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Indigestible but fermentable sugar increases nitrogen utilization in rabbits 

Xiao Li, Xiao Min, Ei Sakaguchi 
(Graduate School of Natural Science and Technology, Okayama University) 

1. Introduction 

Indigestible but fermentable sugars are widely 

used in the world due to their many implications 

in nutritional and health aspects. Non-digest

ibility is the key physiological characteristic of 

indigestible but fermentable sugars, it means 

that they are neither digested nor absorbed in the 

small intestine and pass into the large intestine, 

where they can be partly or totally fermented 

and profoundly alter microbial metabolism and 

multiplication, as a result, affect N metabolism!). 

The presences of fermentable carbohydrates such 

as non-starch polysaccharides, oligosaccahrides 

in the diet should profoundly influence intestinal 

microflora fermentations and stimulate bacterial 

proliferation in the large intestine2). Where they 

serve as a source of energy for bacteria growth 

and stimulate the bacteria activity leading to a 

substantial rise of bacterial mass, the bacteria 

require a source of N for their protein synthesis. 

The N source available in the large intestine in

cludes some dietary proteins escaping small in

testine degradation, endogenous proteins (pancre

atic and small intestinal secretions and sloughed 

epithelial cells), digestive mucins, and blood urea 

diffusing in the digestive tract3,4). The blood urea, 

as a waste product of amino acids and ammonia 

metabolism of the host, represents the largest and 

the most readily available source of N for bacteri

al protein synthesis in the large intestine5
). When 

urea is transferred to the large intestine, it is 
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hydrolyzed to ammonia by bacterial urease activ

ity and then used for bacterial protein synthesis. 

These bacterial proteins are finally excreted in the 

feces, where they represent the major part of N6,7). 

Therefore, the consumption of indigestible carbo

hydrates results in a greater rate of urea transfer 

from blood to the large intestine, and therefore, 

in a higher bacterial N excretion in feces coupled 

with a lowering of urinary N excretion and de

crease in blood urea Nt 5, 8). The close relationship 

between the flux of urea N toward large intestine, 

fecal N excretion, and lowering of urinary N ex

cretion and plasma urea N is demonstrated by a 

study with rats fed fermentable carbohydrates9
). 

The results indicated the fermentable carbohy

drates enhanced fecal N excretion by 1.5 to 2-fold 

and depressed urinary N by 25 to 30%, which 

brought about a 20 to 30% lowering of blood 

urea. The shift of N excretion from urine to feces 

depends largely on the effectiveness of ferment

able carbohydrate in enhancing large intestinal 

bacterial proliferationlO
, 11) and, hence, increasing 

fecal bacteria mass 12). The direct relationship be

tween the amount of fiber fermented and an in

crease in fecal bacteria mass is also demonstrated 

by Stephen and Cummings!3). 

The increment of bacterial N in fecal matters by 

indigestible but fermentable sugars is particularly 

essential for cecotrophic animals like rabbits. 

Because rabbits are typical cecum fermenters, 

have a special reingestion system called cecotro-
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phy. This process allows rabbits to reingest their 

microbial product in the cecum, as cecotrophes 

or soft feces. The cecotrophic behavior must be 

supported by a colonic separation mechanism 14) 

that operates retrograde transport of fluid and 

fine particle digesta or bacteria trapped in mu

cus to the cecum to form a special kind of feces, 

termed cecotrophsl5, 16), while larger particles are 

propelled through the colon and excreted as hard 

feces. Cecotrophy has considerable nutritional 

significance for N supplementation in rabbits. It 

can provide up to 30% of the daily N intakeI5), 

which is mostly derived from cecal microbes l7l , 

subsequently make a significant contribution to 

the total protein requirements. 

