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Summary. 3 p. 100 of Maillard’s reaction products (MRP), obtained by mild heating of
glucose and glycine, were added to a semi-synthetic diet sterilized by irradiation. This
resulted in increased dry matter excretion, more marked in axenic than in holoxenic
rats, and in reduced apparent absorption of sodium and potassium in holoxenic rats. The
addition of these products caused diarrhoea in axenic animals, thus preventing a good
estimation of apparent absorption. It led to a significant decrease in the retention of cal-
cium, phosphorus, magnesium and copper only in the axenic rats.

It is shown that MRP affect mineral metabolism and that the microflora plays a protfec-

tive role in the physiology of digestion.

Introduction.

Several carbohydrates, and namely lactose, have been found to modify mineral
metabolism in the rat (Atkinson, Kratzer and Stewart, 1957 ; Fournier and Digaud,
1969 ; Bouvet, 1973 ; Ali and Evans, 1973 ; Fournier, Fournier and Digaud, 1974). This
lactose action depends on the sterilization procedure of the feed. An irradiated lactose-
containing diet has a favourable effect on the retention of numerous minerals, whe-
reas the same autoclaved diet leads to a reduction of that retention and may even
reverse it (Andrieux, Guéguen and Sacquet, 1980). During autoclaving, part of the
lactose, together with the free amino groups of casein, induces Maillard’s reaction
(Reynold, 1963, 1965). This reaction has three effects : (i) reduction of the amount of
lactose (ii) modification of some essential amino acids, and (iii) formation of substances
which may affect the physiology of digestion (Adrian, 1974 ; Bender, 1979). It is
impossible to determine accurately which of these effects is responsible for the changes
in mineral metabolism when the lactose-containing diet is autoclaved.

This paper attempts to determine the role of Maillard’s reaction products (MRP),
excluding the effects due to a decrease in the dietary lactose level or to an alteration of
some dietary components such as lysine. We have also iried fo establish whether the
bacterial flora of the digestive tract changes this role of MRP on mineral metabolism.
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Material and methods.

We obtained Maillard’s reaction products by beating a mixture of glycine and
glucose.

An equimolar mixture of glucose and glycine was dissolved in a small volume of
water to obtain a final water content of 20 p. 100. The mixture was autoclaved at
120 °C for 20 min ; the temperature rise of the mixture was included inthat heating time.
In those conditions, the reaction only produced soluble compounds or premelanoidins.
The amount of glucose determined by glucose oxidase and that of glycine determined
by autoanalysis (Beckman Multichrom B apparatus) showed that 16 p. 100 of the
glucose and 25 p. 100 of the glycine were not transformed. The pasty autoclaved
preparation was diluted 10 times and then lyophilized.

A given amont of this lyophilized preparation (3.84 p. 100, i.e. 3 p. 100 MRP) was
added to the experimental feed (diet M). The control feed (diet T) was admixed with
glycine and glucose in proportions equal to the untransformed fraction of the heated
preparation in diet M.

Both the diets were sterilized by gamma irradiation at 4 Mrads in vacuum-sealed
double polyethylene bags.

At weaning, holoxenic and axenic rats were each divided into two groups of
7 rats each (a total of 4 groups) ; one group was fed the T diet and the other the M diet
in the form of a thick paste (50 p. 100 DM). At 4 weeks of age, they were isolated in
metabolism crates and at 6 weeks they were subjected to balance trials for 10 days.

TABLE 1

Diet composition {p. 100)

Maizestarch ........ ... ... . . i 58
CaSEIM . ¢ttt iie it e i s 20.5
Maizeoil......ooooiiiiii i e 9
Cellulose ..ovniiii it i 5
* Mineral mixture ......... ... i, 45
** Additional vitamins and amino acids ......... 3

* The mineral mixture includes (in g p. 100 g of diet). Calcium carbonate 1.3 ; monocalcium
phosphate 0.55 ; dipotassium phosphate 1.125 ; disodium phosphate 0.5 ; sodium chloride 0.25 ;
magnesium sulfate 0.6 ; iron citrate 0.1 ; zinc sulfate 0.025 ; mangansese sulfate 0.040 ; copper sulfate
0.006 ; potassium iodide 0.003 ; cobalt chloride 0.001. The mineral composition of each preparation
was controlled by assay .The complete diet contained a mean (in mg/g dry maiter) of Ca : 6.8 ; P :
55;K:49;Na:41;Mg:064;Mn:0.185;Fe:0.27 ; Zn : 0.23 ; Cu : 0.015.

