met sources used in animal production also
include Met precursors available as free acids, such as HMTBa or
HMTBa-Ca. HMTBa exhibits chemical resemblance to other organic
acids (pKa 3.53), particularly lactic acid, before being converted into
L-Met (Dibner and Buttin, 2002). HMTBa absorption is similar to
that of many organic acids and lactic acid (Dibner and Buttin, 2002;
Martin-Venegas et al., 2007) and may not follow the same ab-
sorption site or mechanism in a biological system as Met. Previous
reports have been based on the erroneous presumption that the
small intestine is the major site of absorption for HMTBa, pre-
sumably this is where Met and other amino acids are absorbed
(Brandsch and Brandsch, 2003). This assumption has certain limi-
tations, resulting in misleading results in the literature.

To further understand this, Richards et al. (2005) demonstrated
that HMTBa is absorbed along the entire gastrointestinal tract (GIT)
of birds. This study reinforced the notion that most dietary HMTBa
is absorbed in the upper GIT compartments (crop, proventriculus,
and gizzard) in an acidic environment. They reported that
approximately 85% of HMTBa was absorbed before reaching the
gizzard and that 99.6% of its absorptionwas completed upon arrival
in the ileum. Diffusion is a major contributor to organic acid uptake,
which occurs at an accelerated rate when the pH is low, and most
acids are undissociated and lipophilic (Naupert and Rommel, 1975;
von Engelhardt et al., 1989; Walter and Gutknecht, 1984). The ex-
periments reported in this review (Richards et al., 2005; Dibner
et al., 1988; Knight and Dibner, 1984) demonstrate that HMTBa is
efficiently absorbed in the small intestine and provide valuable
insights. However, more attention must be given to the upper GIT,
where most HMTBa absorption occurs.

Jendza et al. (2011) reported clear differences in the relative
disappearance sites of DL-Met and HMTBa in pigs. They reported
that HMTBa was not detectable in digestive samples from the du-
odenum and terminal ileum collected from any pig, suggesting the
complete disappearance of HMTBa by the end of the duodenum.
Lobley et al. (2006) infused 1-13C-HMTBa into the abomasum of
sheep for 6 h and noted higher concentrations of HMTBa in the
abomasum, duodenum, and jejunum than in the proximal or distal
portions of the GIT. These findings demonstrate that HMTBa ab-
sorption is not restricted to the small intestine, thereby suggesting
that HMTBa is absorbed earlier in the GIT.

These studies show that the absorption of HMTBa and D-, L-, and
DL-Met does not follow the same route. This should be properly
considered when comparing the bioefficacies of both sources.

2.1. Transport systems for methionine

The literature contains many potential systems for the transport
of amino acids. However, procedural differences among publica-
tions have created confusion. There is also considerable overlap in
substrate specificity among amino acid transporters (Webb, 1990).
Two sets of nomenclature (solute carriers [SLCs] and systems) have
been used to study the transport of amino acids and peptides in
intestinal cells (Br€oer and Fairweather, 2019; Mastrototaro et al.,
2016). The more recent nomenclature is based on similarities be-
tween transporter gene sequences (SLCs) and has been developed
to describe mammalian genomes systematically. The numbering of
SLC families (SLC1, SLC3, SLC6, SLC7, SLC16, SLC36, SLC38, and
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SLC43) and their members are largely based on their order of dis-
covery. However, an older nomenclature is still actively used and is
based on the functional characterization of amino acid transport
activities in cells, called “systems” (n ¼ 17). This nomenclature was
implemented according to the amino acid preference, namely,
system L (leucine) for large hydrophobic neutral amino acids;
system A (alanine) for small and polar neutral amino acids; system
alanine-serine-cysteine transporter (ASCT) for alanine, serine, and
cysteine; system N for asparagine, histidine, and glutamine; system
T (tryptophan) for aromatic amino acids; the iminoglycine system
for proline, hydroxyproline, and glycine; and the b-amino acid
system for b-amino acids, including taurine.

2.1.1. Sodium-dependent transport system
Met is largely transported across the apical membrane by the

low-affinity Naþ-dependent system B0AT1 (SLC6A19) with a
Naþ:amino acid (1:1) ratio. Amino acids with longer side chains (L-
Met, L-phenylalanine, and L-leucine) have a relatively higher af-
finity (Michaelis constant [Km] ¼ 1.5 to 4 mM) with this system
(Br€oer, 2008). ATB0,þ (SLC6A14) is the second apical Met uptake
system in the intestine. This transport system is Naþ- and Cl�-
dependent, with a ratio of Naþ:Cl�:amino acid ¼ 2:1:1 (Munck
et al., 1995; Sloan and Mager, 1999). ATB0,þ has been detected in
many species in different parts of the GIT, such as in the human
stomach and colon, rat stomach (Sloan and Mager, 1999; Hatanaka
et al., 2004; Kirchhoff et al., 2006), and rabbit ileum (Miyamoto
et al., 1989, 1990; Munck, 1985). ATB0,þ is the main apical uptake
transport system for L-Met in Caco-2 cells (Chen et al., 1994), but
Nickel et al. (2009) attributed the primary uptake to b0,þAT. ATB0,þ

is absent in porcine small intestine (Munck et al., 1995, 2000).
Utsunomiya-Tate et al. (1996) reported ASCT, a third apical uptake
system for the transport of neutral amino acids that derives its
name from a very narrow substrate affinity: alanine, serine, and
cysteine. However, its intestinal isoform ASCT2 can transport L-
threonine and L-glutamine with affinities (Km approximately
20 mM) similar to those of alanine, serine, and cysteine. ASCT2 can
also participate in the apical uptake of L-Met but with amuch lower
affinity (Km approximately 300 mM) than the amino acids
mentioned above (Utsunomiya-Tate et al., 1996; Verma and Kansal,
1993). Kobayashi et al. (2012) concluded that ASCT2 transports D-
Met with much better efficiency than L-Met. The IMINO system
(SLC6A20), often termed the sodium/imino-acid transporter (SIT1),
is known to have a specific affinity for L-proline, and LeOHeproline
can be regarded as a fourth apical uptake system for Met (Br€oer,
2008). Nickel et al. (2009) explained that the IMINO system is a
low-affinity transporter for L-Met (Km ¼ 6.9 mM).

