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ABSTRACT: Twelve 18-mo-old Debouillet ewes were
used to determine the effect of ruminal glucose infusion
on DMI, on urinary ammonium (NH4

+) and urea N
(UUN) concentrations, and on serum metabolite and
hormone profiles. Ewes were limit-fed a 90% concen-
trate diet for 30 d, stratified by BW into three groups
(average BW = 82.6 ± 1.1 kg), and assigned randomly
to receive 0, 5, or 10 g of glucose/kg of BW via esophageal
intubation. Urine was collected hourly for 12 h and
blood (jugular venipuncture) at 30-min intervals for 12
h. After 12 h, ewes were housed individually, allowed
free access to the diet, and DMI was recorded for 5 d.
Venous blood pH averaged 7.49, 7.48, and 7.48 at 0 h
and decreased (linear [L], P < .01) at 12 h (7.41, 7.36,
and 7.26) with increasing glucose. Serum glucose in-
creased (L, P = .06) at 3 and 6 h. Serum L(+)-lactate
increased (L, P = .08) at 3, 6, and 9 h, whereas serum
D(–)-lactate increased linearly (P = .09) at 6 and 9 h
and quadratically (P < .10) at 12 h. After the glucose
challenge, DMI decreased (L, P < .05). Urinary pH and
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Introduction

Previous reports have provided extensive reviews of
the etiology and pathophysiology of acidosis (Huber,
1976; Slyter, 1976; Owens et al., 1996) and related sec-
ondary disorders in ruminants (Brent, 1976; Brink et
al., 1990; Nagaraja and Chengappa, 1998). Obvious vi-
sual signs characterize acute acidosis (Elam, 1976),
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NH4
+ were not influenced by glucose infusion; however,

UUN increased at 3 (quadratic [Q], P < .05), 4, 5, 6 (L,
P = .03), and 7 h (Q, P < .05) and decreased at 11 and
12 h (L, P = .09). As glucose infusion increased, serum
creatinine increased at 9 (L, P < .01) and 12 h (Q, P =
.02). Generally, serum Na and P increased (P = .09),
whereas K decreased (P < .05), with glucose infusion.
Lactate dehydrogenase activity increased with glucose
infusion (Q, P < .10) at 3, 6, 9, and 12 h. Increasing
glucose infusion increased serum globulin (Q, P = .06),
albumin, and total protein (L, P = .08). Serum prolactin
and vasopressin were not influenced (P = .22) by glucose
infusion. Serum insulin and aldosterone increased qua-
dratically (P = .08), whereas serum growth hormone
decreased linearly (P = .08) as a result of increasing
glucose infusion. Results suggest that UUN, serum in-
sulin, aldosterone, and several serum constituents may
serve as markers of organic acid load in ruminants fed
high-concentrate diets.

whereas animals experiencing subacute acidosis may
appear normal (Owens et al., 1996) but display de-
creased and(or) erratic feed intake (Fulton et al., 1979).
Although feed intake seems to be a sensitive marker
of subacute acidosis in individually fed animals, de-
creased feed intake by a small number of animals
among a larger group in a pen is likely not discernible
(Stock et al., 1995). Identification of sensitive markers
to indicate the progression of acidosis may aid in defin-
ing the point at which animal performance is ad-
versely affected.

Biological and microbiological alterations in the ru-
minal environment have largely been the focus of previ-
ous acidosis research efforts. However, ruminal mea-
sures do not directly reflect the peripheral impact of
organic acids. The process of sensing and signal trans-
duction of blood CO2 concentration, osmolality, or blood
and(or) urine H+ concentration likely involves humoral
signals. Additionally, evidence of cellular damage (Pa-
tra et al., 1993) and altered urinary N composition
(Telle and Preston, 1971) resulting from an excessive
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Table 1. Basal diet ingredient and
chemical composition

Item % of DM

Ingredient composition
Sudangrass hay 9.89
Whole corn 9.68
Steam-flaked corna 65.09
Soybean meal 3.66
Urea 1.00
Ammonium sulfate .25
Molasses 4.81
Yellow grease 3.07
Limestone .75
Dicalcium phosphate .50
Salt .30
Premixb 1.00