It is possible that the consumption of ferment

able sugars stimulates bacterial proliferation in 

the cecum of rabbits, resulting in increase of bac

terial N in the cecotrophes. As a consequence, 

fermentable sugars might increase N utilization 

in rabbits (see FigJ). In order to testify this as

sumption, the effect of D-mannitol as a ferment

able sugar on the N utilization in rabbits and the 

mechanism of action of D-mannitol were investi

gated in the present study. 
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Figure 1 Proposed effect of indigestible sugar on nitrogen utilization in rabbits 
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2. Effect of indigestible sugars on nitrogen 

utilization in adult rabbits 

To determine the effects of indigestible sugars 

on the digestibilities of nutrients and utilization 

of N in adult male rabbits, twelve rabbits with or 

without a collar that prevented cecotrophy were 

fed experimental diets for 8 days, comprising 3 

days for adaptation and 5 days for collection of 

feces and urine. The experimental diets were for

mulated by adding D-mannitol or citrus pectin to 

a commercial diet at 60 g/kg (Table 1). The sup

plementation of D-mannitol to the diet markedly 

elevated the ratios of retained N to consumed N 

and absorbed N by lowering urinary N excretion 

significantly in the rabbits allowed cecotrophy 

(Table 2). Several investigations demonstrated 

indigestible materials were fermented by the 

intestinal flora 18, 19) and utilized for bacterial pro

liferation in rats2). When animals ingest diets con

taining indigestible carbohydrates, greater flow 

of urea from the blood to the cecum will occur20). 

The urea that flows into the cecum is transferred 

to ammonia by the bacterial ureolytic activity21) 

and is used for bacterial N synthesis6, 22, 9). This 

process results in increased fecal N excretion and 

decreased urinary N excretion9, 10). In this study, 

D-mannitol may stimulate the bacterial prolifera

tion in the cecum and result in a greater flow of 

urea from blood to the cecum for microbial pro

tein synthesis, consequently, depress the N excre

tion from the urine. 

Fecal N excretion was not increased and the di

gestibility of CP was not significantly lowered by 

mannitol feeding in the rabbits allowed cecotro

phy (Table 3). This may arise from the selective 

separation mechanism of fine particles and bac

teria (cecotrophs) from the fibrous particles (hard 

feces) in the proximal colon 14). Since the CP 

content in cecotrophs was increased by mannitol 

feeding in rabbits prevented from cecotrophy, the 

increased microbial protein after the addition of 

mannitol may be separated from the fibrous con

tent and used to constitute cecotrophs. Therefore, 

almost all of the microbial protein synthesized in 

the cecum may be contained in cecotrophs owing 

to the colonic separation mechanism, and may be 

ingested by the rabbits fed the mannitol-contain

ing diet. 

In the experiment with rabbits prevented from 

cecotrophy, mannitol increased the N content of 

cecotrophs (soft feces) (Table 4)and the ratio of the 

N content of cecotrophs to consumed N (Table 5). 

This indicated that mannitol promotes bacterial 

growth in the cecum, because cecotrophs origi

nate from the cecum without any great changes in 

their composition23, 24) and most of the N content 

of cecotrophs has a microbial origin25,26. 17). Ceco

trophs (fine particles and bacteia) are formed in 

the cecum and separated from the large particle 

by the colonic separation mechanism and reinges

tied by the rabbits directly from the anus. There

fore, the increase in N retention rates must be 

predominantly caused by the significant increase 

in N ingested through cecotrophy in rabbits fed 

mannitol, based on the eurichment of N in their 

cecotrophs. These are strongly suggested by the 

result that addition of mannitol to the diet did not 

influence N retention and the digestibilities of 

nutrients in rabbits prevented from cecotrophy 

(Table 6 and Table 4). 

Garcia et a1.26, 27) studied the effect of fiber 

sources on cecotrophs excretion and the ce

cal fermentation traits in rabbits, suggested that 

fermentable materials may alter the production 

of cecotrophs and further influence nutrient uti

lization and performance in rabbits. Hanieh and 

Sakaguchi28) also suggested the possibility of us

ing D-mannitol as a stimulator of cecal microbial 

growth and performance in rabbits. The present 

study supports the possibility that D-mannitol as 
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Table 1 Estimated compositions of the experimental diets 

Control Mannitol Control Pectin 

Dry matter 913 916 921 942 

Crude protein 181 (165) 174 (159) 174(160) 165 (155) 

Crude fat 34 (31) 33 (30) 33 (30) 32 (30) 

Acid-detergent fiber 253 (231) 245 (225) 251 (231) 234 (220) 

Crude ash 94 (86) 93 (85) 98 (90) 100 (94) 

Control, Mannitol, Pectin: See the footnote to Table l. Data in parentheses are shown as g/kg dry matter. 