2.2. Sodium-independent transport system
Met can also be transported by Naþ-independent systems, for

example, b0,þ (Br€oer, 2008; Wells and Hediger, 1992). Nonetheless,
this transport is stimulated in the presence of Naþ (Br€oer, 2008).
The light chain b0,þAT (SLC3A1) requires heavy chain rBAT (SLC7A9)
to work at the apical membrane (Reig et al., 2002) and has been
functionally identified in the small intestine of pigs (Munck et al.,
2000). Previous studies (Wells and Hediger, 1992; Bertran et al.,
1993) identified high affinity for cysteine uptake across the apical
membrane in exchange for neutral amino acids (Km approximately
50 mM), including Met, which appears to be the most important
function of this protein. b0,þ AT/rBAT (Wells and Hediger, 1992)
transports Met with reasonably good affinity in rats (Km ¼ 71 mM)
(Palacín, 1994) and humans (Km ¼ 130 mM) (Nickel et al., 2009).
Moreover, Nickel et al. (2009) noted that b0,þ AT/rBAT is the main L-
Met influx carrier in Caco-2 cells. Br€oer (2008) suggested that un-
der physiological conditions with amino acid mixtures, the uptake
of neutral amino acids via b0,þ AT/rBAT is negligible. Conversely, for



P. Becquet, M. Vazquez-Anon, Y. Mercier et al. Animal Nutrition 12 (2023) 159e170
postprandial Met accumulation in enterocytes, b0,þ AT/rBATmay be
a preferential carrier for Met efflux. This hypothesis is supported by
studies where L-Met and other neutral amino acids stimulated the
absorption of cationic amino acids when added from the luminal
side (Webb, 1990; Munck and Schultz, 1969; Reiser and
Christiansen, 1971).

2.3. Basolateral transporter systems

System “L-amino acid transporters (LATs)” was identified as the
primary basolateral influx mechanism for L-Met in Caco-2 cells
(Chen et al., 1994). It has 4 different molecular isoforms
(LAT1eLAT4), among which LAT1 (SLC7A5) and LAT2 (SLC7A8) are
amino acid exchangers that require 4F2hc (SLC3A2) for their
operational and transport functions (Br€oer, 2008). Both LAT1 and
LAT2 have been found in the rat jejunum, ileum, and colon mem-
brane fractions, and LAT1 is most prominent in the colon (Fraga
et al., 2005). Isoform 4F2hc/LAT1 primarily transports large
neutral amino acids with high affinity (Km¼ 10 to 50 mM), including
L-Met (Km ¼ 20 mM) (Kanai et al., 1998; Yanagida et al., 2001). D-
Met is equally accepted by the transporter (Kanai et al., 1998;
Yanagida et al., 2001).

In contrast, isoform 4F2hc/LAT2 is expressed in the basolateral
membrane of the murine stomach and intestine (Dave et al., 2004;
Rossier et al., 1999), and all neutral amino acids, except proline,
serve as substrates (Br€oer, 2008; Wagner et al., 2001). Substrate
amino acids, including L-Met transported by 4F2hc/LAT2, exhibited
relatively lower affinity (Km ¼ 30 to 300 mM, L-Met Km ¼ 204 mM)
compared to 4F2hc/LAT1, with D-Met not being transported
(Rossier et al., 1999; Segawa et al., 1999).

The main distinguishing feature between the transport mech-
anisms of 4F2hc/LAT1 and 4F2hc/LAT2 is their pH dependence
(Fraga et al., 2002). The latter is stimulated by low external pH
(Segawa et al., 1999), while the transport of amino acids by LAT1 is
pH-independent (Prasad et al., 1999). Br€oer (2008) suggested that
4F2hc/LAT1 and 4F2hc/LAT2 did not contribute to the net flux of
amino acids across the basolateral membrane. Instead, they
contributed only to the exchange of abundant amino acids for less
abundant amino acids.

The recent identification of 4F2hc/LAT4 has solved the long-
standing issue of a uniporter system that can ensure the net
transport of amino acids across the basolateral membrane into the
bloodstream. This system, which is Na-, Cl-, and pH-independent,
has a very narrow substrate base, including L-Met (Bodoy et al.,
2005). Therefore, 4F2hc/LAT4 plays a vital role in absorbing
amino acids, particularly Met. Prior studies with Caco-2 cells have
demonstrated that the basolateral efflux of Met is the rate-limiting
step and that 4F2hc/LAT4 regulates this process (Chen et al., 1994).

L-Met can also be transported across the basolateral membrane
of enterocytes through 4F2hc/yþLAT1 (SLC3A2/SLC7A7), which
shares homology with the yeast Met permease MUP1 (Torrents
et al., 1998, 1999). This transporter is electroneutral and ex-
changes cationic amino acids for large neutral amino acids,
including L-Met, with Naþ cotransport. Generally, Naþ accompanies
the transport of neutral amino acids (Kanai et al., 2000). Therefore,
the Naþ gradient directed from the extracellular to the intracellular
direction can result in an influx of neutral amino acids coupled with
an efflux of cationic amino acids against a 5-fold gradient (Br€oer,
2008). Therefore, 4F2hc/yþLAT1 could facilitate the reinflux and
retention of L-Met in epithelial cells and trigger L-Met metabolism
in enterocytes. Similarly, the 4F2hc/yþLAT2 (SLC3A2/SLC7A6) iso-
form has also been speculated to be an intestinal Met transporter
(Zhang et al., 2015). It shares similar transport characteristics with
those of 4F2hc/yþLAT1, but amuch narrower substrate base, limited
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to L-arginine (Km ¼ 120 mM), L-lysine, L-leucine (Km ¼ 236 mM), L-
glutamine (Km¼ 295 mM), L-histidine and L-Met (Br€oer et al., 2000).

Lerner and Taylor (1967) used a prolonged fasting period and
long uptake periods in chickens but could not establish a clear
differentiation between apical and basolateral uptake. They hy-
pothesized a common uptake mechanism preferring L-Met over D-
Met (Km ¼ 4.1 mM vs. 10.0 mM). The Ki values to inhibit the other
stereoisomer were 4.5 mM for D-Met inhibition of L-Met uptake
and 14.1 mM for D-Met inhibition of L-Met uptake (Lerner and
Taylor, 1967). Later, Maenz and Engele-Schaan (1996) validated
the Ki for D-Met inhibition of L-Met uptake using chicken brush
border membrane vesicles (BBMVs). Nevertheless, a smaller Km

(137 mM) value for apical L-Met uptake was noted, indicating both
Naþ-dependent and Naþ-independent components. Brachet et al.
(1987) identified 2 different apical uptake pathways for L-Met
with very similar Km values (1.7 and 1.4 mM) and noncompetitive
inhibition by D-Met in rats. They further noted that D-Met has a
higher Km value (11.7 mM) and can be inhibited by L-Met (Brachet
et al., 1987). These results could negate the participation of the
IMINO transporter in D-Met uptake and attributed to Naþ-depen-
dent B0AT1 as the most likely D-Met carrier (Brachet et al., 1987).
Conversely, Zheng et al. (1994) reported similar Km values for L-Met
(1.34 mM) and D-Met transport (1.79 mM) in Caco-2 cells, which
were comparable to those determined in perfused rat intestines.