** [n Andrieux, Guéguen and Sacquet, 1980.

The proportion of Mg, Mn, Fe, Zn and Cu in the feeds and the excreta was mea-
sured by atomic absorption spectrometry (IL 151 apparatus), that of Ca, K and Na by
flame emission photometry (Eppendcrf apparatus), and the proportion of P by colori-
metry (Misson’s reaction).

Presentation of results.

The results of the mineral balances are expressed in percentage of the amount
of minerals ingested.
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Two statistical methods (see Results) were used to analyze the results :

— Student’s t-test for measuring the effect of diet M on apparent absorption,
urinary excretion and mineral retention in holoxenic rats and mineral retention in

axenic rats ;
— Two-way variance analysis (Snedecor and Cochran, 1957) for analyzing all
the results on mineral retention, feed intake, weight gain and dry matter excrefion.

Results.

The feed intake, weight gain and dry matter excretion of the rats during the
pediod of balance measurements are shown in table 2. The feed intake level was

TABLE 3

Mineral balances in holoxenic rats

Diets T M Student's
Number of rats 7 7 t-test
Minerals :

Ca Ingested (g/day) .......... 90.3 + 3.3 88.5 4 27 ns
Absorbed (p. 100 of I) ..... 574 +141 571 +141 ns
Urinary (p. 100 of ) ....... 14 +02 1.8 +02 ns
Retained (p.100of I) ..... 56.0 4+ 141 553 +141 ns

P Ingested (g/day) .......... 73.0 -+ 26 716 +22 ns
Absorbed (p. 100 of I) ..... 68.4 L 2.0 620 L+ 28 ns
Urinary (p. 100 of ) ...... 287 4 2.5 20.6 4 3.9 ns
Retained (p. 100 of I} ..... 397 +23 M4 +20 ns

Mg Ingested (g/day) .......... 85 403 83 +02 ns
Absorbed (p. 100 ofl) ..... 641 +1.9 69.7 4+ 33 ns
Urinary (p.100of ) ....... 31.0 +20 333 +23 ns
Retfained (p. 100 of I) ..... 3314 +14 364 422 ns

Na Ingested (g/day) .......... 544 4+ 2.0 533 4+ 1.6 ns
Absorbed (p. 100 of ) ..... 923 +1.3 786 +13 p < 0.001
Urinary (p. 100 of I) ....... 68.8 427 483 24 p < 0.001
Retained (p. 100 of Iy ...... 23.5 +23 303 +19 p < 0.05

K Ingested (g/day) .......... 651 +24 638 +1.9 ns
Absorbed (p. 100 of I) ..... 927 L+ 06 831 +18 p < 0.001
Urinary (p. 100 of l) ....... 603 24 432 4+ 3.0 p < 0.001
Retained (p. 100 of I) ..... 324 4+ 25 399 +26 p < 0.05

Fe Ingested (g/day) .......... 358 4013 351 4011 ns
Absorbed (p. 100 of I) ..... 325 4 34 307 4+ 27 ns
Urinary (p. 100ofl) ....... 1.5 +02 1.5 +03 ns
Retained (p. 100 of I) ..... 31.0 4+ 35 292 422 ns

Mn Ingested (g/day) .......... 245 + 0.09 241 +0.07 ns
Absorbed (p. 100 of ) ..... 143 +141 13.9 +1.27 ns
Urinary (p. 100 of I) ....... 0.7 402 08 02 ns
Retained (p. 100 of I) 136 +1.2 131 +13 ns

Zn Ingested (g/day) .......... 2.65 + 0.09 281 4 0.08 ns
Absorbed (p. 100 of ) ..... 13.6 +1.7 149 +1.8 ns
Urinary (p. 100 of I} ....... 08 -+ 0.1 06 041 ns
Retained (p. 100 of I) ..... 121 +15 143 +1.8 ns

Cu Ingested (g/day) .......... 0.196 - 0.008 0.195 & 0.006 ns
Absorbed (p. 100 of I) ..... 184 +18 152 4+ 23 ns
Urinary p. 100 of I) ....... 57 +09 53 +13 ns
Retained (p. 100 of I) ..... 127 +1.7 9.9 422 ns
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comparable in the 4 groups of rats, whose weight at the end of the experiment was not
significantly changed. However, during the balance period, growth weight was slight-
ly lower in the rats fed diet M (P < 0.05). The addition of 3 p. 100 of MRP to the
diet led to an increase in faecal dry matter excretion (P << 0.05). In the axenic animals,
those substances caused diarrhoeq, thus excluding a suvitable separation of the urine
from the faeces. The variations in dry matter excretion according to microflora-diet
factors were thus considered as a whole (urine -+ faeces). The rise in that excretion
as affected by diet M was highly significant (P < 0.001), and was more marked in
axenic than in holoxenic animals (significant interaction, P < 0.05).