Chemical composition
ADF 8.5
CP 13.5
Ash 4.6
Starch 49.1
Available starchc 47.8

aDegree of processing = 360 g/L bulk density.
bPremix contained (DM basis): CaI2, .008%; CoCO3, .011%; CuSO4,

.098%; FeSO4, .583%; MgO, .893%; MnO, .208%; ZnSO4, .845%; wheat
middlings, 96.30%; mineral oil, .119%; vitamin A, .665% (30,000 USP/
g); vitamin E, .270% (500,000 IU/kg).

cAvailable starch as a percentage of total dietary starch content.

organic acid insult have been reported. Few data are
available describing systemic biochemical and endo-
crine changes during metabolic acidosis. Therefore, our
objective was to evaluate the effect of ruminal glucose
infusion designed to induce an increasing severity of
metabolic acidosis on DMI, urinary N composition, and
serum metabolite and hormone profiles in sheep.

Materials and Methods

Animals and Diet. Twelve 18-mo-old Debouillet ewes
(82.6 ± 1.1 kg) were group-fed a 90% concentrate diet
(Table 1) twice daily during a 30-d adaptation period.
Animals were handled and cared for according to a
protocol approved by the New Mexico State University
Institutional Animal Care and Use Committee. Feed
intake was slightly restricted (2.4% of BW) in an at-
tempt to simulate “clean” bunk management systems
used in commercial feedlots. Diet samples were col-
lected daily and composited weekly. Before the after-
noon feeding on d 30, animals were weighed and subse-
quently fitted with Foley catheters (14 French) attached
to urine collection bags (West Texas Medical Special-
ties, El Paso, TX) to facilitate urine collection. Urine
bags were secured on animals by attaching fecal collec-
tion bags. Urine bags were emptied once during the
night, because approximately 14 h elapsed between the
time of catheter placement and the beginning of sample
collection. Ewes were stratified by BW into three groups
(average BW = 82.6 ± 1.1 kg) and assigned randomly
to receive 0, 5, or 10 g of glucose/kg of BW via esopha-
geal intubation.

Sample Collection. On the morning of the glucose chal-
lenge (d 31), urine bags were emptied 1 h before feeding.
Just before feeding (0 h), urine and whole blood (via
jugular venipuncture) samples were collected, and ani-
mals were allowed 30-min access to fresh feed. After
30 min, feed was removed, and each ewe was dosed
with an equal volume (2 L) of a glucose solution or
distilled water as per treatment. Urine was collected
hourly for 12 h after infusion. Urinary pH was deter-
mined immediately after collection using a pH meter
(Model No. HI 9024C, Hanna Instruments, Woon-
socket, RI) equipped with a combination electrode, and
a 15-mL aliquot was stored at –20°C.

Venous whole blood (5 mL) was collected as follows:
1) into heparinized tubes (15 U/mL of blood) at 0 and
12 h for blood pH determination; 2) at 0, 3, 6, 9, and
12 h for serum metabolite analyses; and 3) at 30-min
intervals for 12 h for serum insulin, GH, prolactin, aldo-
sterone, and vasopressin analyses. Blood pH was deter-
mined immediately after sample collection using a pH
meter equipped with a combination electrode (Model
No. 01048, Denver Instrument Co., Denver, CO). Serum
metabolite and hormone samples were allowed 30 min
to clot at room temperature and centrifuged at 1,000 ×
g for 15 min at 4°C, and serum was stored at –20°C.
Following the 12-h glucose challenge, animals were
housed individually in outdoor pens (2.7 × 2.7 m) and
allowed ad libitum access to the basal diet to monitor
DMI for 5 d. Feed refused was weighed and discarded
before each feeding (once daily). Daily DMI variation for
each of the 5 d also was calculated (Stock et al., 1995).

