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ABSTRACT Societal concern and government regula-
tions increasingly press for restricting the use of antibiot-
ics as antimicrobial growth promoters (AGP). The search
for alternatives is on, hampered by a lack of knowledge
about the exact mechanism of AGP. Feed additives, such
as AGP and alternatives, interact with the intestine. In the
intestine, feed components, microbiota, and the mucosa
interact in a very complex and dynamic way. Various
mechanisms for AGP have been proposed, invariably
based on the direct antibiotic influence on the microbial
composition of the intestines. In the literature on antibiot-
ics, however, the direct effects of antibiotics on host cells,
in particular inflammatory cells, have been described.
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INTRODUCTION

Antimicrobial growth promoters (AGP) as feed addi-
tives have proved to be effective in improving growth
and feed efficiency. Antimicrobial growth promoters are
antibiotics added to feed in low, subtherapeutic amounts.
Increasing restrictions on the use of AGP have prompted
a search for the development of alternatives to AGP. A
variety of replacements for AGP have been proposed
and tested: pre-, pro-, and synbiotics; enzymes; (organic)
acids; and herbs and herbal extracts. None of the alterna-
tives tested have been as efficient as AGP, and in general
have given variable results, whereas those obtained with
AGP have been consistent and reproducible (Gaskins et
al., 2002; Niewold, 2006; Page, 2006). The search for effec-
tive alternatives to AGP is hampered by a lack of knowl-
edge about the mechanisms of AGP-mediated growth
enhancement. At least 4 major mechanisms have been
proposed to explain AGP-mediated growth enhancement
(Gaskins et al., 2002; Dibner and Richards, 2005; Page,
2006): 1) AGP inhibit endemic subclinical infection, thus
reducing the metabolic costs of the (innate) immune sys-
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It is curious that this has never been considered in the
literature on AGP. Presently, a case is being made that
AGP most likely work as growth permitters by inhibiting
the production and excretion of catabolic mediators by
intestinal inflammatory cells. Concomitant or subsequent
changes in microflora are most likely the consequence of
an altered condition of the intestinal wall. This common,
basic mechanism potentially offers an excellent explana-
tion for the highly reproducible effects of AGP, as op-
posed to those obtained by alternatives aimed at mi-
croflora management. Therefore, the search for alterna-
tives could be aimed at nonantibiotic compounds with an
effect on the inflammatory system similar to that of AGP.

tem; 2) they reduce growth-depressing metabolites (such
as ammonia and bile degradation products) produced by
microbes; 3) they reduce microbial use of nutrients; and
4) they enhance the uptake and use of nutrients, because
the intestinal wall in AGP-fed animals is thinner. All these
points share the common hypothesis that the intestinal
microflora depress animal growth, either directly or indi-
rectly, and that the mechanism of AGP is based on its
antibiotic properties. Usually, the absence of a growth-
promoting effect of AGP in germ-free animals and the
depression of growth upon inoculation of the latter with
bacteria are seen as the strongest arguments for this hy-
pothesis. It is also the reason why AGP is sometimes
referred to as growth permitting rather than growth pro-
moting.

WHY AN ANTIBIOTIC MECHANISM FOR
AGP IS UNLIKELY

All 4 mechanisms proposed show various weaknesses,
and it is at least remarkable that alternative mechanisms,
such as a direct effect on the host, are hardly ever consid-
ered. In this review, the merits of the 4 proposed mecha-
nisms are discussed, and an alternative, more plausible
mechanism is proposed.

1. Antimicrobial growth promoters inhibit endemic
subclinical infection, thus reducing the metabolic costs
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of the (innate) immune system. Antimicrobial growth pro-
moters are given in subtherapeutic doses. These are lower
than the minimum inhibitory concentration (MIC) for
pathogens. Furthermore, chronic (sub-MIC) use of antibi-
otics is known to induce antibiotic resistance in pathogens
and other bacteria (Aarestrup et al., 2001; Teuber, 2001).
It is thus unclear how the inhibition is presumed to work.

