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Pathways of glutamine and glucose metabolism in early-, mid-, and late-lactation dairy cows were evaluated by in vitro 
incubations of enterocytes for 2 hours with [U-14-C]glutamine and [U-14C]glucose. Enterocytes from early-lactation cows 
produced greater amounts of CO2 from glutamine in concentrations that ranged from 2 to 8 mmol /L  than enterocytes from 
either mid- or late-lactation cows. Enterocytes from early-lactation cows also produced greater amounts of COz from 4 and 6 
mmol /L  glucose than enterocytes from either mid- or late-lactation cows. Glutamine was metabolized via glutaminolysis 
mainly to ammonia, alanine, aspartate, glutamate, and CO2, and more of these products were produced in enterocytes from 
early-lactation cows than from pooled mid- and late-lactation (PML) cows. Glucose was metabolized mainly to lactate, as 
compared with pyruvate and CO2. Lactate and CO2 production were both greater in enterocytes from early-lactation cows than 
from PML cows. Glutamine as the sole substrate accounted for all the energy requirements of enterocytes from early-lactation 
cows but contributed only 31% in the presence of glucose. Similarly, glucose accounted for all the energy requirements of 
enterocytes from early-lactation cows and contributed 69% in the presence of glutamine. In enterocytes from all cows, the rate 
of adenosine triphosphate (ATP) production was greater in the presence of both glucose and glutamine compared with that in 
the presence of either substrate alone. The rate of production of ATP from glucose as the sole substrate was two to three times 
greater than that obtained from glutamine as the sole substrate in enterocytes from all groups of cows. Thus, we suggest that 
although glutamine is an important energy source for enterocytes, it is not quantitatively as important as glucose as an energy 
source for enterocytes from lactating cows. 
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I N A VARIETY of monogastric species, most of the 
energy required by cells that divide rapidly such as 

enterocytes is provided by oxidation of glucose and gluta- 
mine, with glutamine being the major energy source. ~-4 
Thus, although glucose and glutamine may be metabolized 
by enterocytes at equimolar rates, glutamine oxidation to 
CO2 accounts for 25% to 40% of total CO2 production, 
whereas glucose oxidation accounts for only 6% to 10%? -3 
In addition, glutamine oxidation by the small intestine in 
monogastric animals is not affected by increased availability 
of glucose in the intestinal lumen. 5 In lactating rats, there is 
a marked increase in phosphate-dependent glutaminase 
activity in the small intestine and an increased metabolism 
of glutamine, with glutamine sparing glucose. 6 

The importance of glucose and glutamine as energy 
sources for enterocytes from ruminant species has not been 
delineated. In vivo studies with ruminants indicate a consis- 
tent uptake of glucose 7,s and glutamine 9 by the gut wall, 
which suggests that both may play important roles as 
metabolic nutrients for gut tissues. Thus, there is reason to 
believe that glutamine and/or  glucose may play a role in 
functional and metabolic activities of the small intestine in 
dairy cattle. Indeed, glucose, volatile fatty acids, and 
glutamine have all been reported as metabolic nutrients for 
the ruminant small intestine. I°-12 In addition, glucose oxida- 
tion to CO2 has been reported to be seven times greater 
than glutamine oxidation to CO2, which in turn was de- 
creased in the presence of butyrate and glucose in rumen 
papillae from Holstein steers. 13 However, the extent of 
metabolism of glucose and glutamine by enterocytes from 
the lactating cow has not been investigated in detail, 
although stage of lactation has been reported to influence 
transport and metabolism of glucose and amino acids by 
dairy cows.l~ 

Metabolism in the wall of the small intestine is important 
because it influences the net presentation of nutrients to 
the liver for synthetic activities. Accordingly, the objective 

of the present studies was to examine the relative impor- 
tance of glucose and glutamine as energy sources for 
enterocytes from cows at different stages of lactation. 

MATERIALS AND METHODS 

Chemicals 

D-[U-a4C]glucose (268 mCi/mmol) and L-[U-14C]glutamine (200 
mCi/mmol) were obtained from Moravek Biochemical (Brea, CA) 
and American Radiolabeled Chemicals (St Louis, MO), respec- 
tively. Radiochemical purity of L-[UA4C]glutamine was determined 
to be greater than 99% by thin-layer chromatography. All other 
chemicals, enzymes, and reagents were purchased from Sigma 
Chemical (St Louis, MO). 