Laboratory Methods. Diet samples were ground in a
Wiley mill to pass a 1-mm screen and analyzed for ADF
(Goering and Van Soest, 1970), DM, ash, CP (AOAC,
1990), and total and available starch (Xiong et al., 1990;
Table 1). Urine samples were analyzed for urea N
(UUN; No. 545-B, Sigma Chemical Co., St. Louis, MO)
and ammonium concentration (NH4

+) using the titra-
tion method of Chan (1972). A commercial laboratory
(Southwest Medical Laboratories, Las Cruces, NM) as-
sayed serum metabolites, except lactate. Eight repli-
cates of a serum pool from roughage-fed sheep were
interspersed among the other samples to calculate CV
for each constituent. All CV were less than 12%. Serum
was deproteinized according to the procedure of Kreh-
biel et al. (1995a) and was used to determine L(+)-lac-
tate (Gutmann and Wahlefeld, 1974; Engel and Jones,
1978) and D(–)-lactate concentrations (Gawehn and Be-
rgmeyer, 1974; Brandt et al., 1980). Serum prolactin
and GH were determined with RIA according to the
procedures of Spoon and Hallford (1989) and Hoefler
and Hallford (1987), respectively. Commercially avail-
able RIA kits were used to assay insulin, aldosterone
(Diagnostics Products Corp., Los Angeles, CA), and va-
sopressin (Vasopressin Direct, American Laboratory
Products Co., Windham, NH). The vasopressin kit had
been previously validated for sheep (Senn et al., 1995).
All hormone intraassay CV were less than 18%.
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Data Analyses. Data were analyzed as a split-plot in
time (Gill and Hafs, 1971) using the GLM procedure of
SAS (1985). Animal within treatment served as the
error term to test treatment effects, whereas residual
error was used to test time and treatment × time. Data
were analyzed within time when a significant (P < .10)
treatment × time interaction was detected. Serum hor-
mone data also were subjected to area under the curve
analysis using trapezoidal summation. The 0-h values
for each response variable were evaluated for their use
as covariates, and they were retained in the model when
significant (P < .10). Treatment sums of squares were
partitioned into linear and quadratic components.

Results and Discussion

Our interest in the present trial involved inducing
an increasing severity of metabolic or systemic acidosis
to identify sensitive markers of metabolic acidosis.
Krehbiel et al. (1995a) produced an increasing severity
of acidosis by feeding wethers a 50% concentrate diet
and ruminally infusing 6 to 18 g of glucose/kg of BW,
whereas Montaño et al. (1999) fed steers a 90% concen-
trate diet and ruminally infused 3.3 g of glucose/kg of
BW. Krehbiel et al. (1995a) reported a nadir in ruminal
pH of approximately 4.9 and 4.5 by 8 h after glucose
infusion for lambs infused with 6 or 12 g/kg of BW and
18 g/kg of BW, respectively. A nadir in ruminal pH
of 5.11 by 3 h after glucose infusion was reported by
Montaño et al. (1999). Although ruminal pH was not
determined in the present trial, glucose infusion levels
used resulted in an increased systemic acid load, as
indicated by a decrease in blood pH (treatment × time,
P < .01) from 7.49, 7.48, and 7.48 ± .03 before feeding
and glucose infusion (P > .10) to 7.41, 7.36, and 7.26 ±
.03 at 12 h (linear, P < .01) for animals treated with 0,
5, and 10 g of glucose/kg of BW, respectively. However,
no overt signs indicative of acute acidosis (i.e., diarrhea,
labored breathing, and incoordination) were evident
during or after the glucose challenge.

Patra et al. (1993) used a pH meter to measure blood
pH of mature ewes deprived of feed for 24 h and offered
90 g of reconstituted whole wheat/kg of BW (actual
consumption not reported). Jugular blood pH averaged
7.42 before feeding and decreased to 7.22 at 48 h. Kreh-
biel et al. (1995a) used a blood gas/pH analyzer and
reported blood pH at 12 h of 7.44, 7.39, 7.34, and 7.29
for wethers intraruminally dosed with 0, 6, 12, and 18
g of glucose/kg of BW, respectively.

A treatment × time interaction (P = .04) occurred for
serum D(–)- and L(+)-lactate. Glucose infusion did not
affect L(+)-lactate concentration at 0 or 12 h (Figure 1).
At 3, 6, and 9 h, L(+)-lactate increased linearly (P <
.10) with increasing glucose infusion. Generally, L(+)-
lactate for each treatment was greatest at 0 h, de-
creased at 3 h, and gradually increased thereafter, but
it did not exceed 0-h concentrations. Serum D(–)-lactate
was not altered by glucose infusion through 3 h (Figure

Figure 1. Effect of ruminal glucose infusion on serum
L(+)-lactate (upper graph) and D(–)-lactate (lower graph)
concentration. For both lactate isomers, the treatment ×
time interaction was significant (P < .04). There were four
observations per data point, and the SEM across time was
.26 and .14 for L(+)- and D(–)-lactate, respectively. Serum
L(+)-lactate concentrations did not differ (P > .10) at 0
and 12 h. At 3, 6, and 9 h, serum L(+)-lactate concentration
increased linearly (P < .08) with increasing glucose infu-
sion. Serum D(–)-lactate concentration did not differ
through 3 h. Serum D(–)-lactate increased linearly (P <
.01) at 6 and 9 h. At 12 h, serum D(–)-lactate increased
quadratically (P < .06) with increasing glucose infusion.