2. They reduce growth-depressing metabolites (such as
ammonia and bile degradation products) produced by
microbes, and

3. They reduce microbial use of nutrients. Both argu-
ments are based on the assumption that certain bacterial
populations can be influenced selectively by the antibiotic
action of AGP. Whereas this is true for antibiotics in con-
centrations higher than the MIC, it remains unclear how
this can be achieved by low (sub-MIC) concentrations,
because it is equally unclear for pathogens (see preceding
discussion). Concerning the growth-depressing metabo-
lites, Gaskins et al. (2002) remarked that “it is curious
that a class of organisms that appears to depress growth
(Lactobacillus and Enterococcus) are also often used as pro-
biotic organisms for promoting growth in livestock” (p.
33). Furthermore, the majority of the intestinal microbiota
are unknown (Xu and Gordon, 2003). Therefore, the over-
whelming majority of publications thus far have dealt
with the culturable (small) proportion of the microbiota,
which leaves statements about nutrient use by the micro-
biota on weak underpinnings.

4. They enhance uptake and use of nutrients, because
the intestinal wall in AGP-fed animals is thinner. Two
separate elements can be distinguished in this argument.
Concerning the uptake of nutrients, the apparent assump-
tion is that there is an inverse relationship between muco-
sal thickness and uptake. In the literature, no data are
available on whether AGP use actually enlarges the total
mucosal surface. It is also a simplified concept of absorp-
tive capacity for uptake, which is determined by the total
mucosal surface area at the villus tips (Pappenheimer,
1998) rather than by the mucosal thickness. Furthermore,
uptake is also influenced by the differentiation state of
the epithelial cells, which can have different consequences
for the uptake of different nutrients (Zhang et al., 1998).
The second element, increased nutrient use by a thicker
and larger intestine, is logical, because increased organ
weight is associated with a larger contribution to body
energy expenditure (Pond et al., 1988). Furthermore, a
thinner intestinal wall is not necessarily a consequence
of a direct effect of AGP on the microflora, as discussed
in the next paragraph.

Even when assuming that AGP could have an antibiotic
effect at sub-MIC concentrations, additional points can
be made that cast further doubt on the theory of a direct
effect of AGP on the microbiota. 1) Antimicrobial growth
promoters have a similar effect in various production
animals. These animals (e.g., poultry and pigs) differ con-
siderably in the composition of intestinal microbiota. Fur-
thermore, major shifts in microbiotic composition are seen
during growth and development (Lu et al., 2003). These
facts are hard to reconcile with a direct antibiotic effect

of AGP, and suggest instead a common, basic mechanism.
2) Antimicrobial growth promoters form a family of
widely varying chemical classes and have different anti-
microbial spectra of activity (e.g., predominantly gram
positive or gram negative). In other words, despite the
fact that different antibiotics influence different bacterial
populations, similar effects are obtained. This is at least
remarkable if the microbiota are the target. 3) Not all
antibiotics have growth-promoting activity, whereas they
should all influence the microbiota according to the mi-
croflora-management theory. One would at least expect
antibiotics with a similar spectrum of activity to act simi-
lar to AGP. However, as cited by Page (2006), earlier
authors concluded “there appears to be no obvious expla-
nation for the great variation in growth-promoting activ-
ity between the different classes of antimicrobial sub-
stances studied” (p. 22). 4) Chronic use of low concentra-
tions of antibiotics is known to induce resistance against
antibiotics in most bacteria (Aarestrup et al., 2001; Teuber,
2001). It is thus less clear why (selective) shifts in microbi-
ota composition still occur. 5) Alternatives to AGP that are
known or purported to affect the microbiotic composition
(e.g., probiotics) differ from AGP in that the effect is
much less predictable and is highly variable. A possible
explanation for the lack of success of these alternatives
probably lies in the fact that the intestines are essentially
a very complex and dynamic ecosystem (Xu and Gordon,
2003), and it is unclear how the composition of the microb-
iota can be manipulated toward a desired one. First, as
mentioned, the composition is largely unknown, and sec-
ond, what the desired composition should look like is
unknown. Progress in this area can only be expected using
more advanced molecular genomic techniques (Lu et al.,
2003; Niewold et al., 2005; Niewold, 2006).

In any case, the differences between AGP and alterna-
tives suggest a different target, and suggest that the target
of AGP is most likely not the microbiota. Hence, it is
worthwhile to take other possible nonantibiotic alterna-
tive mechanisms for AGP into consideration, and a very
plausible one is available from the existing literature.