Animals 

Nine Holstein cows, three each in early lactation ( < 100 days in 
lactation), mid-lactation (100 to 200 days in lactation), and late 
lactation (>  200 days in lactation), were used as tissue donors for 
isolation of enterocytes. Briefly, cows were killed at a local abattoir, 
and within 10 minutes a 10-cm segment of the small intestine was 
excised beginning 5 cm from the pylorus. Details of the removal 
and transport of duodenal tissue to the laboratory have been 
described elsewhere. 11 
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Preparation of Enterocytes 

Enterocytes were isolated as described by Ameh and Thomp- 
son, 14 with slight modifications, within 25 minutes of removal of the 
duodenal tissue, v Briefly, 100 mL Krebs-Ringer HEPES buffer 
(pH 7.4) without CaCI2 and saturated with O2:CO2 in a ratio of 19:1 
(solution A) was flushed through the small intestine to remove 
mucus. The distal end of the duodenal segment was ligated with 3-0 
Dexon (Ethicon, Somerville, NJ), and the segment was filled with 
pregassed solution A that contained 2.5 mg/mL bovine serum 
albumin (solution B). The proximal end was then ligated, and the 
duodenal segment was incubated in a beaker that contained 250 
mL solution B for 15 minutes in a water bath at 37°C with constant 
gassing and agitation (60 to 80 oscillations/rain). After the contents 
were discarded, the duodenal segment was again filled with 
pregassed solution B that contained 1.5 mg/mL hyaluronidase 
(solution C). The filled segment was placed in a container of 
crushed ice covered with polyethylene and gently patted with 
fingertips for 2 minutes to release enterocytes into the intestinal 
lumen. Enterocytes were washed three times in polypropylene 
tubes with solution B after centrifugation at 1,000 x g for 3 minutes 
each time. Washed enterocytes were resuspended in 15 mL 
solution B for subsequent metabolic studies. The majority of cells 
in the suspension were epithelial cells, as demonstrated by strong 
staining with antibodies to cytokeratin. In addition, the percentage 
of epithelial cells in the cell suspension as compared with other 
cells such as intraepithelial lymphocytes, as judged by differential 
counting of May-Grfinwald-Giemsa-stained cytospin smears, was 
89% --- 6% (n = 6 4- SD). Therefore, further purification steps 
were not performed. Aliquots of isolated enterocytes were used for 
determination of total cell count and cell viability. Viability as 
determined by 0.2% trypan blue exclusion was >_ 86%. 

14C02 Production From Glutamine and Glucose Metabolism 

Triplicate l-mL enterocyte suspensions (3 x 10 6 viable cells) 
from each animal were incubated for 2 hours in 10-mL polypropyl- 
ene tubes that contained 2.4 mL incubation medium (solution B) 
supplemented with insulin (0.5 IU/mL). The incubation medium 
also contained mean concentrations of various amino acids prede- 
termined in duodenal digesta from cows in different stages of 
lactation. 11 Carbon dioxide production was measured at 2, 4, 6, and 
8 mmol/L L-[U-14C]glutamine (80 ~Ci/mmol) and at 2, 4, 6, and 8 
mmol/L D-[U-14C]glucose (80 ixCi/mmol). In addition, L-[U- 
14C]glutamine (4 mmol/L, 80 ~Ci/mmol) in the presence or 
absence of 6 mmol/L glucose or D-[U-aaC]glucose (6 mmol/L, 80 
ixCi/mmol) in the presence or absence of 4 mmol/L glutamine 
were included in incubation media to assess the interaction 
between glucose and glutamine metabolism by enterocytes. Incuba- 
tions were performed at 37°C in a shaking water bath (60 to 80 
oscillations/min) and were initiated by addition of the cell suspen- 
sion and terminated by addition of 0.1 mL 70% perchloric acid. 
Samples into which 0.1 mL 70% perchloric acid was injected before 
addition of substrates were used as blanks (zero-time incubation). 
Incubation tubes (sealed except for inlets for gassing and outlets 
for collecting evolved CO2) were continuously gassed with 95% 
02:5% CO2. 14CO2 was absorbed by 9 mL trapping agent (liquid 
scintillation cocktail that contained 5 g 2,5-diphenyloxazole, 0.2 g 
1,4-bis-[2]-(5-phenyloxazolyl)benzene, 200 mL ethanolamine, 300 
mL methyl cellusolve (2-methoxyethanol), and 500 mL toluene, for 
a total of 1,000 mL cocktail). At the end of the incubation period, 
shaking was continued for another 30 minutes to trap all the 14CO2 
evolved in the trapping agent after addition of 70% perchloric acid. 
14CO2 radioactivity was determined using a Beckman LS 5801 
liquid scintillation counter (Beckman Instruments, Fullerton, CA) 
after the vials were washed twice with 3 mL trapping agent (for a 

total of 15 mL cocktail). Rates of net uptake of glucose and 
glutamine were measured in parallel incubations without 14C- 
labeled substrates by measurement of removal of glucose and 
glutamine from the incubation media. Blank values were sub- 
tracted from sample values. 

Measurement of Pyruvate, Alanine, Lactate, Ammonia, 
[14C]glutamate, and [14C]aspartate 