Kobayashi et al. (2012) claimed that ASCT2 has a higher affinity
for D-Met than for L-Met, while 4F2hc/LAT2 transports L-Met only
and not D-Met (Rossier et al., 1999; Segawa et al., 1999). However,
some reports suggest that 4F2hc/LAT1 may transport both L-Met
and D-Met with a higher affinity than 4F2hc/LAT2 (Kanai et al.,
1998; Yanagida et al., 2001). Therefore, the stereoselectivity of in-
testinal Met uptake studies is far from conclusive. Fig. 1 provides a
hypothetical representation of the different influx and efflux
transporters involved in the transport of Met at the enterocyte
level.

2.4. Transport systems for HMTBa

It is well-known that HMTBa is not solely transported through
diffusion. Carrier-mediated transport also contributes significantly
to its total uptake. This phenomenon is evident in reports where
HMTBa is transported across the apical membrane of chicken
enterocytes by diffusion and an Hþ-dependent carrier-mediated
transporter (Maenz and Engele-Schaan, 1996; Martin-Venegas
et al., 2006a).

In their study, ter Kuile and Cook (1994) reported findings on
carrier-mediated transport. It is tempting to extrapolate that the
uptake of a substrate by facilitated diffusion is only effective when
the subsequent metabolism of the test compound maintains a low
intracellular concentration of the original substrate. According to
ter Kuile and Cook (1994), a clear understanding of the basic
principles of carrier-mediated transport of a substance can help to
define an appropriate model for transport studies. Carrier-
mediated transport involves the following 3 important steps:

1) An initial rapid uptake driven by a concentration difference
between the inside and outside of the cell.

2) A steady increase in the amount of the substance incorporated
into macromolecules, such as protein, due to the conversion of
the substance into a metabolite and can be termed the “trapping
step”. This situation occurs most often when a substance is
metabolizable into another form.

3) The uptake is stabilized when the efflux of end products and the
uptake are balanced due to the saturation of the internal pools
(ter Kuile and Cook, 1994).



Fig. 1. Representation of different influx and efflux transporters involved in the transport of methionine (Met) at an enterocyte (hypothesis). MET ¼Met; NAA ¼ neutral amino acid;
ASTC2 ¼ alanine-serine-cysteine transporter-2; LAT ¼ L-type amino acid transporters; SNAT ¼ sodium-coupled neutral amino acid transporters; Leu ¼ leucine; Ile ¼ isoleucine;
Phe ¼ phenylalanine; Ala ¼ alanine (Created with BioRender.com).
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However, the relative contribution of each step depended on the
range of concentrations used in the measurements. In the lower
concentration range, the kinetics of the transporters make the
dominant contribution, while the metabolic step contributes to the
maintenance of transport in the higher concentration range (ter
Kuile and Cook, 1994). The mutual influence of the trapping step
and facilitated diffusion process indicates that trapping of the
substrate by a high-affinity enzymatic reaction can give the entire
process the properties of active transport (ter Kuile and Cook,
1994). This signifies that facilitated diffusion is particularly effec-
tive for the uptake of rapidly converted substrates because low
internal concentrations resulted in high net transport.

It is widely known that monocarboxylate transporters (MCTs)
belong to the SLC16 gene family and mediate the cotransport of
monocarboxylic substrates with Hþ and Hþ:substrate stoichiom-
etry ratio is 1:1, suggesting an electroneutral transport process
(Ganapathy et al., 2008). Additionally, the second class of MCTs has
been identified, comprising at least 2 members (SLC5A8 and
SLC5A12). SLC5A12 is differentially expressed in colonic and in-
testinal epithelial cells (Gopal et al., 2007; Iwanaga et al., 2006).
This localization is consistent with its role in the cellular uptake of
short-chain fatty acids. Ganapathy et al. (2008) screened a mouse
kidney cDNA library and isolated a closely related cDNA that
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encodes a transporter protein highly homologous to SLC5A8. This
transporter, known as SLC5A12, belongs to the same family as
SLC5A8 and is primarily expressed in the kidneys and intestinal
tract. The substrate selectivity of this transporter is similar to that of
SLC5A8 but with a lower affinity.

The expression pattern of SLC5A12 in the intestinal tract is still
under investigation; however, its lack of expression in the colon has
been widely accepted.

Martin-Venegas et al. (2007) characterized HMTBa uptake
across the Caco-2 cell apical membrane and noted the benefit of
lower apical pH (5.5 vs. 7.4) on HMTBamolecule uptake, suggesting
an Hþ-dependent process similar to that of MCT1. Naþ/Hþ ex-
changers (NHEs) comprise a family of highly related proteins that
mediate the electroneutral 1:1 exchange of intracellular Hþ for
extracellular Naþ across the membrane. Therefore, HMTBa uptake
exhibits partial Naþ dependence, reflecting the participation of
NHE3 in the chicken small intestine (Martin-Venegas et al., 2008).

Generally, MCTs demonstrate a low affinity for their substrates,
and the values for Km are in themillimolar range. Both Naþ-coupled
electrogenic carriers (SLC5A8 and SLC5A12) effectively transport
monocarboxylic substrates with varying affinities, and their role in
HMTBa transportation cannot be ruled out. Most recently, To et al.
(2020) suggested the presence of a distinct transport mechanism

https://biorender.com
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for HMTBa based on their segmental localization in the trout gut.
They argued that the apical influx and basolateral efflux of HMTBa
presumably occur via Naþ-dependent and Hþ-independent carrier-
mediated transporters in the upper gut (pyloric ceca and midgut).
In the hindgut, apical influx and basolateral efflux of HMTBa are
Naþ-dependent (medium affinity compared to the upper gut) and
Hþ-dependent carrier-mediated transporters. The Km values of 0.5
to 1.1 mM at high (0.2 to 20 mM) and 7 to 10 mM at low substrate
concentrations (0 to 150 mM) in the upper gut were closely corre-
lated with low-affinity sodium-dependent MCT2 (SMCT2) and
high-affinity SMCT1, respectively. Arguably, Caco-2 cells may not
account for the putative contribution of SLC5A12 to HMTBa trans-
port, as these cells are of colon origin, and SLC5A12 is not expressed
in the colon. Therefore, it is tempting to explore the possible
contribution of these transporters in future studies on HMTBa
transport. Fig. 2 shows the different influx and efflux transporters
involved in the transport of HMTBa andMet at the enterocyte level.