1), but it increased linearly at 6 and 9 h (P < .10) and
quadratically at 12 h (P < .06).

Cao et al. (1987) reported that plasma total lactate
concentration was increased from 1.78 to 2.72 mM at
12 h by dosing mature goats with 16 g of sucrose/kg of
BW. Patra et al. (1993) indicated that whole blood total
lactate concentration increased from 1.29 to 4.26 mM
by 12 h after consumption of whole wheat. Krehbiel et
al. (1995a) reported that plasma L(+)-lactate was not
influenced in wethers adapted to a 50% concentrate
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diet and ruminally dosed with up to 18 g of glucose/kg
of BW; plasma L(+)-lactate was approximately .6 mM
before the glucose challenge and peaked at approxi-
mately 1 mM by 4 to 8 h. Present trends within time
for D(–)-lactate are in agreement with those of Krehbiel
et al. (1995a). In their study, plasma D(–)-lactate in-
creased linearly at 4, 8, and 12 h, whereas D(–)-lactate
concentrations across time for lambs infused with 0 or
6 g/kg of BW were less than .25 mM. Lambs given 12
g of glucose/kg of BW had approximately .4, 1.2, and
3.0 mM D(–)-lactate at 4, 8, and 12 h, respectively. In
contrast, D(–)-lactate of ewes given 10 g/kg of BW in
the present experiment peaked at 6 h and maintained
this plateau through 12 h (Figure 1).

Dry Matter Intake. No interaction for DMI was ob-
served (P = .39) between glucose infusion level and time.
Average DMI 5 d after glucose infusion decreased lin-
early (P < .05) with increasing glucose infusion (1.39,
1.34, and .72 ± .20 kg/d, respectively). A numerical trend
(P > .10) for increasing daily DMI variation (.10, .25,
and .36 kg2, respectively) was noted with increasing
glucose infusion. Stock et al. (1995) defined daily DMI
variation as the variation in daily DMI residuals for
each day among animals within the same treatment.
Earlier work by Fulton et al. (1979) indicated that sub-
acute acidosis was characterized by decreased and er-
ratic DMI by individually fed steers. Decreased DMI
followed by a decrease in gain and gain efficiency of
pen-fed finishing cattle has been attributed to subacute
acidosis (Stock et al., 1990). Krehbiel et al. (1995b) re-
ported that replacing dry-rolled corn with 35, 86.5, or
94.5% wet corn gluten feed in starter diets fed to steers
decreased daily DMI variation and, thereby, the inci-
dence of subacute acidosis during adaptation (24 d) to
a finishing diet.

Urinary pH and Nitrogen Composition. Urinary pH
of ewes responded similarly across time regardless of
treatment (treatment × time, P = .80) and was not in-
fluenced (P = .34) by glucose infusion (6.96, 7.60, and
7.15 ± .30). Patra et al. (1993) observed a decrease in
urinary pH from 7.95 to 6.84 by 12 h after administering
90 g of wheat/kg of BW, with the nadir in urinary pH
at 48 h (6.05). Cao et al. (1987) reported that urinary
pH was unchanged through 12 h (7.7, 7.9, 8.1, and 7.1
± .8 at 0, 4, 8, and 12 h, respectively) in female goats
given 16 g of sucrose/kg of BW, and reaching a nadir
of 5.5 at 24 h. Urinary pH at 0 h in the present experi-
ment was 7.92, 7.89, and 7.73 for animals given 0, 5,
and 10 g of glucose/kg of BW, respectively. The lack
of a decrease in urinary pH with increasing glucose
infusion in the present experiment may have resulted
from one control animal responding atypically. The uri-
nary pH of this ewe reached a low point similar to that
of animals given 10 g of glucose/kg of BW (pH 5.34).
One possible explanation for this atypical response may
be overconsumption of feed during the 30-min access
period on the morning of the glucose challenge before
individual DMI monitoring had begun.