Lactate and pyruvate concentrations in acid extracts of entero- 
cytes plus medium were determined by enzymatic methods. 15,16 To 
minimize hydrolysis of glutamine to glutamate, acidified [14C]gluta- 
mine-containing media used for analyses of ammonia, [14C]gluta- 
mate, and [14C]aspartate were immediately neutralized with 2 
mol/L K2CO3 after CO2 collection was completed. Samples were 
stored at -20°C and analyzed within 48 hours. This procedure 
resulted in _<1% of the added glutamine being converted to 
glutamate, as measured by [14C]glutamate production from [14C]glu- 
tamine in the blanks. Ammonia content was measured by a 
spectrophotometric enzymatic method. 17 [14C]glutamate and 
[14C]aspartate were separated by Dowex AG 1 x 6 (200 to 400 
mesh, acetate form) chromatography, ~s and the radioactivities 
were measured in a liquid scintillation counter. Amounts of 
[a4C]glutamate and [~4C]aspartate produced from [14C]glutamine 
were calculated as radioactivity (disintegrations per minute) of 
either [14C]glutamate or [xaC]aspartate x 1/specific activity of 
[14C]glutamine. Levels of glutamate, aspartate, and alanine in 
incubation media were measured by high-performance liquid 
chromatography (HPLC) 19 using 13-amino-n-butyric acid and etha- 
nolamine as internal standards and amino-guanidopropionic acid 
as internal standard for glutamine. Apparent net production rates 
of various metabolites were calculated from differences in initial 
and final concentrations. Anion-exchange-column and HPLC 
methods gave similar estimates (P > .05) of production of gluta- 
mate and aspartate from glutamine. However, only results from 
HPLC analyses were used for statistical analyses. 

Calculation of Adenosine Triphosphate Production 

The rate of adenosine triphosphate (ATP) production from 
glutamine was calculated as outlined by Newsholme and News- 
holme. 2° Briefly, 24 mol ATP are produced for every 5 tool CO2 
produced via complete oxidation of glutamine, which is equal to 
total CO2 production from glutamine minus moles of aspartate 
produced because stoichiometrically 1 tool CO2 is produced for 1 
tool aspartate formed, zl Oxidative deamination of glutamate to 
2-oxoglutarate by glutamate dehydrogenase results in reduction of 
NAD(P) and thus a total theoretical maximum production of 12 
ATP/mol aspartate produced from glutamine. However, in this 
study it was assumed that 9 mol ATP 22 were produced in the 
conversion of glutamine to aspartate, since our data indicated that 
glutamate was metabolized via aminotransferase reactions rather 
than through glutamate dehydrogenase. From glucose, 1 tool ATP 
was assumed to be produced per 1 tool lactate produced and 38 tool 
ATP for 6 tool CO2 produced, z° 

Statistical Analyses 

Data were analyzed by paired t test, unpaired t test, or two-way 
ANOVA for glucose and glutamine, with Duncan's test for 
multiple mean comparisons using the general linear models proce- 
dure. z3 To facilitate statistical analyses and since the data between 
mid- and late-lactation cows (Table 1) did not significantly differ 
(P > .05), data from these two groups were pooled before subse- 
quent statistical analyses (Tables 3, 4, and 5). 
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Table 1. Rate of 14COz Production From [U-14C]glutamine by 
Enterocytes From Cows at Different Stages of Lactation 

14CO2 Produced (nmol/2 h 

[U.14C]glutamine per 10 6 viable cells) 

(mmol/L) Early-Lactation Mid-Lactation Late-Lactation SEt 

2 10.8" 7.01- 6.51- 1.2 

4 14.1" 8.01- 8.Or 1.6 

6 13,8" 9.81- 8.81- 0.9 

8 14.5" 9.8T 9,3i" 0.8 

*1-Means with different superscripts in the same row differ (P < .05)~ 

$Pooled SE for each stage-of-lactation mean (n = 3). 

RESULTS 

Glutamine and Glucose Oxidation 

Enterocytes from early-lactation cows produced greater 
amounts of CO2 from glutamine when incubated in the 
presence of 2 to 8 mmol/L glutamine than enterocytes from 
either mid- or late-lactation cows (Table 1). No significant 
difference in CO= production was observed at any gluta- 
mine concentration between mid- and late-lactation cows. 
The rate of CO2 production from glutamine numerically 
increased with increasing glutamine concentration. Entero- 
cytes from early-lactation cows incubated in the presence of 
4 to 8 mmol/L glucose produced greater amounts of CO2 
than enterocytes from either mid- or late-lactation cows 
(Table 2). The amount of CO2 produced from glucose was 
also significantly greater in enterocytes from mid-lactation 
cows than from late-lactation cows at glucose concentra- 
tions of 4 and 8 mmol/L (Table 2). The rate of CO2 
production from glucose increased (P < .05) with increas- 
ing glucose concentration in enterocytes from cows at each 
stage of lactation (Table 2). 

Glutamine Metabolism 

Data on glutamine metabolism in enterocytes incubated 
in the presence or absence of glucose are listed in Table 3. 
With glutamine as the sole substrate, there was a high 
recovery of glutamine carbons in products produced by 
enterocytes from early-lactation and pooled mid- and 
late-lactation (PML) cows, with the assumption that gluta- 
mine carbons can be mainly recovered in CO2, glutamate, 
and aspartate and that a pathway must exist for incorpora- 
tion of carbon atoms initially present in glutamine into 
pyruvate. 3 This high recovery allowed for evaluation of 
routes of glutamine metabolism in enterocytes of lactating 
cows. In the small intestine, the carbon skeleton of gluta- 

Table 2. Rate of 14COz Production From [U-14C]glucose by 
Enterocytes From Cows at Different Stages of Lactation 

14C02 Produced (nmol/2 h 
per 106 viable cells) 

[Li-~4C]glucose 
(mmol/L) Early-Lactation Mid-Lactation Late-Lactation SE§ 

2 13.3" 12.6" 13.0" 1.7 

4 18,4* 15.6:1: 13.61- 1.4 

6 19.2" 17.1~ 14.31- 1.5 

8 19.6" 17.81" 16.41" 1.2 

*1":JzMeans with different superscripts in the same row differ (P < .05). 