Table 2 Intake, excretion and retention of nitrogen (N) in rabbits allowed cecotrophy 

Item Control Mannitol Control Pectin 

Dry matter intake (g/d) 88.35±2.39 87.62±6.79 71.97±9.23 78.83±16.06 

N intake (g/d) 2.56±O.07 2A4±O.19 2.00±O.26 2.08±OA2 

Fecal N (g/d) 0.89±O.l6 0.85±O.l3 O.62±O.l6 O.74±O.20 

Urinary N (g/d) 1.41±O.O9 1.15±O.O9*** 1.27±O.21 1.25±O.20 

N retained (g/d)t 0.25±O.12 OA4±O.08* O.l1±O.l8 O.O9±O.10 

N retention rate based on intake (g/g)+ o .099±O .045 O.l80±O.029** o .060±O .092 O.041±O.045 

N retention rate based on digested (g/g)§ O.O15±O.O67 0.276±O.048** O.081±O.l22 0.064±O.070 

*P<O.05, **P<O.Ol, ***P<O.OOl, significant difference VS. the control group. tDifference between N intake 

and fecal and urinary N. tRatio of retained N to consumed N. §Ration of retained N to digested N (N intake -

fecal N). Data are means ± SD (n=6). 

Table 3 Fecal concentrations and digestibilities or absorption rate of nutrients in rabbits allowed 

cecotrophy 

Item Control Mannitol Control Pectin 

Fecal concentration (% of dry matter) 

Crude protein 13.04±2.l2 13.29±O.67 12A3±1.71 13.39±O.60 

Crude ash 1O.89±O.39 1O.O8±O.27* 1O.83±O.l4 1O.75±O.25 

ADF 44.91±2.58 44.96±1.75 45.l1±1.45 44.84±1.64 

Digestibility or absorption rate (%) 

Dry matter 55.l0±3.85 58.02±4.39 56A2±2.35 56.33±4.22 

Crude protein 65.18±6.01 63.82±3.43 69.86±4.61 65.71±3.65* 

Crude ash 52.l5±4A4 57 AO±4.88* 53A8±2.05 54AO±4.57 

ADF 26.57±8.l8 27.32±6.52 24.l2±4.36 19.05±7.56 

*P<O.05, significant difference vs. the control group. Data are means ± SD (n=6). ADF, acid detergent fiber. 
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Table 4 Fecal concentrations and digestibilities or absorption rate of nutrients in rabbits prevented 

from cecotrophy 

Item Control Mannitol Control Pectin 

Fecal concentration (% of dry matter) 

Hard feces 

Crude protein 12.80±2.09 13.97±1.56 11.06±1.02 1O.99±O.84 

Crude ash 11.06±1.15 1O.86±O.39 10.30±O.65 1O.83±O.35 

ADF 41.73±3.51 42.60±2.l6 48.l9±2.40 46.o3±1.54 

Cecotrophs 

Crude protein 39.83±3.42 42.87±1.66* 40.04±2.67 37.96±2.23 

Crude ash 11.77±1.96 1l.47±O.77 12.04±O.50 llJ2±OJO* 

ADF 19.35±1.33 lS.95±1.35 23.32±4.02 20.2S±1.60 

Digestibility or absorption rate (%) 

Dry matter 46.95±3.70 49.S0±4.41 46.S6±1.73 47.77±2.70 

Crude protein 46.90±5.08 41.05±8.78 47.57±3.22 46.71±8.74 

Crude ash 47.91±3.59 47.l5±4.43 46.01±2.99 45.03±2.56 

ADF 13.96±9.56 13.03±8JO 18.48±5.94 15.16±3.l9 

*P<0.05, significant difference vs. the control group. Data are means ± SD (n=6). ADF, acid detergent fiber. 

