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Potassium (K) organic anion salts, such as potassium citrate or potassium malate in plant foods, may counteract low-grade metabolic acidosis

induced by western diets, but little is known about the effect of other minor plant anions. Effects of K salts (chloride, citrate, galacturonate or

tartrate) were thus studied on the mineral balance and digestive fermentations in groups of 6-week-old rats adapted to an acidogenic/5 %

inulin diet. In all diet groups, substantial amounts of lactate and succinate were present in the caecum, besides SCFA. SCFA were poorly affected

by K salts conditions. The KCl-supplemented diet elicited an accumulation of lactate in the caecum; whereas the lactate caecal pool was low in rats

fed the potassium tartrate-supplemented (K TAR) diet. A fraction of tartrate (around 50 %) was recovered in urine of rats fed the K TAR diet.

Potassium citrate and potassium galacturonate diets exerted a marked alkalinizing effect on urine pH and promoted a notable citraturia

(around 0·5mmol/24 h). All the K organic anion salts counteracted Ca and Mg hyperexcretion in urine, especially potassium tartrate as to magne-

suria. The present findings indicate that K salts of unabsorbed organic anions exert alkalinizing effects when metabolizable in the large intestine,

even if K and finally available anions (likely SCFA) are not simultaneously bioavailable. Whether this observation is also relevant for a fraction of

SCFA arising from dietary fibre breakdown (which represents the major organic anions absorbed in the digestive tract in man) deserves further

investigation.

Potassium: Organic anions: Fermentation: Acid–base balance: Calcium: Magnesium

Health effects of fruits and vegetables are increasingly taken
into account in the prevention of chronic diseases such as
CVD or diabetes (Lock et al. 2005), these effects being largely
ascribed to the presence of non-energetic nutriments such as
fibres, polyphenols, vitamins and minerals. In this view,
fruits and vegetables are practically the unique source of K
organic salts (predominantly potassium malate and potassium
citrate) liable to exert alkalinizing effects after metabolization,
with a potential to prevent low-grade metabolic acidosis
inherent to westernized diet habits (Frassetto et al. 1998;
Remer, 2000) hence some chronic pathologies such as osteo-
penia/osteoporosis or sarcopenia (Young & Ma, 1999;
Demigné et al. 2004b). Plant foods also contain some other
organic anions (oxalate, succinate, tartrate, galacturonate)
which display different absorption and metabolism character-
istics. For example, D-galacturonate is a major component of
plant cell wall polysaccharides such as pectins, and free galac-
turonate is found in small amounts in fruits and vegetables and
it also originates from pectin breakdown by the colonic micro-
flora (Dongowski et al. 2002). In contrast to malate or citrate,
the galacturonate anion is poorly absorbed in the small
intestine (Pajor, 1999) but is well metabolized by the large
intestine microflora (Mortensen et al. 1988; Aprikian et al.

2003). Tartrate is essentially found, in its natural L(þ) form,
in grapes. Some tartrate ions bypass the small intestine and
are fermented by colonic bacteria, which utilize the ions for
the production of SCFA, just as dietary fibre is used (Spiller
et al. 2003). It has also been shown that around 30 % of
ingested tartrate appears unchanged in the urine (Chadwick
et al. 1978), reflecting some absorption in the small intestine.

The amounts of organic anions generated by microbial fer-
mentations of unavailable carbohydrates in the large intestine,
predominantly SCFA (namely acetate, propionate and buty-
rate), may be 5–10-fold greater than the amounts of ingested
organic anions (Demigné et al. 2004a). Their alkalinizing
potential is still a matter of discussion since they are not sys-
tematically absorbed in parallel with cations: they may be
absorbed as protonated forms or in exchange with bicarbonate,
as well as anionic species through a paracellular route (Sellin,
1999; Vidyasagar et al. 2004).

To further investigate the actual impact of various K salts
on low-grade metabolic acidosis and on digestive fermenta-
tions, Wistar rats were adapted to an acidogenic diet
(relatively high in protein and sodium, and poor in K and
alkalinizing anions) which was supplemented with different
K salts, of inorganic or organic anions.
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Materials and methods