§Pooled SE for each stage-of-lactation mean (n = 3). 
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Table 3. Effect of Glucose on Glutamine Metabolism by Enterocytes 
From Cows at Different Stages of Lactation 

4 mmol/L [UA4C]glutamine 
(nmol product/2 h per 10 e 

viable ceils) 

No +6 mmol/L 
Glucose Glucose 

Glutamine uptake 

Early t l . 3  -+ 1.91- 10.2 -+ 1.61" 

PML 7.8 -+ 1.7 7.3 _+ 1.9 

Products 
14C02 

Early 14.1 +_ 0.91- 10.1 -+ 0.8"1" 

PML 8.2 _+ 1.1 5.7 _+ 0.6* 

Glutamate 

Early 4.1 -+ 0,71" 4.5 _+ 0.51" 

PML 2.9 _+ 0,4 2.2 _+ 0.6 

Aspartate 

Early 2.3 + 0,21- 1.9 -+ 0.1*I" 

PML 1.5 -+ 0,1 0.9 -+ 0.004* 

Ammonia 

Early 12.4 _+ 2.31. 10.7 +_ 1.01- 

PML 8.0 -+ 1.1 7.2 _+ 0.9 

Lactate 

Early 0.17 _+ 0.02 17.1 _+ 3.6*1" 

PML 0.15 4- 0.03 15.2_+ 1.2" 

Alanine 

Early 5.0 -+ 0.21. 7.7 -+ 0.4"1. 

PML 3,4 -+ 0.1 6.9 -+ 0.1" 

Pyruvate 

Early 0.14 -+ 0.06 0.05 -+ 0,003* 

PML 0.15 -+ 0.05 0.04 + 0.005* 

% of metabolized glutamine carbons in 

CO25 
Early 23.6 -+ 2.3 8.8 -+ 1.9" 

PML 20.1 -+ 1.9 6.6 _+ 2.1" 

NOTE. Values are the mean _+ SEM (n = 3 for  early-lactation; n = 6 

for PML). 

*P < ,05, significantly different from no-glucose group as analyzed 

by paired t test. 

I"P < .05, significantly different f rom PML group as analyzed by 

unpaired t test. 

:l:Calculated as nmol CO2/[(nmol CO2)+ 5 (nmel G lu )+  4 (nmol 

Asp) + 3 (nmol Ala) + 3 (nmol Pyr) + 3 (nmol lactate)]. 

mine may be metabolized via two principal routes: by 
forming g~-pyrroline-5 carboxylate or by forming 2-oxoglu- 
tarate as a Krebs cycle intermediate. The former pathway 
leads to formation of citrulline, proline, and ornithine, the 
levels of which were not measured in the present study 
since almost all label could be accounted for by the 
2-oxoglutarate pathway. In enterocytes from early-lactation 
and PML cows, 9% to 24% and 7% to 20% of metabolized 
glutamine carbons appeared in CO2, respectively. In entero- 
cytes from early-lactation and PML cows, 20% and 19% of 
glutamate produced from glutamine was converted to 
aspartate by metabolism of 2-oxoglutarate derived from 
glutamate to oxaloacetate and then to aspartate. With 
glutamine as the sole substrate, only minute amounts of 
lactate and pyruvate were formed from enterocytes from 
both early-lactation and PML cows. The amount of CO2 
produced from [UJ4C]glutamine in the presence of glucose 
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and glutamine as cosubstrates in enterocytes of both 
early-lactation and PML cows was lower than that formed 
in the presence of glutamine alone. Glutamate, aspartate, 
ammonia, and alanine were the major nitrogenous end 
products. Recovery of nitrogen in glutamine taken up in 
enterocytes from early-lactation and PML cows was 53% 
and 49% in ammonia, 21% for both in alanine, 18% for 
both in glutamate, and 10% and 9% in aspartate, respec- 
tively. Concomitant addition of glutamine and glucose to 
enterocytes from early-lactation cows produced an increase 
(54%) in the rate of net alanine formation and a decrease 
(18%) in aspartate formation. Glutamate and ammonia 
formation were not significantly affected by the presence of 
glucose. However, there was a 100-fold increase in the net 
amount of lactate produced from enterocytes at all stages of 
lactation in the presence of glucose. 