Because the faeces and the urine of axenic rats receiving died M were not well
separated, variations in the apparent absorption and the urinary excretion of mine-
rals (Ca, P, Mg, Na, K, Fe, Mn, Zn, Cu) were only studied in holoxenic rats. The effect
of the MRP on mineral retention was analyzed in both axenic and holoxenic animals.

The results of mineral balances in the holoxenic rats are given in table 3. Only
Na and K metabolisms were changed by diet M. The apparent absorption of those
minerals was markedly reduced (P << 0.001). A reduction in their urinary excretion
compensated for this effect, and their retention was higher in rats fed diet M than in
rats given diet T (P < 0.05).

TABLE 4

Mineral balances in axenic rats

Diets T M Student’s
Number of rats 7 7 t-test

Minerals :

Ca Ingested (g/day) .......... 891 35 881 + 541 ns
Retained (p. 100 of I) ..... 615 +22 48.5 4 21 p < 001

P Ingested (g/day) .......... 720 £+ 1.8 7.6 +22 ns
Retained (p. 100 of I) ..... 436 +141 30.6 -+ 26 p < 0.001

Mg Ingested (g/day) .......... 84 +03 83 405 ns
Retained (p. 100 of I} ..... 339 +1.0 21.0 4 3.8 p < 0.01

Na Ingested (g/day) .......... 53.7 4+ 241 531 4+ 341 ns
Retained (p. 100 of I) ..... 247 + 3.8 177 +22 ns

K Ingested (g/day) .......... 642 + 2.5 63.5 + 37 ns
Retained (p. 100 of I) ..... 360 -+ 28 319 + 341 ns

Fe Ingested (g/day) .......... 3.53 4+ 013 3.49 +0.20 ns
Retained (p. 100 of I) ..... 369 4+ 39 306 +129 ns

Mn Ingested (g/day) .......... 242 + 0.09 240 4+ 014 ns
Retained (p. 100 of I) ..... 224 4+ 36 169 + 341 ns

Zn Ingested (g/day) .......... 6.55 -+ 0.25 6.47 + 0.37 ns
Retained (p. 100 of {) ..... 140 +1.9 186 + 3.0 ns

Cu Ingested (g/day) .......... 0.196 + 0.007 0.194 + 0.011 ns
Retained (p. 100 of ) ..... 173 + 08 83 +1.3 p < 0.001

Diet M significantly reduced Ca, P, Mg and Cu retfention in axenic animals but
not in holoxenic ones. The analysis of variance (table 5) confirmed to results of Stu-
dent’s t-test, i.e. the microflora-diet interaction was significant : P < 0.001 for Ca, P,
Mg ; P < 0.05 for Cu.
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That analysis evidenced an interaction (P << 0.05) of the two factors on Na reten-
tion : diet M had an opposite effect on the retention of this mineral in both axenic
and holoxenic rats.

TABLE 5

Mineral refention during the period of balance measurements :
Two-way variance analysis (microflora and dief)

Factors
R . Microflora > diet
Minerals Microflora Diet interaction
F P F P F P
Ca ......... 0.41 ns 17.59  *¥*x 43.2 *okkk
P ... 6.2 * ok 14,4 xx*x 23.2 *okokk
Mg ......... 9.8 s 414 * 35.35 Rk
Na ......... 4.85 * 0.1 ns 4.6 *
| 0.1 ns 0.2 ns 0.7 ns
Fe .......... 2.4 ns 2.81 ns 0.14 ns
Mn ......... 7.03 * 0.75 ns 0.45 ns
Zn ......... 3.16 ns 217 ns 1.5 ns
Cu ..o 4.4 * 23,3 ek 4,45 *
* p < 0.05.
*** p < 0,005,

ikt p < 0.001.

Discussion.

The mineral composition of the diet used in this experiment was rather different
from that of the previous experiment (Andrieux, Guéguen and Sacquet, 1980). Thus,
the two sets of data cannot be compared. However, the microflora exerted similar
effects on the animals receiving diet T, except in the case of Mg which was equally
retained in axenic and holoxenic animals in this experiment ; in the previous experi-
ment, it was better retained in axenic than in holoxenic rats.

The effects of a heated glucose-glycine mixture vary widely according to the tem-
perature, heating time and dietary level of the premelanoidins (Adrian et al., 1966).
At a low level they increase the appetite, and at a high level they reduce the amounts
ingested, the protein utilization of the diet and the weight gain. In our experiment,
no effect was observed on the feed intake level and the weight of the rats at the end
of the experiment.