Figure 2. Effect of ruminal glucose infusion on urinary
urea nitrogen concentration. The treatment × time interac-
tion was significant (P < .001). Across time, the SEM =
164, with four observations per data point. Urinary urea
nitrogen concentration increased quadratically (P < .05)
at 3 h, linearly (P < .04) at 4, 5, and 6 h, and quadratically
(P < .05) at 7 h. At 11 and 12 h, urinary urea nitrogen
concentration decreased linearly (P < .04) with increasing
glucose infusion.

Urinary NH4
+ responded similarly across time (P =

.21) and was not influenced (P = .17) by infusing 0, 5,
or 10 g of glucose/kg of BW (12.3, 9.1, and 22.5 ± 4.8
mEq/L, respectively). There was a general trend for
UUN to peak later and subsequently decrease with in-
creasing glucose infusion (Figure 2), as evidenced by a
treatment × time interaction (P < .05). At 3 h, UUN
increased quadratically (P < .05) such that control ani-
mals had lower UUN than those given 5 or 10 g of
glucose/kg of BW. Increasing UUN in response to in-
creasing glucose infusion became linear (P = .04) at 4,
5, and 6 h. At 7 h, UUN increased quadratically (P <
.05), and ewes given 0 or 5 g of glucose/kg of BW had
a lower concentration than those given 10 g/kg of BW.
At 11 and 12 h, increasing glucose infusion resulted in
a linear decrease (P = .04) in UUN.

Alterations in urinary N composition during acute
or subacute metabolic acidosis seem to depend on the
compound used for induction and(or) resulting type of
metabolic acidosis. Subacute hyperchloremic acidosis
from supplementing HCl or NH4Cl has resulted in in-
creased renal extraction of glutamine by rats (Wel-
bourne et al., 1986) and sheep (Heitmann and Bergman,
1978) and increased urinary NH4

+ excretion in rats
(Parry and Brosnan, 1978; Welbourne et al., 1986; Boon
et al., 1996) and dairy cows (Wang and Beede, 1992).
Inducing subacute acidosis in rats by feeding HCl has
markedly decreased urea excretion, whereas feeding
NH4Cl has only slightly decreased urea excretion (Wel-
bourne et al., 1986; Boon et al., 1996). Hepatic ureagen-
esis in rats seems to be decreased regardless of the
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compound used for induction of acidosis, and evidence
suggests that this is a result of inhibited amino acid
transport primary to the ornithine cycle (Boon et al.,
1996). Renal ureagenesis presumably accounts for the
increase in urea excretion with NH4Cl- vs HCl-induced
acidosis (Boon et al., 1996).

Little is known of the effect of organic acid load on
urinary N composition. Telle and Preston (1971) in-
duced acute acidosis in ewes by dosing with lactate
(.225% of BW) 3 h after feeding a high-concentrate diet.
Urinary NH4

+ increased from approximately 8 mEq/L
before infusion to 66 mEq/L by 10 h after infusion,
whereas UUN was approximately 643, 500, 661, 714,
821, and 786 mM at 0, 2, 4, 6, 8, and 10 h, respectively.
Lemieux et al. (1986) reported that acute lactic acidosis
in dogs (arterial pH 7.09) increased urinary NH4

+ excre-
tion from 6 to 16 mEq/min during a 1-h infusion of
lactate.

Serum Metabolites. Hematocrit was not measured in
the present experiment. Therefore, the extent to which
concentrations of serum constituents were influenced
by decreased blood volume is uncertain. Cao et al.
(1987) reported packed cell volumes of 29, 27, 26, and
29 ± 5% at 0, 4, 8, and 12 h, respectively, after dosing
goats with 16 g of sucrose/kg of BW. Similarly, Krehbiel
et al. (1995a) observed that ruminal glucose infusion
at 0, 6, 12, or 18 g/kg of BW did not influence packed
cell volume. Notwithstanding, our interest was that
potential markers reflect or include possible changes
in sampling compartment volume resulting from an
organic acid insult.