Glucose Metabolism 

Data on glucose metabolism in the presence or absence 
of glutamine are listed in Table 4. Glucose was metabolized 
mainly to lactate as compared with pyruvate and CO2 in 
enterocytes from both early-lactation and PML cows. Four- 
teen percent to 19% and 16% to 18% of metabolized 
glucose carbons appeared in CO2 in enterocytes from 

Table 4. Effect of Glutamine on Glucose Metabolism by Enterocytes 
From Cows at Different Stages of lactation 

6 mmol/L [U-14C]giucose 
(nmol product/2 h per 10 s 

viable ceils) 

No +4 mmol/L 
Glutamine Glutamine 

Glucose uptake 

Early 15.5-+ 1.8 14.7 _+ 1.5 

PML 13.6 + 1.1 12.9 -+ 1.7 

Products 
14CO2 

Early 19.2 _+ 1.3t 16.7 -+ 0.9* t  

PML 15.7 -+ 1.3 13.5 -+ 1.0" 

Glutamate 
Early 0.3 -+ 0.06 6.9 +_ 0.3*t  

PML 0.3 -+ 0.05 4.5 -+. 0.6* 

Lactate 
Early 24.1 -+ 1.8t 19.1 +_ 1.8"1" 

PML 22.1 -+ 1.7 14.3 +- 1.4" 

Alanine 

Early 0.9 -+ 0.08 2.9 -+ 0.2* 

PML 0.8 +- 0.04 2.4 -+ 0.3* 

Pyruvate 

Early 1.9 -+ 0.3 0.07 +_ 0.006* 

PML 1.3 -+ 0.4 0.08 _+ 0.004* 

% of metabolized glucose carbons in CO2:1: 
Early 18.9 _+ 1.9 14.2 -+ 1.7" 

PML 18.0-+ 1.5 15.6 -+ 1.4 

NOTE. Values are the mean +- SEM (n = 3 for  early-lactation; n = 6 

for PML). 

*P < .05, significantly different f rom no-glutamine group as analyzed 

by paired t test. 

I"P < .05, significantly different f rom PML group as analyzed by 

unpaired t test. 

:l:Calculated as nmol CO2/[(nmol CO2) + 3 (nmol lactate) + 3 (nmol 

pyruvate) + 3 (nmol Ala) + 5 (nmol Glu)]. 
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Table 5. Theoretical Rates of ATP Production From Glutamine and 
Glucose in Enterocytes From Cows at Different Stages of Lactation 

ATP Generated Contribution of Percentage of 
(nmol/2 h per 10 TM Substrate to Total Maximum ATP 

Substrate Present viable cells) ATP Generation (%) Generation (%) 

Early-lactation cows 

6 mmol /L  glucose 124.9 -+ g.8t 69 100 

4 mmol /L  Gin 56.5--+8.91 - 31 

6 mmol /L  glucose 145.7 + 13.9"i" 100 80 

4 mmol /L  Gin 77.3 +- 3.7"1- 100 43 

PML cows 

6 rnmol/L glucose 99.8 -+ 9.4 76 100 

4 mmol /L  Gin 31.1 -+ 3,0 24 

6 mmol /L  glucose 121.5 -+ 10.3" 100 93 

4 mmol /L  Gin 45.7 -+ 5.8* 100 35 

NOTE. Data were calculated based on data in Tables 3 and 4. Values 

are the mean -+ SEM, with n = 3 for early-lactation cows and n = 6 for  

PML cows. It was assumed that ATP generation was maximal in the 

presence of glucose and glutamine. 

*P < .05, significantly different f rom corresponding means obtained 

for 6 mmol /L  glucose plus 4 mmol /L  glutamine as analyzed by paired t 

test. 

tP  < .05, significantly different f rom corresponding means for  PML 

group as analyzed by unpaired t test. 

early-lactation and PML cows, respectively. Addition of 
glutamine to incubation media decreased (P < .05) the 
proportion of glucose metabolized to CO2, lactate, and 
pyruvate and increased (P < .05) the formation of alanine 
and glutamate in enterocytes from both early-lactation and 
PML cows. No aspartate or only trace amounts were 
detected in enterocytes from both early-lactation and PML 
cows in the presence of glucose alone or in the presence of 
both glucose and glutamine. 

Theoretical Rates of A TP Production From Glutamine and 
Glucose 

Rates of ATP production based on metabolites produced 
from glutamine and glucose metabolism are listed in Table 
5. Glutamine as the sole substrate accounted for all the 
energy requirements of enterocytes from early-lactation 
cows and contributed as little as 31% in the additional 
presence of glucose. Similarly, in enterocytes from early- 
lactation cows, glucose as the sole substrate accounted for 
all the energy and contributed 69% in the additional 
presence of glutamine. Similar rates of ATP production 
were calculated for enterocytes from PML cows. However, 
rates of ATP production were greater for enterocytes from 
early-lactation cows as compared with PML cows. In 
enterocytes from all cows, the rate of ATP production was 
greater in the presence of both glucose and glutamine than 
when either glucose or glutamine were present alone. In 
addition, the rate of ATP production from glucose as a sole 
substrate was two to three times greater than that obtained 
with glutamine as the sole substrate in enterocytes from all 
COWS. 
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DISCUSSION 