Brachet and Puigserver (1987) used BBMV and everted rings of
the rat jejunum to study the absorption of HMTBa. The initial up-
take rates of both L- and D-Met were 6.8 and 1.5 times higher than
that of HMTBa, respectively, under Naþ gradient conditions. Uptake
of HMTBa into rat jejunal rings was the sum of the saturable
Michaelian component and diffusion, suggesting that HMTBa is
mediated by an Naþ-independent carrier system associated with L-
lactate transport and differs from the L-Met pathway. In another
Fig. 2. Representation of different influx and efflux transporters involved in transport of H
hydroxy-4-methylthiobutyric acid; MCT ¼monocarboxylate transporter; MET ¼methionine
SNAT ¼ sodium-coupled neutral amino acid transporters; Leu ¼ leucine; Ile ¼ isoleucine; P
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study, Brachet and Puigserver (1989) found that the transport
systems for HMTBa are different from those for DL-Met, both
quantitatively and qualitatively. This carrier system is Naþ-inde-
pendent, nonstereospecific, and electroneutral. They further added
that this may indicate slow absorption of HMTBa from the chicken
intestine, but many contributing factors, such as luminal surface
pH, microclimate along the intestine (Cummings, 1981; Lucas et al.,
1978), and absorptive capacity of the hindgut (Dibner et al., 1988),
could not be excluded before reaching a definitive conclusion. In
this latter study, differences in the absorption of Met from various
Met sources must be considered with some caution due to the
limitations of the model used. BBMV is an efficient model to assess
Met uptake because the carrier systems can pump Met against the
concentration gradient in the vesicles, whereas this is not the case
for HMTBa, which goes primarily through passive transport that
cannot counteract HMTBa accumulation in vesicles. Therefore, the
BBMV model is not suitable for transport studies of HMTBa. Spe-
cifically, 1) there is no blood flow to carry away HMTBa once it has
been absorbed. Therefore, the concentration gradient that drives
diffusion is quickly disrupted; 2) the vesicles likely lack the en-
zymes to convert HMTBa to Met, which further disrupts the con-
centration gradient; and 3) the pH in these experiments (7.4)
(Brachet and Puigserver, 1989; Brachet and Puigserver, 1989) is
typically substantially greater than that in luminal microclimates
(pH approximately 6) (Brachet and Puigserver, 1989; Richards et al.,
MTBa and methionine at an enterocyte (hypothesis). MC ¼ microcystin; HMTBA ¼ 2-
; NAA ¼ neutral amino acid; SLC ¼ solute carrier; LAT ¼ L-type amino acid transporters;
he ¼ phenylalanine; Ala ¼ alanine (Created with BioRender.com).
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2005). A high pH significantly hinders HMTBa absorption by
diffusion (Maenz and Engele-Schaan, 1996). Knight and Dibner
(1984) measured the in vitro uptake of HMTBa and L-Met in the
duodenum, jejunum, and ileum using radiolabeled materials. Their
findings demonstrated that low uptake levels occurred for both
compounds in the duodenum, with increasing levels of L-Met (but
not HMTBa) uptake in the jejunum and ileum. However, there has
been a general disagreement in the literature regarding the intes-
tinal site of absorption for Met sources. Some studies have
demonstrated rapid uptake of L-Met in the proximal part of the
jejunum (Lerner and Kratzer, 1976), while another report (Hudson
et al., 1971) found higher in vitro uptake of L-Met in the ileum
and the slowest uptake in the upper jejunum. The contrasting re-
sults between these 2 studies are difficult to explain, but the age
(mature chicken vs. young chicks) and strain (Barred Plymouth
Rock � Rhode Island Red vs. Hubbard Cross Hubbard) of the birds
could be reasons for these differences (Lerner and Kratzer, 1976).
Despite clear differences in the site of absorption and mechanism
for L-Met and HMTBa, the 2 compounds were absorbed at similar
rates, especially at low concentrations. Moreover, HMTBa is rapidly
converted to Met following absorption and subsequently incorpo-
rated into proteins at the intestinal level (Knight and Dibner, 1984).
This is likely to assist normal intestinal blood flow in maintaining a
favorable gradient for HMTBa absorption.

It is imperative to emphasize the choice of the intestinal model
to characterize the transport systems for different Met sources.
Conflicting results have been obtained depending on the selection
of the intestinal model. Dibner et al. (1992) used a different model
(everted intestinal slices) and suggested that HMTBa is primarily
absorbed through diffusion compared to the energy and Naþ-
dependent transportation for DL-Met. This mode of transportation
assumes greater importance during heat stress conditions, wherein
HMTBa is absorbed more effectively. This study also showed that
the everted gut sac model measures active transport and is also
highly efficient in considering the movement of molecules via
diffusion. Hence, the comparison between HMTBa and DL-Met is
improved when using this model.

3. Factors affecting the relative efficiency of transport
systems for methionine sources

As explained earlier, different methodologies have been used to
study the transport systems for methionine sources. In this regard,
choosing an appropriate experimental model for Met transport
studies can invariably be considered the most important factor
affecting the outcome. In experimental models that are not
appropriate for evaluating diffusion-mediated systems (Brachet
and Puigserver, 1987, 1989), the HMTBa uptake values are usually
lower than those of Met. In contrast, when experimental models
were appropriate for evaluating diffusion-mediated systems
(Richards et al., 2005), the HMTBa uptake values were similar to or
higher than those of Met. A critical analysis of different models is
presented in the following sections.

3.1. Radioactive position in the molecule

The use of radioisotopes has been instrumental in unraveling
metabolic fate and increasing our understanding of test compounds
in animal experiments (Dalvie, 2000). Carbon-14 (14C) is among the
most commonly used radionucleotides due to its synthetic versa-
tility, safety relative to other radioisotopes, and favorable nuclear
properties dictating optimal half-life and specific activity
(McCarthy, 2000). However, hydrogen-3 (3H) has also been used
instead of or in addition to 14C to obtain in vitro (Guroff et al., 1967;
Kler et al., 1992; Linnet, 2004) and in vivo (Ehlhardt et al., 1998;
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Koller-Lucae et al., 1999; Prakash et al., 1997; Rosenborg et al., 1999;
Gray et al., 1994) biotransformation data. Low cost, ease of prepa-
ration, and rapid turnaround of 3H incorporation (Saljoughian and
Williams, 2000) are desirable attributes in situations where specific
metabolism-related question(s) during substance discovery or
development should be addressed. Many studies have suggested
that 14C atoms can be detached from the substructure during
metabolism if their position corresponds to a metabolically labile
site (Chasseaud and Fry, 1974; Hawkins et al., 1977; Larsson and
Lund, 1981). However, passive chemical exchange into non-
radiolabeled compounds and/or metabolites has never been re-
ported. On the other hand, the intrinsic properties of the hydrogen
atom can lead to 3H exchange within a molecule under varying pH
values of aqueous physiological ambiance by chemical (e.g., a-H
exchange during keto-enol tautomerization) or metabolic means
(Lewis et al., 1988). In such situations, 3H exchange ultimately forms
tritiated water (HTO), which is a marker of 3H loss. Therefore, it
could result in both the absence of radiotracer capabilities from the
test compound and/or its metabolites and misleading biotransfor-
mation data (Shaffer et al., 2006). Using 3H-labeled compounds in
biological systems brings a predominant risk linked to the chemical
and metabolic instability of the 3H atom itself at its specific site
within the test molecule (Shaffer et al., 2006).