Experimental diets

Five experimental diets were used: control, KCl-supplemented
(KCl), potassium citrate-supplemented (K CIT), potassium
galacturonate-supplemented (K GAL) or potassium tartrate-
supplemented (K TAR). All the diets contained (in g/kg):
casein 200 (Louis François CIE, Saint-Maur, France), meth-
ionine 3, fat 100 (maize oil), sucrose 100, inulin 50, NaCl
15, CaH(PO4).2(H2O) 12·8, MgO 0·8, KCl 4·8 (all from
Sigma, St Louis, MO, USA), together with trace element
mix 10 and vitamin mix 10 each (AIN-93; Dyets Inc., Bethle-
hem, PA, USA) and wheat starch quantum satis for 1000 g
(around 470 g/kg). High K diets were also prepared on the
same basis as the control diet, by adding either KCl (29 g/
kg) or K(D)galacturonate (42·5 g/kg) or K3 citrate (42·1 g/kg)
or K2 tartrate (47·9 g/kg), at the expense of wheat starch. Diet-
ary K concentration was either 2·5 g/kg (low K diet) or 15·2 g/
kg (high K diets). The final concentrations of Na, Ca and Mg
in all diets were 5·9, 3·0 and 0·5 g/kg, respectively, and the
overall sulphur amino acid content of the diet was around
10 g/kg.

Animals and sampling procedures

Rats were maintained and handled according to the rec-
ommendations of the INRA Ethics Committee, in accordance
with decree no. 87–848. Male Wistar rats (IFFA/CREDO,
L’Arbresle, France) weighing approximately 180 g (6 weeks
old) were randomly allocated to five groups of eight rats
and were fed, for 21 d, one of the semi-purified diets distribu-
ted as a moistened powder. The rats were housed in Nalgene
metabolic cages (UAR, Villemoisson, Epinay/Orge, France)
with a feeder chamber outside the cage, minimizing food spil-
lage. The separator device allows faecal pellets to roll down-
side of a stainless steel funnel (itself directing urine to a
collector vessel) to be collected in tubes. Animals were main-
tained in temperature-controlled conditions (228C) with a dark
period from 20.00 to 08.00 hours and access to food during the
dark period and free access to water (distilled water). Body
weight was recorded on days 0, 7, 14 and 21 of the exper-
iment; food intake determination and collection of urine
were performed on 4 consecutive days at the end of the
experiment.

At the time of sampling (09.00 hours), rats were anaesthe-
tized with sodium pentobarbital (40 mg/kg body weight) and
maintained on a plate at 378C. Blood was drawn from the
abdominal aorta into a heparinized syringe and plasma was
obtained after centrifugation at 10 000 g for 2 min. The
caecum was removed, weighed and the contents were col-
lected in microfuge tubes. Plasma, urine and caecal contents
were stored at 2208C until analysis. Therafter, rats were
killed by an overdose of pentobarbital.

Analytical procedures

Faecal materials were submitted to dry-ashing (10 h at 5008C).
The resulting ash was redissolved in HCl (6 mol/l) and made
up to an appropriate volume with lanthanum solution (1 g/l).
Kþ, Ca2þ and Mg2þ in plasma, urine and stools were quanti-
fied using a PE560 atomic absorption spectrometer (Perkin
Elmer, St-Quentin-en-Yvelines, France).

For analysis of anions, except SCFA, biological samples
were diluted with milli-Q water (caecal supernatants 200-
fold and urine 400-fold) and analysed using a DX320
Dionex chromatograph (Dionex, Sunnyvale, CA, USA).
Caecal supernatants were obtained by centrifugation of
caecal content samples at 40 000 g for 15 min. SCFA (acetate,
propionate and butyrate) were measured by GLC on caecal
supernatants (Demigné & Rémésy, 1985).

Statistical analysis

Values are given as means and their standard errors and
significance of differences (P,0·05) between mean values
was determined by ANOVA coupled with the Student’s
Newman–Keuls test.

Results

As shown in Table 1, the daily food intake and weight gain
were not significantly different between the experimental
groups, and compared to controls. The urine volume was sig-
nificantly higher in rats adapted to the K GAL or K TAR diets,
compared to rats adapted to the control diet. Urine pH in rats
fed the acidogenic control diet was low (pH 5·84) as expected,
whereas the urine pH was alkaline in rats adapted to the K CIT
and K GAL diets (pH 7·80 and 7·55, respectively). Rats fed
the K TAR diet excreted urine practically as acidic as the

Table 1. Daily food intake, weight gain, and caecal and urinary parameters in rats adapted to acidogenic diets containing 5 % inulin, which were
supplemented with different potassium salts (providing 15 g potassium/kg diet)

(Mean values with their standard errors for eight animals in each experimental group)