General Discussion 

In the present study, we systematically investigated 
glucose and glutamine metabolism in enterocytes from 
dairy cows at different stages of lactation. Previous research 
demonstrated that exposure of either serosal or mucosal 
surfaces of enterocytes to substrates may alter metabolic 
fates of glucose and glutamine, z4 Isolated enterocytes, as 
used in the present study, cannot be used to distinguish 
between possible different metabolic fates of substrates 
that enter cells across functionally distinct brush-border or 
basolateral membranes. In addition, other cell types in 
vascular, perfused-small intestine experimental models 
may have significant metabolic contributions to the experi- 
mental model. However, isolated cells provide an opportu- 
nity for experimental control of substrate concentrations. 
The extent of nutrient metabolism by in vitro preparations 
of small intestine from various species has been shown to be 
complementary to observations obtained in vivo and there- 
fore reflects metabolic activities in the whole mucosaY 
Mean concentrations of various amino acids predetermined 
from duodenal digesta of cows in different stages of 
lactation were provided in the incubation media. This 
decision was made to ensure that enterocytes from cows in 
different stages of lactation were bathed with the same 
concentrations of amino acids to eliminate confounding 
effects of different amino acid concentrations on glucose 
and glutamine metabolism. 

Glutamine and Glucose Oxidation 

The significance of glutamine in the metabolism of 
enterocytes might be attributed to its dual metabolic roles: 
as a source of energy via partial oxidation and as a source of 
carbon and nitrogen precursors for biosynthetic processes. 
When glutamine was the sole substrate for enterocytes, 
oxidation of glutamine increased by 34%, 40%, and 43% in 
early-, mid-, and late-lactation cows, respectively, when 
glutamine concentration increased from 2 to 8 mmol/L 
(Table 1). This indicates a glutamine concentration- 
dependence of enterocytes from all cows. Glucose concen- 
tration-dependence of enterocytes from all cows was also 
demonstrated (Table 2). 

Metabolic Fates of Glutamine and Glucose and Their 
Interactions 

When glutamine was the sole substrate for enterocytes 
from early-lactation and PML cows, ammonia production 
accounted for 53% and 49% of the nitrogen from glutamine 
metabolized to glutamate, respectively. Since the ammonia 
produced was roughly equivalent to glutamine uptake, 
further metabolism of glutamate derived from glutamine 
must largely be via transaminase reactions rather than 
through glutamate dehydrogenase. All glutamine metabo- 
lized by enterocytes first had to be converted to glutamate 
by the action of phosphate-dependent glutaminase, which 
has been shown to be present in intestinal mucosa and in 
the intestinal wall of ruminants at relatively high levels of 
activity. 26,27 Based on the end products that result from 

metabolism of glutamine (Table 3), it seems that glutamine 
in the ruminant small intestine is used in a manner similar 
to that proposed for the small intestine of various monogas- 
tric species. For example, when glutamine was the sole 
substrate, approximately 30% of glutamate metabolized 
was converted into aspartate in enterocytes of both early- 
lactation and PML cows (Table 3). In the current study, 
alanine was quantified by HPLC and ~4C incorporation into 
the alanine peak from glutamine and glucose was not 
measured. It is therefore difficult to account for the carbon 
skeleton of alanine produced when glutamine was the sole 
substrate for enterocytes. However, it is well established 
that glutamate metabolism in the small intestine yields 
alanineY ,28,29 In addition, Hanson and Parsons 3 have sug- 
gested possible pathways for incorporation of glutamine 
carbon into pyruvate. Indeed, shifts in the yield of alanine 
by inclusion of glucose suggest that carbons of alanine may 
be provided either by degradation of glutamate to pyruvate 
or by glycolytic pyruvate. However, the suggestion of 
incorporation of glutamine carbon into pyruvate is equivo- 
cal, since only 3% of 14C from 14C-glutamine was found in 
alanine in rat jejunum in vivo and most of the carbon in 
alanine may be derived from lactate and glucose. 29 

With the assumption that glutamine carbons are mainly 
recovered in CO2, glutamate, aspartate, and alanine, me- 
tabolized glutamine carbons that appeared in CO2 were 
estimated to be 9% to 24% and 7% to 20% in enterocytes 
from early-lactation and PML cows, respectively. In addi- 
tion, with the assumptions that there was insufficient 
endogenous substrate to provide the carbon skeleton of 
alanine production in the absence of glucose and that a 
pathway must exist for incorporation of glutamine carbons 
into pyruvate, 29 it could be calculated that 45% of gluta- 
mate produced in enterocytes from early-lactation cows 
would need to be metabolized to pyruvate probably via 
oxaloacetate by phosphoenolpyruvate carboxykinase and 
pyruvate kinase and/or via malate by malic enzyme, with 
pyruvate being converted in part to alanine and lactate. 
These enzymes have been identified in intestinal mucosal. 3° 
Differences in metabolic fates of glutamine in enterocytes 
from lactating and nonlactating monogastric species have 
been reported to be due to differences in morphology and 
number of enterocytes. 3~ Although these changes together 
with an enlarged small intestine contribute to an increased 
demand for glutamine, changes in the number of cells may 
not be as important in the present study because glutamine 
metabolism is expressed per number of viable cells. 