MOST ANTIBIOTICS
HAVE A NONANTIBIOTIC

ANTI-INFLAMMATORY EFFECT

It is well established that many antibiotics have physio-
logical side effects, most of which are specific to the chemi-
cal class of the compound. However, what the antibiotics
have in common is that they accumulate in inflammatory
cells (van den Broek, 1989; Labro, 1998, 2000). Most accu-
mulated antibiotics enhance the intracellular killing of
bacteria, and they can inhibit (parts) of the innate immune
response. Scientists involved in immunological research
are familiar with the inhibitory effects of antimicrobial
compounds on phagocytic cells (macrophages and poly-
morphonucleocytes; van den Broek, 1989; Schoevers et
al., 1999; Labro, 1998, 2000). This possible mechanism is
absent from those commonly listed for AGP. Possible
effects on the host are dismissed by saying that some
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Table 1. Intraphagocytic accumulation of antibiotics that can lead to inhibition of function,1 and relationship
with use as antimicrobial growth promoters (AGP)

Intracellular Phagocyte AGP use,
accumulation function past or

Antibiotic (class) (C:E ratio2) inhibition present

Chloramphenicol 4 No No
β-Lactams <1 No/some/limited No/some/limited
Cyclines 2 Yes Yes
Quinolones 5 No No
Macrolides 10–100 Yes Yes
Streptogramin (peptide) 40 Yes Yes

1Labro, 1998, 2000.
2C:E ratio = the cellular:extracellular concentration.

AGP are nonabsorbable (e.g., Dibner and Richards, 2005)
and that concentrations are too low, and hence are un-
likely to cause effects beyond the intestinal lumen. Con-
cerning the argument of nonabsorbability, the existence
of recommended preslaughter withholding times for at
least some AGP suggests otherwise (Feed Additive Com-
pendium, 2006). Furthermore, nonabsorbability may be
true, to a certain extent, in the healthy intestine, but epi-
sodes of enhanced intestinal permeability are not uncom-
mon in production animals (Niewold et al., 2000). More-
over, one of the consequences of (intestinal) inflammation
is increased macromolecular intestinal permeability
(MacDonald and Monteleone, 2005), which certainly
would enhance local penetration of (low molecular
weight) antibiotics. Extracellular concentrations of AGP
are too low for an antimicrobial effect. Phagocytic cells
can accumulate antibiotics, in some cases 10- to 100-fold
the ambient concentration. The relevant effect of this accu-
mulation of many antibiotics in phagocytic inflammatory
cells would be attenuation of the inflammatory response.
As a consequence, the levels of proinflammatory cyto-
kines would be lower than those in untreated animals,
which would result in a lower catabolic stimulus. This is
also consistent with a growth-permitting rather than a
growth-promoting effect.

Antibiotic compounds can essentially be divided into
3 groups based on their interaction with inflammatory
cells, namely, 1) nonaccumulating, 2) accumulating with-
out inhibition of function, and 3) accumulating with inhi-
bition of function. For the purpose of this investigation,
the literature was searched for (classes of) antibiotics for
which data were available on both antibiotic accumula-
tion (as reviewed by van den Broek, 1989; Labro, 1998,
2000) and (past or present) use as AGP (as reviewed by
Dibner and Richards, 2005; Page, 2006). In the case of β-
lactams, data on both phagocyte inhibition and effective-
ness as AGP are conflicting and inconsistent. Further-
more, in general, peptide antibiotics do not significantly
alter phagocyte function. Streptogramin is a notable ex-
ception. Concerning bacitracin, an AGP used extensively
in the United States, data are scarce on possible effects on
phagocytes. van den Broek (1989) described an inhibitory
effect of bacitracin on phagocytosis. Of 2 recent in vitro
studies, one showed a possible proinflammatory role for
bacitracin (Higuchi et al., 2004), whereas the other sug-

gested an anti-inflammatory effect (Alloza and Vanden-
broeck, 2005). In the other classes of antibiotics, however,
there appeared to be a good relationship between inhibi-
tion of inflammatory function and use as AGP (Table 1).
It is suggested that this relationship is more than coinci-
dental. Antibiotics have been shown to inhibit one or
more of several different functions of inflammatory cells,
chemotaxis, the production of reactive oxygen species,
and proinflammatory cytokine production. In the context
of growth, the latter effect is most important for the fol-
lowing reasons. Upon release of these cytokines, an acute
phase response occurs, which has an overall catabolic
effect. In addition to a shift in hepatic protein production
toward acute phase proteins, catabolism of muscle tissue
occurs and, furthermore, a loss of appetite (Gruys et al.