Table 5 Proportions (gig) of nutrients in cecotrophs to dietary nutlients consumed (PNDs) in rabbits 

prevented from cecotrophy 

Item Control Mannitol Control Pectin 

Dry matter 0.1 22±O.043 0.1 27±O.035 0.1 36±O.026 0.1 26±O.o50 

Crude protein 0.252±O.037 0.298±O.OS7* 0.289±O.050 0.280±O.115 

Crude ash 0.1 29±O.065 0.137±O.037 0.154±O.033 0.1 38±O.057 

ADF 0.106±O.042 0.1 14±O.036 0.117±O.o37 0.105±O.045 

*P<O.05, significant difference vs. the control group.PND = (cecotrophs collected) x (concentration of nutrient 

in cecotrophs)/(dietary nutrient intake). ADF, acid detergent fiber. Data are means ± SD (n=6). 

Table 6 Intake, excretion and retention of nitrogen (N) in rabbits prevented from cecotrophy 

Item Control Mannitol Control Pectin 

Dry matter intake (g/d) 61.64±19.15 61.9S±17 .78 65.76±19.l9 67.34±15.80 

N intake (g/d) 1.78±O.55 1.72±O.48 1.79±O.52 l.78±O.42 

Hard fecal N (g/d) 0.51±O.20 0.49±O.15 0.42±O.15 0.45±O.l2 

Soft fecal N (g/d) 0.43±O.14 0.49±O.l4 O.50±O.10 0.49±O.20 

Urinary N (g/d) 0.89±O.34 0.66±O.17* O.79±O.21 0.86±O.16 

N retainention (g/d) -0.05±O.21 0.07±O.36 0.07±O.24 -0.02±O.14 

N retention rate based on intake (g/g)t -0 .043±O .116 0.009±O.1S8 0.014±O.l59 -O.o21±O.082 

*P<O.o5, significant difference vs. the control group. tRatio of retained N to consumed N. Data are means ± 

SD (n=6). 
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fermentable sugar increases on the N utilization 

by favoring the bacterial proliferation in the ce

cum of rabbits. 

The addition of pectin to the diet reduced the 

apparent protein digestibility, but did not affect 

the N retention in rabbits. It was reported that 

pectin is a ready source of fermentable carbohy

drate for micro-organisms in digestive tract29). 

The increase in available energy within the gut 

may result in changes in the diversity of bacterial 

species or in their metabolic capabilities30
). The 

effect of indigestible carbohydrates on the N me

tabolism in the large intestine is may associated 

with a number of factors, such as the monomeric 

composition of the saccharides and type of glyco

sidic linkages present3l ). The degree of polymer

ization, solubility, water holding capacity and the 

structural alTangement of the carbohydrates may 

also be important for the degree of fermentation. 

The fermentability and metabolic effects of the 

carbohydrates varies depend on the other compo

nents in the diet32, 33). The variation of the effect of 

fermentable sugars on the N utilization in rabbits 

and the involved mechanism demands additional 

investigations. 

3. Possible mechanism in improvement of N 

retention by D-mannitol 

This study was conducted to clarify the mecha

nism of increase of N utilization by D-mannitol in 

rabbits. Growing rabbits (IOO-day-old) received 

control diet or mannitol diet that was formulated 

by adding glucose or D-mannitol respectively 

at the level of 80 g/kg to the timothy hay (CP 

10%, digestible energy 1420 kcal/kg. Ratios of 

protein and digestible energy of timothy hay to 

requirements of the nutrients are 63% and 59% 

respectively34). After 9 days of feeding of experi

mental diets, 5 ml of a water solution containing 

2 g D-mannitol or glucose were given orally 3 

h before killing. A single injection of 20 mg of 

lSN-urea (99.2 atom %) into the ear vein in saline 

was administrated 1 h before sloughter under an

esthesia. After administration of lSN-urea, urine 

was collected. All animals were slaughtered be

tween 09.00 and 10.00 hours. Samples of blood, 

contents of cecum were collected for Nand lSN 

estimations. 

Table 7 Total Nand l5N in cecal contents (DM basis) and urine 

Total N 
l5N atom % Amount of lSN excess % lSN Total N 

(% of 
(mg) excess (mg) injected 

contents) 

Cecum 

Control 4.94±O.49 584±117 O.36±O.Ol 2.30±O.37 24.8±4.04 

Mannitol 740±25.0* 
5.62±O.46* O.50±O.O5** 3.71±O.45** 40.l±4.89** 

Urine 

Control 33.9±9.19 4.89±O.Ol 1.66±O.45 17.9±4.85 

Mannitol 27.2±7.39* 
4.70±O.Ol *** 1.28±O.35* 13.8±3.74* 

*P<O.OS, **P<O.Ol, ***P<O.OOl, significant different vs. control group. Data are means ± SD (11=4). 