Control diet
Potassium

chloride diet
Potassium
citrate diet

Potassium
galacturonate diet

Potassium
tartrate diet

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM P

Food intake (g/d) 17·65 0·62 18·22 0·80 17·44 0·91 18·82 0·72 17·31 0·79 NS
Weight gain (g/d) 4·90 0·28 6·10 0·38 5·55 0·40 5·33 0·27 5·33 0·39 NS
Urine excretion (ml/d) 13·83 0·57 13·58 1·55 14·67 1·48 18·92 1·64 17·58 2·39 NS
Urine pH 5·84a 0·27 5·55b 0·02 7·80c 0·18 7·55c 0·14 6·08a 0·10 ,0·001
Caecum total weight (g) 4·85 1·59 6·74 0·62 4·39 0·53 5·53 0·86 6·23 0·77 NS
Caecum pH 5·78a 0·23 5·11b 0·08 5·68a 0·21 5·30ab 0·11 5·17b 0·15 ,0·02

a,b,c Mean values within a row with unlike superscript letters were significantly different (P,0·05).
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controls and rats fed the KCl diet excreted a particularly acidic
urine (pH 5·55).

Due to the presence of 5 % inulin in the diet, the caecal
weight was relatively high (around 5·5 g) compared to fibre-
free conditions (data not presented), and there was no signifi-
cant difference between the caecal weight of the diet groups.
The luminal pH in the caecum was moderately acidic in con-
trol rats (pH 5·78), it was more acidic in rats fed the K GAL or
K TAR diets, and especially in rats fed the KCl diet (pH 5·11).

Table 2 shows that the control diet resulted in a caecal fer-
mentation profile moderately rich in SCFA, together with sub-
stantial amounts of lactate and succinate anions. The acidic pH
conditions in the caecum of rats fed the KCl or K TAR diets
was accompanied by a marked accumulation of succinate,
together with large amounts of lactate anions and limited
quantities of SCFA in rats fed the KCl diet. In contrast, rela-
tively high amounts of SCFA and moderate amounts of lactate
were observed in the caecum of the K TAR group. Compared
to controls, there were few changes in the caecal organic
anions in the K CIT group, except a significant drop in succi-
nate, but there was a rise in total SCFA in the K GAL group. It
must be noted that detectable concentrations of galacturonate
(7·6 mmol/g content) were found in the caecum of rats fed
the K GAL diet, as well as of tartrate (4·7 mmol/g content)
in rats fed the K TAR group, whereas citrate was almost
undetectable in the KCIT diet group.

Table 3 presents the effect of the diets on urine excretion of
anions. As expected, chloride excretion was particularly high
in rats fed the KCl group. Phosphate excretion was higher in
rats fed the K TAR diet than in the other diet group, whilst
sulphate excretion was maximal in rats adapted to the alkalin-
izing K CIT and K GAL diets. In these K CIT and K GAL diet
groups, a substantial citraturia was measured, whereas only
trace amounts of citrate could be detected in the urine of
rats fed the K TAR diet; these rats exhibited a substantial
elimination of tartrate ions by kidneys (2·2 mmol/24 h, hence
about 50 % of tartrate intake).

As shown in Fig. 1, there was a consistent calciuria and
magnesuria in rats adapted to the control or KCl acidogenic
diets. Ca excretion was lower in rats adapted to the K CIT,
K GAL and K TAR diets (8·7, 11·9 and 5·8mmol/24 h,
respectively), compared to control rats (around 100mmol/
24 h). The same effect, although less drastic, was observed
for Mg excretion with a noticeable impact of the K TAR
diet (8·74mmol/24 h v. 20mmol/24 h for the control).

Discussion

Digestive fermentations and dietary anions

Investigations on the possible interactions between fibres
and minerals are still scarce and essentially focused on the
effects of fructans on Ca or Mg absorption or on the effects
of SCFA on distal Na recovery (Rechkemmer et al. 1988;
Kunzelmann & Mall, 2003). In the present study, the
caecal anion profile was characterized by a relatively high
concentration of succinate in all the diet groups, likely
due to the presence of inulin in the diet which promotes
acidic fermentations (Rémésy et al. 1993). Succinate, an
intermediate in the fermentation process of microbiota, is
generally metabolized to SCFA (as a major precursor of
propionate) by cross-feeding species in the ecosystem and
it does not usually accumulate to a substantial extent in
the bowel (Bernalier et al. 1999). Nevertheless, some data
suggest that sizeable amounts of succinate may be detected
in the large intestine when adequate techniques are used
(Morita et al. 1998; Aprikian et al. 2003). It is noteworthy
that the KCl diet led to an acidification of the caecal content
although this diet would not provide additional fermentable
substrate. Cl2 concentrations were not enhanced in the
caecal lumen or the ileum (data not shown), but the organic
anion profile measured with this diet (high lactate/low
SCFA) is characteristic of highly acidic fermentations
(Rémésy et al. 1993). The K CIT diet showed limited
effects on caecal fermentations, whereas the K GAL diet
promoted high SCFA fermentations, in accordance with
the fact that galacturonate is extensively metabolized in
the caecum (Suzuki & Kajuu, 1983; Mortensen et al.
1988). A substantial amount of the tartrate was not absorbed
and reached the caecum, where it should be metabolized by
the microflora (Finkle, 1933; Spiller et al. 2003). The effects
of the K TAR diet were quite particular and not strictly con-
sistent with the relatively acidic pH conditions observed in
the caecum of rats adapted to this diet, since lactate was
strongly depressed whilst large amounts of succinate were
found. These differences between K TAR and K GAL
diets (both containing a fermentable anion), on the one
hand, and between K TAR and KCl diets (both acidifying),
on the other hand, are still to be explained but indicate that
anions such as tartrate are able to exert a specific influence
on digestive fermentations.