Serum metabolites that responded to glucose infusion
level with a treatment × time interaction (P < .10) in-
cluded glucose, urea N, creatinine, Na, Cl, K, P, anion
gap, lactate dehydrogenase (LDH), glutamate-oxaloac-
etate transaminase (GOT) or aspartate transaminase,
and glutamate-pyruvate transaminase (GPT) or ala-
nine transaminase. Therefore, data for these constit-
uents were analyzed within times after infusion.

Serum glucose increased linearly (P = .06) at 3 (79,
100, and 195 ± 22 mg/dL) and 6 h (79, 87, and 115 ±
12 mg/dL) and was numerically lower for the 10g/kg of
BW treatment at 9 h (80, 90, and 68 ± 9 mg/dL). Serum
urea N was unchanged (P = .26) with increasing glucose
infusion. Creatinine concentration was not different
through 6 h but increased linearly (P = .003) with glu-
cose infusion level at 9 h (.93, .95, and 1.13 ± .04 mg/
dL). At 12 h, ewes given 0 and 5 g of glucose/kg of
BW had lower creatinine (1.03 and .98 ± .06 mg/dL,
respectively) than those given 10 g/kg of BW (1.35 ±
.06 mg/dL), resulting in a quadratic (P = .02) response.
Cao et al. (1987) reported that plasma urea N concentra-
tion of sucrose-loaded goats decreased from 7.3 to 4.2
mM by 24 h, whereas plasma creatinine was unchanged
(70 and 68 ± 10 µM at 0 and 24 h, respectively).

Serum Na (mEq/L) increased linearly (P = .005) at 3
and 9 h with increasing glucose infusion (Table 2). Se-
rum Cl increased linearly (P < .05) at 3 h then decreased
quadratically (P = .09) at 12 h such that animals treated
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with 10 g of glucose/kg of BW had lower Cl than those
in the remaining treatments. Serum K decreased qua-
dratically (P = .04) at 3 and 9 h and linearly (P < .05)
with increasing glucose level at 6 and 12 h. Serum P
increased linearly (P = .02) at 3 and 9 h and quadrati-
cally (P = .06) at 12 h. Anion gap increased quadratically
(P = .09) at 3 through 12 h with increasing glucose in-
fusion.

Patra et al. (1993) reported that serum Na increased
from 141 mEq/L before offering feed-deprived ewes 90
g of wheat/kg of BW to 153 mEq/L at 12 h, whereas Cl
was unchanged over time (103 and 106 mEq/L at 0 and
12 h, respectively). Irwin et al. (1979) induced acute
acidosis in sheep by glucose infusion (dose not reported)
and indicated that plasma Na increased slightly (5
mEq/L) by 14 h. Cao et al. (1987) observed plasma Na
of 141, 151, 152, and 148 ± 3.5 mEq/L at 0, 4, 8, 12,
and 24 h, respectively. Plasma Cl increased numerically
after dosing (105, 108, 110, and 111 ± 4 mEq/L at 0, 4,
8, and 12 h, respectively). Serum K has generally been
shown to decrease, whereas serum P is generally in-
creased (Oster et al., 1978; Perez et al., 1980; Patra et
al., 1993). Cao et al. (1987) reported that plasma K and
P were unchanged by sucrose dosing.

Our serum Na, K, and P results generally agree with
previous observations. Serum Na seems to be increased,
whereas plasma K seems to be either unchanged or
decreased in response to systemic lactic acidosis. How-
ever, a prompt rise (by 3 h) in plasma K concentration
occurs with mineral acid-induced acute metabolic acido-
sis in dogs and sheep (Oster et al., 1978; Wood and Isa,
1991, respectively), presumably resulting from a shift
of K from the intracellular to the extracellular compart-
ment (Oster et al., 1978). In contrast, increased plasma
P concentration seems reflective of lactic acidosis,
whereas P concentrations are either unchanged or de-
creased by mineral acid acidosis (Oster et al., 1978).
Hyperphosphatemia associated with lactic acidosis may
arise from degradation of intracellular organic phos-
phate compounds followed by an extracellular flux of
inorganic phosphate (Oster et al., 1978) and(or) mobili-
zation of skeletal stores through bone resorption (Bus-
hinsky, 1989).