With the assumption that glucose carbons contributed 
only to the production of lactate, alanine, pyruvate, and 
glutamate, it was calculated that 14% to 19% and 16% to 
18% of metabolized glucose carbon appeared in CO2 in 
enterocytes of early-lactation and PML cows, respectively. 
The presence of glutamine decreased the percentage of 
metabolized glucose carbons that appeared in CO2 by 24% 
in enterocytes from early-lactation cows and by 13% in 
enterocytes from PML cows. However, the presence of 
glucose decreased the percentage of metabolized glutamine 
carbons that appeared in CO2 by 63% and 67% in entero- 
cytes from early-lactation and PML cows, respectively 
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(Table 3). These results agree with previous studies that 
demonstrated greater glucose utilization as compared with 
glutamine in sheep small intestine and in rumen papillae 
from steers, a2,13,32 

The high levels of lactate produced in the presence of 
glutamine plus glucose as cosubstrates (Table 3) and in the 
presence of glucose alone (Table 4) are intriguing because 
enterocyte preparations were continuously gassed with the 
95% 02:5% CO2 mixture to prevent hypoxic conditions. It 
has been suggested that most of the intraluminally ab- 
sorbed glucose is absorbed intact into the portal vein and is 
not metabolized to lactate. 33 However, it has also been 
reported that the small intestine metabolizes glucose to 
lactate. 24 

Glutamine and Glucose as Potential Energy Substrates 

The following lines of evidence from the present study 
(Table 5) suggest that relative to glucose, glutamine may be 
less important for the provision of ATP in enterocytes from 
early-lactation cows: (1) The rate of ATP production from 
glutamine was two to three times lower than that from 
glucose when either was the sole substrate, and it was also 
lower as compared with the use of glucose plus glutamine as 
cosubstrates; (2) When both glucose and glutamine were 

present as compared with when either one was the sole 
substrate, the rate of ATP production from glutamine was 
decreased to a greater extent as compared with that from 
glucose for early-lactation cows. Potential ATP production 
from both glucose and glutamine showed a trend in PML 
cows similar to that observed for early-lactation cows. 

In conclusion, in view of the present data we suggest that 
in enterocytes from lactating cows, glutamine may not be 
quantitatively as important as glucose in the provision of 
ATP, as calculated on the basis of measured metabolites. 
Glutamine may therefore play a role in providing both 
carbon and nitrogen for biosynthetic processes in the 
lactating cow. Indeed, glutamine has been hypothesized as 
a potential limiting amino acid for milk production, 34 and 
some nonessential amino acids such as glutamine and 
essential amino acids are probably conserved from utiliza- 
tion by the small intestine and therefore remain available 
for tissue and milk protein synthesis. 

ACKNOWLEDGMENT 

The authors thank G. van Doesburg, J. Collier, H. Lehman, L. 
Jackson, and I; Gorrie of the University of Alberta Dairy Research 
Unit for care of the cows. The excellent technical assistance of S. 
Tian is also greatly appreciated. 

REFERENCES 

1. Windmueller HG, Spaethe AE: Uptake and metabolism of 
plasma glutamine by the small intestine. J Biol Chem 249:5070- 
5079, 1974 

2. Windmueller HG: Glutamine utilization by the small intes- 
tine. Adv Enzymo153:201-237, 1982 

3. Hanson PJ, Parsons DS: The interrelationship between gluta- 
mine and alanine in the intestine. Biochem Soc Trans 8:506-509, 
1980 

4. Hanson PJ, Parsons DS: Metabolism and transport of gluta- 
mine and glucose in vascularly perfused rat small intestine. 
Biochem J 166:509-519, 1977 

5. Wernermann J, Hammarkvist F, Ali MR, et al: Glutamine 
and ornithine-alpha-ketoglutarate but not branched-chain amino 
acids reduce the loss of muscle glutamine after surgical trauma. 
Metabolism 38:63-66, 1989 

6. Ardawi MSM, Majzoub MF: Glutamine and ketone-body 
metabolism in the small intestine of starved peak-lactating rats. 
Biochimie 70:749-755, 1988 

7. Harmon DL, Avery TB: Net portal nutrient absorption in 
heifers fed a high energy diet with ionophores. Fed Proc Fed Am 
Soc Exp Bio144:549, 1985 (abstr) 

8. Huntington GB: Net absorption of glucose and nitrogenous 
compounds by lactating Holstein cows. J Dairy Sci 67:1919-1927, 
1984 

9. Heitmann RN, Bergman EN: Glutamine metabolism, inter- 
organ transport, and glucogenicity in the sheep. Am J Physiol 
234:E197-E203, 1978 

10. Kreikemeier KK, Harmon DL, Brandt RT Jr, et al: Small 
intestinal starch digestion in steers: Effects of various levels of 
abomasal glucose, corn starch and corn dextrin infusion on small 
intestinal disappearance and net glucose absorption. J Anim Sci 
69:328-337, 1991 

11. Okine EK, Cherry R, Kennelly JJ: Glucose and amino acid 
transport and metabolism in fiat duodenal sheets from dairy cattle 
at three stages of lactation. Comp Biochem Physiol [A] 107:719- 
726, 1994 

12. Bergman EN: Production and utilization of metabolites by 
the alimentary tract as measured in portal and hepatic blood, in 
McDonald IW, Warner ACI (eds): Digestion and Metabolism in 
the Ruminant. Armidale, Australia, University of New England 
Publishing Unit, 1975, pp 293-305 