Table 2. Caecal pools* of anions and SCFA in rats adapted to acidogenic diets containing 5 % inulin, which were supplemented with different
potassium salts (providing 15 g potassium/kg diet)

(Mean values with their standard errors for eight animals in each experimental group)

Control diet

Potassium

chloride diet

Potassium

citrate diet

Potassium

galacturonate diet

Potassium

tartrate diet

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM P

Acetate 102 23 53 20 127 14 191 18 169 16 NS

Propionate 68 11 46 8 61 15 68 14 57 10 NS

Butyrate 40a 8 22b 5 52a 13 70a 15 27a 3 ,0·05

Lactate 108a 27 325b 42 107a 17 70a 12 23c 6 ,0·05

Succinate 173 34 302 29 136 35 228 20 345 27 NS

a,b,c Mean values within a row with unlike superscript letters were significantly different (P,0·05).
* Caecal pool (in mmol) ¼ caecal concentration (in mmol/g) £ caecal content weight (in g).
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Alkalinizing potency of the different potassium salts

The role of dietary K organic anion salts, such as potassium
citrate or potassium malate, as neutralizing factors of the
fixed acidity generated by protein catabolism in the body is
now well recognized (He & McGregor, 2001; Marangella
et al. 2004). These anions are well absorbed and readily
metabolized in various tissues (Demigné et al. 2004a). In
the present study, with the K CIT diet there was a relative
excess of citrate anion (around 25 g/kg) compared to that of
sulphur amino acids (around 10 g/kg). In contrast, human west-
ern diets are generally characterized by an excess of sulphur

amino acids (3–4 g/d) compared to organic anions (frequently
less that 1 g/d). In fact, in addition to citrate and malate, other
secondary anions are also present in plant foods (oxalate, tar-
trate, uronic anions) but in lesser amounts. Besides, amounts
of SCFA generated by microbial fermentations of carbo-
hydrates in the large intestine are far greater than the amounts
of ingested malate and citrate (Demigné et al. 2004a). Their
alkalinizing potential is still a matter of discussion since (1)
they are not systematically absorbed in parallel with cations
and (2) they may be absorbed as protonated forms or as ani-
onic species, in exchange with bicarbonate (Vidyasagar et al.
2004). Nevertheless, should a minor part of absorbed SCFA
(e.g. 10 %) be absorbed together with cations and exert alkali-
nizing effects, it could substantially raise the overall alkaliniz-
ing potential of a given diet. To assess this possibility, a
prerequisite was to determine whether substrates providing
Kþ and yielding anions in the large intestine could be effec-
tive alkalinizing agents. The results obtained here with potass-
ium galacturonate indeed support the view that a combination
of [K/anions absorbed from the caecum] is practically as
effective as an equivalent amount of potassium citrate. Galac-
turonate is poorly absorbed in the small intestine (undetectable
in urine, present in high concentrations in ileal contents) and is
metabolized in the caecum (Mortensen et al. 1988; Aprikian
et al. 2003). Whether SCFA mediate this alkalinizing effect,
or other organic anions also present in the caecum (lactate,
succinate), is still to be ascertained but all these anions are rea-
lily metabolized in mammal tissues and finally yield HCO2

3

(Rémésy et al. 1995). During the course of digestion, K and
galacturonate were probably absorbed at a different rate: K
is very rapidly absorbed in the upper small intestine, whereas
galacturonate has to reach the caecum before being metab-
olized by the microflora into absorbable anion(s). The major
part of absorbed K is not immediately eliminated in urine
since it is submitted to a transitory storage in tissues,
especially muscles, from which it is progressively released
for further renal elimination (McDonough et al. 2002). In con-
trast to potassium galacturonate, the potassium tartrate alkali-
nizing effects were quite limited, although about 50 % of
tartrate escapes absorption in the small intestine as previously
reported (Chadwick et al. 1978) and reaches the large intestine
(where its metabolism probably yields absorbable anions).
This discrepancy with galacturonate could reflect the fact
that absorbed tartrate is not metabolized and might contribute
to fixed acidity in urine (Lord et al. 2005). However, this is in