This raises a proposition because, in some studies, 3H radio-
labeling has been correlated with higher 3H residual activity in
HMTBa-fed pigs with preferential utilization by resident bacteria.
The authors concluded poorer efficacy of HMTBa compared to DL-
Met (Malik et al., 2009). Nevertheless, in a subsequent report, 3H
labeling of Met was found to have a different metabolic fate. Cells
demonstrated a differential preference for Met when labeled with
3H or 14C. Lipid synthesis (phosphatidylcholine) is the predominant
pathway for L-(methyl-3H)-Met (Kuang et al., 2014). From this
perspective, a higher residual 3H activity could be linked to the
desquamation of epithelial membranes with retained 3H activity.
Alternatively, high 3H activity in tissues of the proximal intestinal
part in DL-Met-fed pigs indicated higher first-pass metabolism of
Met, which under normal conditions accounted for approximately
35% and could deviate substantially on refeeding after an extended
fasting period, which was the case in this experiment. While
HMTBa effectively bypassed this step and became available for
protein synthesis, the higher residual 3H activity observed in
HMTBa-fed conventional piglets was due to continuous endoge-
nous losses of intestines harboring a normal gut microbiota.
However, in monoassociated pigs, intestinal development did not
follow the same trajectory, and regressed intestinal mass can be
expected in such animals. Logically, endogenous losses will not be
of the same magnitude in both classes of pigs that support variable
microbiota. This could be considered a crucial factor in the findings
of Malik et al. (2009), as the authors were only observing the
resident 3H activity rather than the complete product to which this
radioisotope belonged. Hegedus et al. (1993) established that at
least 3 Lactobacillus species can efficiently utilize Met and not
HMTBa in the gut, further strengthening the idea that higher 3H
residual activity is not an indication of bacterial utilization of
HMTBa. In the past, Esteve-Garcia and Austic (1993) suggested that
in any experiment involving administrative radioactive HMTBa to
the animals, there is a substantial portion of radioactive material
that is not absorbed or cleared efficiently by the kidneys, and it
could be expected that losses in excreta would be substantial and
may appear independent of the route of administration.

Therefore, in 3H experiments involving either in vivo or in vitro
samples, there is a clear possibility of HTO being detected radio-
graphically within the solvent front. This could potentially result in
erroneous identification as a highly polar (and possibly significant)
metabolite. In addition, 3H recovery could confound the ultimate



P. Becquet, M. Vazquez-Anon, Y. Mercier et al. Animal Nutrition 12 (2023) 159e170
findings from biofluids undergoing organic extraction; loworganic-
phase 3H levels may be ascribed to highly polar metabolites, HTO,
or both (Shaffer et al., 2006). For total radioactivity PK analyses, 3H
exchange causes similar data interpretation complexities due to
tritium's 3-component exponential function biological half-life,
which ranges from 10 to 300 d in humans (Robertson, 2013). If
3H exchange occurs, the total radioactivity measured using the area
under the curve is useless because some of the radioactivity can be
attributed to HTO and not necessarily to substance-relatedmaterial
(Kim et al., 2004). There are certain prerequisites to ensure for 3H
compounds to be effectively used in metabolic studies. The first is
strategic selection of the most chemically and metabolically stable
molecular site for 3H incorporation. The second involves the
empirical confirmation of all samples by quantifying the HTO via
lyophilization and determination of the true inertness of the 3H
atom (Shaffer et al., 2006).

3.2. Effects of the physiological state of the animal

Saroka and Combs (1986) reported that L-Met was the major
excreted form of Met in roosters dosed with either L-Met or
HMTBa. Roosters were fasted for 24 h before infusion of radio-
labeled substances. Rostagno and Barbosa (1995) followed an
identical fasting period in adult cockerels. It is widely accepted
that a long fasting period changes the normal body metabolism of
experimental birds, resulting in a negative energy balance. More-
over, the immediate response of the small intestine to fasting is the
reduction in absorptive surface area, which decreases the total
absorptive capacity; conversely, it reduces the body's energy and
nutrient demand required for gut maintenance (Ferraris and Carey,
2000). Therefore, nutrient supplementation immediately after
refeeding postfasting cannot be equated with normal metabolic
processes. Many reports on rats and chickens have demonstrated
that intestinal absorption of essential and nonessential amino
acids, primarily or in part through a Naþ-dependent pathway, in-
creases with fasting and malnutrition (Ferraris and Carey, 2000;
Mu~níz et al., 1993). Enterocytes likely utilize a major portion of L-
Met during first-pass metabolism (Stoll et al., 1998). Oxygen con-
sumption and protein synthesis increased in fasted or restricted
caloric-fed rats (Mu~níz et al., 1993; Merry et al., 1992). As a result,
there was uncoupling of the influx and efflux of amino acids in
enterocytes under fasting conditions. Enterocytes increase their
utilization of absorbed amino acids (Marciani et al., 1987) or, in
other words, high first-pass metabolism. HMTBa may bypass this
first-pass metabolism and become available for protein synthesis.
In addition, adult roosters may support limited protein accretion,
and most of the absorbed nutrients could be utilized for mainte-
nance. Therefore, it can be imagined that birds under steady-state
conditions will exhibit better performance than those under
fasting conditions.

3.3. Selection of intestinal models

Amino acid transport at the cellular level is often studied
independently of metabolism. However, it is widely accepted that
individual cells may take up certain amino acids and release others
(Wellner and Meister, 1981), so the question of “real” transport
through the cells becomes far more complicated than examining it
in a reconstituted system. Intestinal models do not faithfully
replicate in vivo processes per se but are still considered extremely
useful tools for obtaining valuable information about transport
mechanisms. Therefore, the model selected should be based on the
physiological path that the tested product is predicted to follow to
provide the necessary milieu that corresponds with in vivo condi-
tions. BBMVs (Brachet and Puigserver, 1987, 1989; Maenz and
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Engele-Schaan, 1996; Soriano-García et al., 1998), everted gut sacs
(Dibner et al., 1992; Richards et al., 2005), ligated intestinal seg-
ments (Knight and Dibner, 1984), and the Caco-2 cell model
(Martin-Venegas et al., 2007, 2008, 2011, 2014) are some of the
commonly used models for Met transport studies. Variable results
were obtained in these studies, and intestinal model selection ap-
pears to be the leading cause of these conflicting outcomes.