The increase in the dry matter excretion caused by died M was similar to that
obtained in the previous experiment with the autoclaved lactose-containing diet. This
suggests that the increase in dry matter excretion probably did not result from the
formation of indigestible substances during autoclaving, but from the action of Mail-
lard’s reaction products on the digestive physiology. According to various authors
(Adrian and Frangne, 1973 ; Chong Min Lee, Chichester and Tung-Ching Lee, 1977 ;



Maillard’s reaction products 1067

Johnson, Baker and Perkins, 1979), MRP reduce the activity of some gastrointestinal
enzymes such as proteases and disaccharidases.

Thus, the action of MRP (obtained by heating glucose and glycine) on dry matter
excretion resembled that of the autoclaved lactose-containing feed ; this was also
the case of their action on mineral metabolism. The retention of some minerals (Ca,
P, Mg, Cu) was reduced in axenic rats. The presence of a bacterial flora led to the
disappearance of the MRP effect in the holoxenic rat.

The decrease in apparent Na and K absorption in the holoxenic rats of this
experiment was astonishing as compared to the results obtained with the autoclaved
lactose-containing diet. In the latter case, there was a decrease in apparent Na and K
absorption in axenic, but not in holoxenic, rats. The diarrhoea observed in axenic
rats in the present experiment might be related to an even larger reduction of Na and
K absorption. The lower apparent absorption of those two minerals, due to the
absence of microflora on the one hand and to MRP on the other, may depend on
similar mechanisms. According to Gordon and Wostmann (1973), the presence of
large amounts of mucopolysaccharides in the axenic rat caecum brings about the
retention of some cations, reduction in the amount of Cl-ions and the blockage of the
sodium pump as well as the water transport mechanisms. The MRP might act by
increasing the formation of these mucopolysaccharides or because they possess some
of the chemical properties of those molecules.

The differences between the effect of the MRP of this experiment and the effects of
an autoclaved lactose-containing diet might be explained by the fact that Maillard’s
reaction products vary considerably depending on the sugar or amino acid involved
and on the procedure for heating the preparation. These differences in MRP compo-
sition and diet composition most likely account for the divergences between the results
of the experiments of Adrian and Boisselot-Lefebvres (1977), Senior, Wolinsky and
Brinkman (1978) and ours as regards the effect of premelanoidins on calcium absorp-
tion. Indeed, those authors observed a favourable premelanoidin action on calcium
absorption and a considerable increase of its urinary excretion.

In the light of our present knowledge, it is impossible to determine through which
mechanisms Maillard’s reaction products act on mineral retention.

Two hypotheses may explain the palliative role of the bacterial flora. According
to one, the flora destroys the MRP. Various authors have observed this catabolic action
of intestinal bacteria (Adrian and Susbielle, 1975 ; Sgarbieri et al., 1973 ; Tanaka,
Lee and Chichester, 1975 ; Johnson, Baker and Perkins, 1979). However, the effect
can only be exerted if MRP destruction occurs proximal to the absorption site of the
mineral considered. In the holoxenic rat, the microflora is found throughout the diges-
tive tract, but is much more abundant in the caecum and large bowel (Raibaud et al.,
1966).

Thus, either the stomachal or ileal microflora destroys the premelanoidins or
there is a rather high absorption of Ca, P, Mg and Cu in the caecum and large bowel.
This last supposition is far from being established ; Marcus and Lengemann (1962)
and Cramer and Copp (1959) consider that in that part of the intestine, calcium absorp-
tion is negligible.

According to the second hypothesis, the absorption of these minerals is poor in
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the caecum of holoxenic rats, whereas it is significant in the axenic rat caecum
which is voluminous and has a much longer transit time.
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Résumé. L’addition & un aliment semi-synthétique stérilisé par irradiation de 3 p. 100
de produits de la réaction de Maillard (PRM) obtenus par chauffage ménagé de glucose et de
glycine provoque une augmentation de I’excrétion de matiére séche plus importante chez
les rats axéniques que chez les rats holoxéniques. Ces substances réduisent I’absorption
apparente du sodium et du potassium chez les rats holoxéniques. Chez les rats axéniques
elles provoquent une diarrhée qui exclut une bonne estimation de I’absorption apparente.
Elles déterminent chez les seuls rats axéniques une diminution significative de la rétention
du calcium, du phosphore, du magnésium et du cuivre.

Ces résultats sont discutés : ils mettent en évidence un effet des PRM sur le métabolisme
minéral et un rdle protecteur de la flore microbienne sur la physiologie digestive.
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