Figure 1. Schematic representation of the inflammatory response
(modified after Jacobsen, 2003). Inflammatory cells are activated by
tissue damage, causing production and excretion of proinflammatory
cytokines. Circulating cytokines induce responses in different tissues.
A reduction of growth results mainly from 3 responses (indicated in
boldface italics). If unchecked, the inflammatory response itself can lead
to further tissue damage (gray arrow), perpetuating catabolism.
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2006; Figure 1). The acute phase response is a process
clearly associated with the greatest physiological ex-
penses (Humphrey and Klasing, 2003). Because of the
magnitude of this effect, one would expect measurable
effects from inhibitors. This would explain the consistent
effect of AGP as compared with the varying effects (if
any) found using alternatives with known effects on
the microbiota.

The intestines have been described as an organ in a
state of constant controlled inflammation (Biancone et al.,
2002). It is imperative for organisms to contain (intestinal)
inflammation, and to that end, important physiological
mechanisms are in place (Tracey, 2002; Metz and Tracey,
2005). Problems that do occur are usually the consequence
of too strong, rather than too weak, a response. This is
certainly true for polymorphonucleocytes and macro-
phages (Tracey, 2002; Metz and Tracey, 2005). It is sug-
gested that the use of AGP lowers the level of inflamma-
tion. Intestinal inflammation usually leads to accumula-
tion of inflammatory cells in the mucosa, leading to a
thicker intestinal wall. The thinner intestinal wall ob-
served using AGP is consistent with reduced inflamma-
tion because of the reduced influx and accumulation of
inflammatory cells (Larsson et al., 2006).

Based on the preceding discussion, one can expect the
largest effect of AGP in less optimal conditions. This is
indeed consistent with the observation that effects are
greatest when under the greatest infectious pressure, such
as occurs at certain ages, in certain husbandry conditions,
and in certain regions (Page, 2006). It also explains why
the effect of AGP is absent from germ-free animals, be-
cause no bacterial challenge exists in that situation.

Earlier, the observed changes in microflora in response
to AGP were considered a logical consequence of a direct
effect of AGP on the microflora. However, it has become
clear that the host itself has a large influence on the com-
position of the microbiota. The intestine is best described
as a complex and dynamic ecosystem (Xu and Gordon,
2003). Intestinal microbial metabolism constitutes an im-
portant biochemical activity in the body, with important
consequences for health and disease (Reid et al., 2003).
The epithelial cells lining the intestines are influenced by
the intestinal content (food and microbiota) in terms of
differentiation and functionality. However, inborn (epi-)
genetic factors and the immune system (and other compo-
nents of the intestinal mucosa) are essential in the mainte-
nance of equilibrium with commensals and in the defense
against pathogens (Diekgraefe et al., 2000; Hooper and
Gordon, 2001; Figure 2). The different microbial composi-
tions when using AGP are, in this view, a consequence
of an altered immune status rather than of a direct effect
on the microbiota.

INFLAMMATION MANAGEMENT RATHER
THAN MICROFLORA MANAGEMENT

One can conclude that most arguments point toward an
anti-inflammatory role for AGP, which reduces wasting
energy and spares energy for production. Labro (2000)

Figure 2. Schematic representation of the complex and dynamic mu-
tual interactions between the 3 main components of the intestinal ecosys-
tem. The shaded arrow shows the often underestimated influence of
the mucosa on microbial composition in the intestine.

describes this side effect of antibiotics, of reducing ad-
verse effects while maintaining the beneficial ones, in
human medicine as “the non-antibiotic effect of antimi-
crobial compounds” (p. 639). There is great interest in
these direct anti-inflammatory properties in human medi-
cine, such as for macrolides in pulmonary inflammatory
conditions (Hoyt and Robbins, 2001). It is suggested that
AGP work similarly in another mucosal system, the intes-
tines, by managing inflammation.

CONCLUSIONS

Based on the preceding discussion, effective alterna-
tives for AGP should be found among nonantibiotic com-
pounds with similar properties. They should accumulate
in inflammatory cells and inhibit the inflammatory re-
sponse. A search can be performed using relatively simple
and inexpensive established laboratory techniques, with
isolated cells or cell lines. Finally, the nonantibiotic anti-
inflammatory mechanism of AGP is the first theory that,
in a coherent way, explains the observations without the
apparent contradictions and inconsistencies associated
with the microflora-management theory.
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