For the evaluation of apical transporters, BBMVs have been
extensively used to determine the kinetic attributes of different
compounds. The accuracy of the results depends on many factors,
including but not limited to the purity of BBMV, and is usually
validated by marker enzymes, such as aminopeptidase N and
different disaccharidases (maltase and sucrase). However, marker
enzymes may not be present in a single membrane. The yield, re-
covery, and enrichment can be easily misinterpreted when an
appreciable amount of marker enzymatic activity is present in
membranes other than the one under study. A second separation
step should follow the measurement of marker enzymes, for
example, free-flow electrophoresis after differential and/or density
gradient centrifugation, or vice versa, or differential and/or
gradient centrifugation in combination with phase partitioning
(Murer and Gmaj, 1986). Likewise, magnesium precipitation in
calcium-free media yields better BBMVs with considerably reduced
leak permeability. The choice of calcium or magnesium precipita-
tion induced some differences in the ion fluxes. Calcium precipi-
tation leads to electro-diffusional coupling of Hþ and Naþ, whereas
magnesium precipitation limits this electro-diffusional coupling
and favors the Na/H electroneutral exchange of these ions (Sabolic
and Bruckhardt, 1984).

Brachet and Puigserver (1989) used BBMVs prepared with cal-
cium precipitation. These vesicles contained some Naþ/Kþ ATPase
activity, although it was 2.5-fold lower than that of the parent
homogenate, indicating some cross-contamination. Various studies
measuring the transport kinetics of Met sources did not follow
similar temperature conditions. Some authors used 25 �C (Brachet
and Puigserver, 1987, 1989), whereas others (Maenz and Engele-
Schaan, 1996; Soriano-García et al., 1998) used 37 �C for uptake
experiments. Temperature variation could affect the overall results.
Moreover, it has been suggested that BBMVs should be incubated at
37 �C to avoid changes in cationic and neutral amino acid transport
activity at lower incubation temperatures (Furesz et al., 1995;
Maenz and Engele-Schaan, 1996). Maenz and Engele-Schaan (1996)
reported that the imposition of an internally directed Hþ gradient
(pHout ¼ 5.5; pHin ¼ 7.5) led to substantial uptake of 3H-L-HMTBa
across BBMVs. This demonstrates the influence of pH on HMTBa
transport. Therefore, it could be inferred that the influence of the
acidic microclimate at the brush borders of enterocytes in vivo on
the transport kinetics of HMTBa cannot be ignored. Uptake exper-
iments should be performed under physiological conditions if
possible. For instance, the temperature and pH should be kept the
same as those of the species for which the in vitro investigation is
being performed.

In addition, BBMVs may be a suitable model for obtaining the
transport kinetics of compounds transported by Naþ-dependent
active transport systems, although the electrochemical potential
could potentially favor the transport values of Naþ-dependent
pathways (Lücke et al., 1978). Therefore, higher uptake values for
DL-Met and L-Met compared to HMTBa (Brachet and Puigserver,
1987, 1989) using BBMVs are questionable. Moreover, the absence
of metabolism in BBMVs (Murer and Gmaj, 1986) could underes-
timate the HMTBa transport values that undergo oxidation and
dehydrogenation, followed by transamination. Experimental evi-
dence for BBMVs is far from conclusive due to the limitations of the
model system in studying diffusion. Therefore, the BBMV model
represents a simple way to mimic intestinal transport studies that
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only replicates active transport, not carrier-mediated transport, or
diffusion. Studies on the transport of fructose across BBMVs face
similar criticism, indicating the inapplicability of BBMVs to accu-
rately measure the transport of molecules whose movement pre-
dominantly depends on their conversion into another metabolic
moiety, ensuring continuous transport across the membrane
(Lücke et al., 1978). HMTBa is converted into L-Met and cysteine in
the cell, maintaining the chemical concentration difference and
unabated cross-membrane transport.

Wilson andWiseman (1954) first introduced the in vitro everted
gut sac model. Modifications and improvements have beenmade to
increase the viability of tissues and maintain an intact mucosal
epithelium that mimics in vivo conditions. An improved everted
gut sac model can be used as an ex vivo tool to study the mecha-
nisms and kinetics of absorption (Barthe et al., 1998; Ugolev et al.,
1980). The everted gut sac model has been extensively explored
to perform pharmacokinetic investigations, such as substance ab-
sorption, metabolism or pro-drug conversion in GIT segments,
efflux transport, multidrug resistance, drug interactions, and the
impact of efflux transport modulators on the absorption of sub-
stances. The advantages of this model are its relatively large surface
area available for absorption and the presence of a mucus layer. In
addition, slices from different intestinal sections retain region-
specific molecular and functional differences and have been used
to compare transport kinetics across intestinal sections.

Dibner et al. (1992) and Richards et al. (2005) used everted gut
sacs from the jejunum and ileum of broilers to compare and vali-
date the transport kinetics of DL-Met and HMTBa, respectively.
Their findings for HMTBa transport kinetics differed from those of
the BBMV studies. The everted gut sac provides a near-complete
in vivo milieu for amino acids and amino acid precursors, such as
HMTBa.

Nevertheless, tissue viability is a limiting parameter in the
everted gut-sac experiments. The recommended experimental
duration is approximately 2 h based on tissue viability and meta-
bolic activity of the intestine under physiological conditions
(Barthe et al., 1998). None of the above-mentioned studies included
data beyond 2 h. Richards et al. (2005) periodically evaluated the
structural integrity of sacs. Hence, it is reasonable to assume that
observations in these experiments were obtained using an everted
ring whose physiological architecture was intact. The presence of
muscularis mucosa, which is not typically removed from everted
gut sac preparations, is another disadvantage of this approach. The
muscularis mucosa may evoke an underestimation of the transport
of compounds with a tendency to bind to muscle cells. However,
this has not been further evaluated in the literature.