13. Harmon DL: Influence of dietary energy intake and sub- 
strate addition on the in vitro metabolism of glucose and glutamine 
in rumen epithelial tissue. Comp Biochem Physiol [B] 85:643-647, 
1986 

14. Ameh DA, Thompson JR: Effect of Escherichia coli endo- 
toxin on some aspects of amino acid and protein metabolism by the 
rat small intestine, in Lubec G, Rosenthal GA (eds): Amino Acids: 
Chemistry, Biology and Medicine. Leiden, The Netherlands, Es- 
corn Science, 1990, pp 1009-1016 

15. Noll F: L-(+)-Lactate, in Bergmeyer HU (ed): Methods of 
Enzymatic Analysis, vol 6. Weinheim, Germany, Verlag Chemic, 
1983, pp 582-588 

16. Czok R, Lambrecht W: Pyruvate, phosphoenolpyruvate and 
D-glycerate-2-phosphate, in Bergmeyer HU (ed): Methods of 
Enzymatic Analysis. Orlando, FL, Academic, 1974, pp 1446-1451 

17. Bergmeyer HU, Beutler HO: Ammonia, in Bergmeyer HU 
(ed): Methods of Enzymatic Analysis, vol 8. Weinheim, Germany, 
Verlag Chemie, 1985, pp 454-461 

18. Lee SH, Davis EJ: Carboxylation and decarboxylation reac- 
tions: Anaplerotic flux and removal of citrate cycle intermediates in 
skeletal muscle. J Biol Chem 254:420-430, 1979 

19. Jones BN, Gilligan JP: o-Phthaldialdehyde precolumn deriva- 
tization and reversed-phase high performance liquid chromatogra- 
phy of polypeptide hydrolysates and physiological fluids. J Chro- 
matogr 266:471-482, 1983 

20, Newsholme P, Newsholme EA: Rates of utilization of 
glucose, glutamine and oleate and formation of end-products by 
mouse peritoneal macrophages. Biochem J 261:211-218, 1989 

21. Brand K, Fekl W, Hintzenstern J, et al: Metabolism of 
glutamine in lymphocytes. Metabolism 38:29-33, 1989 (suppl 1) 

22. Newsholme P, Newsholme EA, Curi R: The role of the citric 



GLUTAMINOLYSIS AND GLYCOLYSIS IN ENTEROCYTES 331 

acid cycle in cells of the immune system and its importance in 
sepsis, trauma and burns. Biochem Soc Syrup 54:145-161, 1987 

23. SAS Institute: SAS User's Guide: Statistics, version 5. Cary, 
NC, SAS Institute, 1985 

24. Hanson PJ, Parsons DS: The utilization of glucose and 
production of lactate by in vitro preparations of rat small intestine: 
Effects of vascular perfusion. J Physiol 255:775-795, 1976 

25. Windmueller HG: Metabolism of vascular and luminal 
glutamine by intestinal mucosa in vivo, in Haussinger E, Sies H 
(eds): Glutamine Metabolism in Mammalian Tissues. Heidelberg, 
Germany, Springer-Verlag, 1984, pp 61-77 

26. Pinkus LM, Windmueller HG: Phosphate-dependent gluta- 
minase of small intestine: Localization and role in intestinal 
glutamine metabolism. Arch Biochem Biophys 182:506-517, 1977 

27. Smith RH, Grantley-Smith MP, Merry RJ, et al: Supply of N 
compounds to the rumen and their subsequent metabolism and 
nutritional value, in FAO/IAEA (eds): Isotopes Aided Studies on 
Non-protein Nitrogen and Agro-industrial By-product Utilization 
by Ruminants. Vienna, Austria, International Atomic Energy 
Agency, 1987, pp 41-62 

28. Windmueller HG: Enterohepatic aspects of glutamine me- 
tabolism, in Mora J, Palacios R (eds): Glutamine: Metabolism, 

Enzymology and Regulation. Orlando, FL, Academic, 1980, pp 
235-257 

29. Windmueller HG, Spaeth AE: Identification of ketone 
bodies and glutamine as the major respiratory fuels in vivo for 
postabsorptive rat small intestine. J Biol Chem 253:69-76, 1978 

30. Hartmann F, Plautb M: Intestinal glutamine metabolism. 
Metabolism 38:18-24, 1989 

31. Watford M, Erbelding EJ, Eleanor MS: Glutamine metabo- 
lism in rat small intestine: Response to lactation. Biochem Soc 
Trans 14:1058-1059, 1986 

32. Reynolds CK, Huntington GB: Partition of portal-drained 
visceral net flux in beef steers. I. Blood flow and net flux of oxygen, 
glucose and nitrogenous compounds across stomach and post 
stomach tissues. Br J Nutr 60:539-551, 1988 

33. Rich-Denson C, Kimura RE: Evidence in vivo that most of 
the intraluminally absorbed glucose is absorbed intact into the 
portal vein and not metabolized to lactate. Biochem J 254:931-934, 
1988 

34. Meijer GAL, der Muelen JV, Vuuren AM: Glutamine is a 
potentially limiting amino acid for milk production in dairy cows: A 
hypothesis. Metabolism 42:358-364, 1993 