Table 3. Urine excretion (mmol/24 h) of anions in rats adapted to acidogenic diets containing 5 % inulin, which were supplemented with different pot-
assium salts (providing 15 g potassium/kg diet)

(Mean values with their standard errors for eight animals in each experimental group)

Control diet

Potassium

chloride diet

Potassium

citrate diet

Potassium

galacturonate diet

Potassium

tartrate diet

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM P

Chloride 6·41a 0·40 12·81b 1·01 4·85a 0·44 6·67a 0·49 5·72a 0·80 ,0·005

Sulphate 0·25a 0·02 0·34a 0·05 0·67b 0·07 0·56b 0·07 0·39ab 0·07 ,0·005

Phosphate 0·99a 0·07 1·12a 0·12 1·06a 0·09 1·18a 0·11 1·85b 0·19 ,0·001

Citrate 0 0 0·54a 0·05 0·43a 0·04 0·02b 0·02 ,0·001

Tartrate 0 0 0 0 2·20 0·25

a,b Mean values within a row with unlike superscript letters were significantly different (P,0·05).

Fig. 1. Urine excretion of calcium (A) and magnesium (B) in rats adapted to

acidogenic diets containing 5 % inulin, which were supplemented with differ-

ent potassium salts (K CIT, potassium citrate; K GAL, potassium galacturo-

nate; K TAR, potassium tartrate; providing 15 g potassium/kg diet). Values

are means with their standard errors depicted by vertical bars (eight animals

in each experimental group). a,b Mean values with unlike superscript letters

were significantly different (P,0·05).
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discrepancy with the notable anticalciuric and antimagnesuric
effects presently observed with potassium tartrate, as potent as
those of potassium citrate (Sabboh et al. 2005) or potassium
galacturonate, in spite of a modest alkalinization of urine
with potassium tartrate. This point deserves further investi-
gations and suggests that some effects of K organic anion
salts might not be entirely due to their alkalinizing potency
but might depend on other mechanisms (specific role of K,
effects on phosphaturia).

It is noteworthy that the K CIT diet, and to a lesser extent the K
GAL diet, slightly enhanced SO22

4 excretion. Metabolic
acidosis has been shown to reduce SO22

4 reabsorption in
kidneys (Puttaparthi et al. 1999) as well as chronic renal failure
(Fernandes et al. 2001). On this basis, alkalinizing agents might
restore SO22

4 reabsorption through a reversal of transporter
down-regulation by acidosis and possibly through provision of
HCO2

3 for the SO22
4 /anion exchanger. As a matter of fact, the

greater rate of SO22
4 excretion in rats fed the alkalinizing diets

suggests that its reabsorption, whether activated or not, could
not match an increased generation of SO22

4 . Phosphate is the
major buffer system in urine and its excretion is generally
increased during acidosis, as a result of a decrease of the prefer-
entially transported form (HPO22

4 ) together with a direct effect
of pH on the apical phosphate carrier in the proximal
tubule (Ambuhl et al. 1998). In the present experiment, this
response to acidosis was not apparent, possibly a reflection of
the high level of phosphate in the rat diets (also a feature of wes-
tern diets).

Conclusion

The present study indicates that K salts of unabsorbed organic
anions, if metabolizable in the large intestine, may exert effec-
tive alkalinizing effects even if K and finally available anions
(likely SCFA) are not simultaneously bioavailable. This point
is interesting because it implies that the alkalinizing effect of
plant foods may not be restricted to potassium citrate and/or
malate (together with some succinate, fumarate) but could
also be exerted by poorly absorbable anions (uronates), pro-
vided that they are substrates for the large intestine microflora.
Whether this observation is also relevant for a fraction of
SCFA arising from dietary fibre breakdown (which represents
the major organic anions absorbed in the digestive tract in
man; Demigné et al. 2004a) is still open to discussion and
deserves further investigation through, for example, the use
of fibres with different fermentation pH.
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Bernalier A, Doré J & Durand M (1999) Biochemistry of fermenta-

tion. In Colonic Microbiota, Nutrition and Health, pp. 37–54

[GR Gibson and MB Roberfroid, editors]. Dordrecht: Kluwer.

Chadwick VS, Vince A, Killingley M & Wrong OM (1978) The

metabolism of tartrate in man and the rat. Clin Sci Mol Med 54,

273–281.
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