Cultured Caco-2 cells from human colon adenocarcinomas can
differentiate into enterocyte-like cells. Despite their colorectal
origin, differentiated Caco-2 cells express many of the morpho-
functional features of mature small intestinal enterocytes,
including columnar polarization, apical microvilli, tight junctions,
carrier-mediated transport systems, and apical brush border
membranes endowed with organotypic hydrolases (Picariello et al.,
2016). Monolayers of confluent Caco-2 cells grown on porous
membranes (e.g., Transwell inserts) have been proposed by Hidalgo
et al. (1989) and are largely used as a transport model system for
the small intestinal epithelium (Artursson et al., 2001). Addition-
ally, a good correlation between passive transport across Caco-2
monolayers and the availability of the tested nutrients in humans
has been observed. Martin-Venegas et al. (2011) successfully
demonstrated that Caco-2 cells express L-hydroxy acid oxidase and
D-hydroxy acid dehydrogenase, enzymes that are important for
converting HMTBa into L-Met.

Caco-2 monolayers are impermeable to hydrophilic molecules
and do not exhibit paracellular transport, which restricts their
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reliability as a model for compounds that are transported by the
paracellular pathway (Behrens et al., 2001; Gamboa and Leong,
2013). The Caco-2 monolayer has other drawbacks, such as the
lack of a mucous layer in the intestinal wall and a lack of some
intestinal metabolic enzymes, as it only corresponds to epithelial
cells in the intestinal epithelium. In contrast, many other cell types
are present in the intestine, including mucosal cells and microfold
cells. This does not preclude the potential of Caco-2 cells for an
accurate study of transport kinetics, especially for amino acids.
However, cocultures could be an important addition to the Caco-2
monolayer culture that may better simulate the multicellular in-
testinal epithelium (Gamboa and Leong, 2013).

Based on a critical appraisal of the intestinal models found in the
literature, the Caco-2 model seems to comply better with in vivo
conditions than other methods. Importantly, it represents meta-
bolically active cells, a prerequisite for HMTBa transport studies.
From these studies, it can be concluded that selecting an intestinal
model is key to obtaining realistic results for transport kinetics,
considering the physiology of the tissue, metabolism of the com-
pound, and representativeness of the test method of animal
physiology.

4. Oligomer hydrolysis and utilization

The manufactured forms of HMTBa are aqueous solutions that
consist of an equilibrium mixture of monomer (65% to 70%),
dimer (15% to 20%), and trimers (3%) (Dibner, 2003). The manu-
factured form of HMTBa-Ca is a powder containing 100% mono-
mers. The monomer/oligomer equilibrium is dynamic, with the
continuous formation and hydrolysis of dimers and trimers. No
energy is required for these reactions; however, the equilibrium is
affected by the matrix. Once HMTBa is added to the feed, the
equilibrium shifts to monomer formation (Bruyer and Vanbelle,
1990a). The percentage of oligomers is highest in the liquid so-
lution, decreases in the feed, and further decreases after ingestion
(Dibner, 2003).

Various methodologies have been used to evaluate the efficacy
of HMTBa oligomers for L-Met. Multiple in vitro (Koban and
Koberstein, 1984) and in vivo (Boebel and Baker, 1982; van
Weerden et al., 1992) studies have concluded that utilization of
dimers and trimers is inferior to that of monomers. Koban and
Koberstein (1984) evaluated the in vitro hydrolysis of dimer and
trimer HMTBa in dilute hydrochloric acid solution and concluded
that the rate constants obtained corresponded to the half-lives of
1.8 and 1.6 d for dimers and trimers, respectively, suggesting that
the dimers and trimers were not biologically available. This in vitro
study lacked enzymes that are available in vivo. Bruyer and
Vanbelle (1990b) demonstrated that the ester bonds between
HMTBa molecules were the same as those found in triglycerides,
closely resembled those occurring in lactic acid, and underwent
homologous intermolecular esterification. Pancreatin and intesti-
nal digestive enzymes readily break down polymers of HMTBa
(Lawson and Ivey,1986). Lawson and Ivey (1986) used 2methods to
assess the hydrolysis of HMTBa dimers. In Exp. 1, simulated intes-
tinal fluid was used, and in Exp. 2, in vitro sections of the chick
small intestine (both systems contained enzymes) were used. They
demonstrated that the rapid hydrolysis of dimers was enzyme-
mediated by experiments in which heat denaturation resulted in
a total loss of hydrolytic activity.

Another important consideration in evaluating oligomer effi-
cacy is the preparation of the polymer fraction. Previous work (van
Weerden et al., 1992) employed polymers isolated using a lab-
synthesized solvent extraction procedure. The isolated fraction of
polymers contained 95% polymers and 5% monomers. The authors
acknowledged that the recovery rates of both the free acid and
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polymer compounds tested were unsatisfactory, and they indicated
a difference between the calculated and actual analyses of the
HMTBa treatments. In addition, the actual composition (percentage
of dimers, trimers, and higher oligomers) of the polymer prepara-
tionwas not presented; it is important to compare the composition
of monomers/dimers/trimers and larger oligomers to that of
HMTBa, as produced today, to confirm their relevance. Boebel and
Baker (1982) also compared the efficacy of HMTBa in polymer
form in broilers using a freeze-dried preparation. The composition
of this preparation was 21% monomers, 35% dimers, 30% trimers,
12% higher oligomers, and 2% H2O. The simple removal of water
resulted in the formation of much larger oligomers. These larger
oligomers are formedwhen the product is freeze-dried (Boebel and
Baker, 1982) or concentrated via solvent evaporation (vanWeerden
et al., 1992). Both Boebel and Baker (1982) and van Weerden et al.
(1992) found lower performance with HMTBa than with DL-Met,
but the oligomer tested was not representative of the oligomers
present in HMTBa, as produced today; therefore, these findings
may not translate under practical conditions. Martin-Venegas et al.
(2006b) used everted intestinal sac and in vivo jejunum perfusion
to compare HMTBa-ammonium salt containing 99% monomers and
HMTBa (mixture of monomer and polymers). The authors found no
differences between the HMTBa products, demonstrating that
nonmonomeric forms are hydrolyzed in intestinal sections and are
not a limiting factor for HMTBa absorption.

5. Physiological factors affecting HMTBa vs. DL-methionine
absorption

Animals experiencing heat stress partition blood to the pe-
riphery to maximize radiant heat dissipation, which is supported
by vasoconstriction of the GIT (Pearce et al., 2013). Consequently,
reduced blood flow leads to hypoxia in the intestinal epithelium,
which compromises intestinal integrity and is associated with
inflammation (Pearce et al., 2013). Inflammation and hypoxia exert
detrimental effects on intestinal tight junction proteins (Pearce
et al., 2013; Yi et al., 2020) and alter nutrient digestibility and ab-
sorption across the intestinal epithelium.