% l5N injected: Proportion (%) of 15N detected in l5N injected. 
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The addition of D-mannitol to the timothy hay 

greatly improved the total N concentration in ce

cal content. The amount of total N in the cecum 

of rabbits fed D-mannitol was enhanced by 27% 

while decreased urinary N excretion by 20% and 

lowered blood urea N level by 56% compared 

with the control group (Table 7,8). The increased 

amount of total N in the cecum and lowered 

blood urea N in parallel with decreased urinary N 

excretion in rabbits may indicate the increase of 

utilization of blood urea N for bacterial N synthe

sis in the cecum by the presence of D-mannitol. 

15N atom % excess in the cecal N was signifi

cantly increased by mannitol feeding. The amount 

of total 15N accumulation in the cecum was higher 

by 60% in rabbits fed mannitol containing diet 

than that of control animals. It represents as high 

as 40% of 15N administrated. This is markedly 

higher compared with 24.8% in control group 

(Table 7). On the other hand, 15N atom % excess 

in blood urea N was significantly decreased and 

15N atom % excess and the amount of 15N excess 

in urinary N were also significantly decreased in 

rabbits fed mannitol diet compared with control 

diet (Table 7 and 8). These results indicate that 

the consumption of mannitol increased the trans

fer of urea from blood into the cecum and the ma

jority of urea-N transferred was used for bacterial 

protein synthesis (bacterial N represent about 

90% of total N in mannitol group). The addition 

of inulin to the diets of rats increased the utiliza

tion of blood urea N for the cecal bacterial N syn

thesis, consequently the bacterial N was excreted 

as the fecal N5), where they represented the major 

form of N6, 7). The close relationship between the 

flux of urea N toward cecum, fecal N excretion, 

and lowering of urinary N excretion has well il

lustrated by several studies with rats fed indigest

ible carbohydrates 1,5,8,9). 

Table 8 Concentration of ammonia N, urea Nand 15N (atom % excess) in cecal content and blood 

N mg/lOO g 15N atom % excess 

Cecal Ammonia N 

Control 24.l±3.97 O.67±O.Ol 

Mannitol 17.S±1.09* O.71±O.Ol** 

Serum UreaN 

Control 73.0±14.S 4.93±O.O3 

Mannitol 31.8±14.o* 4.69±O.lS* 

*P<O.05, **P<O.Ol, significant different vs. control group. Data are means ± SD (n=4). 

The transfer of blood urea N to the large intes

tine by fermentable carbohydrates was dependent 

on the dietary protein leveP, 8). Several studies 

demonstrated that low protein diets combined 

with felmentable carbohydrates were particularly 

effective in raising the transfer of blood urea N 

to the large intestine and then increased the fe

cal N excretion5, 8, 9). In order to obtain an evident 

result of the mechanism in improvement of N 

utilization by D-mannitol, we used timothy hay 

as a low protein diet in present study. The result 

indicated that the addition of D-mannitol to timo

thy hay significantly increased the transfer of urea 

from blood to the cecum for bacterial growth as a 

source ofN. 
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4. Conclusion 

The present study clearly explained the mecha

nism of improvement of utilization of N by 

D-mannitol in rabbits. The addition of D-mannitol 

to the diet significantly increased the N utilization 

by increasing the amount of N in cecotrophes and 

decreasing the urinary N excretion. The increase 

of N in cecotrophes must be due to the increase 

of bacterial N in cecal content. The consumption 

of D-mannitol as an indigestible but fermentable 

sugar stimulates the bacterial proliferation in the 

cecum, resulting in an increase of flow of urea 

from blood to the cecum for microbial protein 

synthesis. The microbial protein consequently is 

reingested by rabbits through cecotrophy and pro

motes N utilization. This shows that D-mannitol 

can be used as a food additive to promote the 

utilization rate of dietary N in rabbits. The pres

ent research demonstrated the possibility of using 

indigestible but fermentable sugar to increase the 

N utilization in rabbits. 
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