Oxidative stress damages lipids, proteins, carbohydrates, and
DNA through the generation of reactive oxygen species. As gluta-
thione (GSH) is an important biomarker of antioxidant defense
against oxidative stress, measurement of GSH, in addition to
cysteine, taurine, and reactive oxygen species metabolites, can be
used to differentiate efficacy between HMTBa and DL-Met, espe-
cially under environmental challenges, such as disease and oxida-
tive stress (e.g., high, or low environmental temperatures, nutrient
imbalances, etc.) (Swennen et al., 2011; Willemsen et al., 2011;
Yodseranee and Bunchasak, 2012). Using ex vivo chicken everted
intestinal sacs, Martin-Venegas et al. (2006a) demonstrated
increased cysteine and taurine levels with HMTBa than with DL-
Met. A later study by Martin-Venegas et al. (2013), using an
in vitro model of intestinal inflammation in Caco-2 cells treated
with H2O2 or TNF-a, found greater concentrations of reduced GSH
(rGSH) and taurine but, more importantly, confirmed greater gut
protection with HMTBa compared to DL-Met in the presence of
oxidative stress or cytokine challenge.

It was reported that HMTBa supplementation has been shown to
partially prevent the growth-depressing effects of heat stress
(Knight et al., 1994) and alleviate oxidative damage caused by heat
stress in broiler chickens (Willemsen et al., 2011). According to
Dibner et al. (1992) and Knight et al. (1994), the uptake of DL-Met
into intestinal epithelial cells is reduced in heat-stressed birds.
Greater absorption occurred for HMTBa via diffusion when the
absorption capacity of the villi was compromised. In vitro studies
by Dibner et al. (1992) and Knight et al. (1994) demonstrated that
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diffusion of DL-HMTBa increased, whereas D-Met active transport
decreased during heat stress conditions.

6. Methionine sources and gut microbiota interaction

It is widely known that microflora from the hind gut can
compete with the host for nutrients, such as amino acids.
Numerous studies have compared the utilization of HMTBa relative
to DL-Met and concluded that these 2 molecules have similar
bioefficacies, ranging from 80% to 100% (Dilger and Baker, 2008).
Some studies (Drew et al., 2003; Malik et al., 2009) have concluded
that intestinal microbial degradation explains the lower HMTBa
absorption than DL-Met. Conventional vs. germ-free chickens were
fasted overnight and then fed diets containing 1.11 � 107 L-
[methyl3H]-HMTBa or L-[methyl3H]-Met Bq/kg of feed for 3 h,
euthanized, and the intestinal tracts were removed. The residual
activity of 3H was also measured (Drew et al., 2003). Residual ra-
diolabels were lower in germ-free (4.7%) vs. conventional birds
(10.2%) in birds fed HMTBa, but no differences in radiolabels were
observed between germ-free (3.0%) and conventional (3.7%) birds
fed L-Met. The growth of the animals was also unchanged. How-
ever, these studies have some experimental limitations. First, the 2
sources were supplemented on an equal weight basis, not equi-
molar. If these authors concluded that HMTBa results in higher
microbial degradation than Met, then growth performance should
have been different. Second, the authors used radioactive L-HMTBa
and L-Met instead of DL. DL-Met absorption is much slower than
that of L-Met (Brachet and Puigserver, 1989), leading to an
increased opportunity for microbial uptake and degradation ofMet,
and comparison of the DL forms for both products has greater
relevance to practice. Third, 3H exchange within a molecule can
readily occur; therefore, quantification of tritiated water to deter-
mine the inertness of the 3H atom needs to be confirmed, and this
was not addressed. Higher residual 3H activity may not indicate
bacterial utilization (see Section 3.1) and thus does not necessarily
equate to lower utilization. Hence, the conclusions of these studies
can be criticized and are contrary to other findings in the literature.

Malik et al. (2009) also evaluated the effect of microbiota onMet
utilization in conventional and mono-associated pigs (e.g., not
germ-free). Bacterial contamination resulted in a single bacterial
population (Gram-negative in some pigs, Gram-positive in others).
In the Malik et al. (2009) document, the following elements impair
the conclusions: 1) No indication of the specific activity of each
molecule to compare incorporation of radiolabel; 2) Details are
given in the Materials and Methods section for the 3H Methyl Met
and 3H Methyl L-HMTBa, which resulted in 2 labeled products at
99%. At such concentrations of HMTBa, deprived of water, there
should be a high oligomerization level for HMTBa that has not been
assessed. It should also be pointed out that in this trial, radio-
labeling was performed on the methyl group of the Met or HMTBa
compounds. When the L-[methyl-3H] of these 2 molecules go
through the sulfur amino acid metabolism Met / SAM / S-ade-
nosyl-homocysteine (SAH), the methyl group is lost from the
original molecule. This means that in the first steps of sulfur amino
acid metabolism, the radiolabeled portion follows a metabolic
pathway other than the sulfur amino acid pathway (one-carbon
pathway). Therefore, the residual activity observed in this study
may be due not only to Met retention in the GIT but also to
endogenous loss from the host. The difference observed between
microbiological status may not be due to an increase in the residual
activity in the HMTBa group but due to a higher (or at least
different) amount of residual activity in the L-Met group between
microbiological conditions.

Therefore, the author's hypothesis that intestinal microbial
degradation is higher for HMTBa is not well substantiated based on
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the criticisms of both trials and is contrary to other findings in the
literature. Han et al. (1990) compared the growth responses to crop
intubation and intraperitoneal injection in chicks fed DL-Met or
HMTBa. These authors found no significant difference in absorption
between DL-Met and HMTBa or crop intubation and intraperitoneal
injection for either Met source, indicating that the intestinal ab-
sorption of HMTBa is as efficient as that of DL-Met. Since intra-
peritoneal injection bypasses intestinal absorption, any inefficiency
in intestinal absorption of HMTBa should have been reflected by
lower utilization of crop intubation than intraperitoneal injection.
Hence, these findings suggest complete HMTBa absorption in the
intestine. Both methodologies indicated nonsignificant differences
between HMTBa and DL-Met utilization and demonstrated that
HMTBa utilization is not limited by intestinal absorption.

Esteve-Garcia and Austic (1993) also studied the absorption of
radiolabeled HMTBa in broilers and concluded that the perfor-
mance of birds fed HMTBa would not be limited by inefficient in-
testinal absorption.
7. Conclusion

A thorough assessment of the literature in this review demon-
strates that the physicochemical characteristics of HMTBa and DL-
Met are distinct, leading to unique behaviors with respect to their
absorption and metabolism. Therefore, it is important to select
methods that consider these aspects when comparing the ab-
sorption of these 2 molecules. The same evaluation method may
not be adequate to compare the absorption of the 2 molecules,
leading to contradictory results. The contradictory results in the
literature can be explained by the use of inappropriate methodol-
ogies, either for DL-Met or HMTBa.
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