Anion gap is calculated as the difference between the
sum of Na and K and the sum of Cl and bicarbonate
(Carlson, 1997). Moreover, an increasing anion gap is
indicative of metabolic acidosis caused by organic acids
(Carlson, 1997). Present results indicate that the anion
gap was greater for ewes given 5 or 10 g of glucose/kg
of BW than for control ewes at 3 h (quadratic, P =
.06). The quadratic trend continued at 6, 9, and 12 h;
however, ewes given 0 or 5 g/kg of BW had a smaller
anion gap than those given 10 g/kg of BW at these
times. The general trend of serum D(–)-lactate (Figure
1) seemed consistent with that of the anion gap.

Serum GOT and GPT were not affected (P > .10)
by increasing ruminal glucose infusion (Table 2). In
contrast, LDH increased quadratically (P < .10) at 3
through 12 h. The trend was consistent at 3, 6, 9, and

12 h, in that animals given 10 g of glucose/kg of BW
had higher LDH than those infused with 0 or 5 g/kg of
BW. It should be noted that one control animal exhib-
ited enzyme activities comparable to those of ewes given
10 g of glucose/kg of BW, which is reflected by the large
standard errors for LDH and GOT. Omitting data from
this animal decreased observed means of control ani-
mals for GOT (160, 156, 160, 158, and 157 U/L), GPT
(14, 12, 14, 13, and 16 U/L), and LDH (584, 585, 607,
600, and 598 U/L) at 0, 3, 6, 9, and 12 h, respectively.
Because urine pH and serum insulin were unchanged
over time for this animal, we suspect that this ewe had
experienced a recent episode of metabolic acidosis or
some other condition that could increase these enzymes
some time before the glucose challenge.

Present GOT results generally agree with those of
Cao et al. (1987), who reported that plasma GOT was
31, 34, 35, and 31 ± 18 U/L at 0, 4, 8, and 12 h in
sucrose-loaded goats. Actual values in the present ex-
periment were approximately fivefold higher, which
may be explained partly by the dramatically different
diets (lucerne chaff vs 90% concentrate) fed before dos-
ing (Mullen, 1973). Lal et al. (1991) reported that serum
GOT increased from 35 to 56 ± 4 U/L by 12 h in goats
deprived of feed for 24 h and ruminally dosed with 100
g of whole wheat/kg of BW. Lal et al. (1991) further
indicated that LDH increased from 139 to 383 ± 32 U/
L by 12 h. Increased concentration of serum GOT is
considered a more specific indicator of hepatic damage
than GPT, whereas muscle, liver, and red blood cells
are the major sources of LDH (Turk and Casteel, 1997).
Present results suggest muscle as the origin of LDH,
because GOT, GPT, and total bilirubin (see below) were
not affected (P > .10) by glucose infusion.

Concentrations of triacylglyceride, cholesterol, total
bilirubin, and alkaline phosphatase were not altered
(P > .10) by glucose infusion (data not shown). Serum
Ca, albumin, globulin, and total protein responded simi-
larly among treatments across time (P > .10). Serum
Ca increased linearly (P = .09; 4.9, 4.9, and 5.2 ± .1 mEq/
L) over 12 h with increasing glucose infusion. Irwin et
al. (1979) reported that plasma Ca increased by 14 h,
whereas Huntington and Britton (1979) found in-
creased serum Ca of cattle 30 h after being abruptly
switched from a high-forage to a high-concentrate diet.
In contrast, Patra et al. (1993) reported decreased se-
rum Ca in wheat-challenged sheep. In our study, albu-
min (4.0, 4.0, and 4.4 ± .1 g/dL) and total protein (6.8,
6.9, and 7.5 ± .2 g/dL) increased linearly (P = .08),
whereas globulin (2.9, 2.7, and 3.1 ± .1 g/dL) responded
quadratically (P = .06) as a result of the glucose chal-
lenge. Cao et al. (1987) indicated that total plasma pro-
tein was not altered by sucrose dosing of goats.

Serum Hormone Profiles. Serum prolactin (29.6, 28.2,
and 29.0 ± 8.1 ng/mL) was not influenced (P > .10) by
an increasing glucose infusion. Serum insulin concen-
tration (Figure 3) increased linearly at 3 h (P < .01) and
peaked at 5 h (quadratic, P < .01). Area under the insu-
lin curve over the 12-h period increased quadratically
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Figure 3. Effect of ruminal glucose infusion on serum
insulin concentration. The treatment × time interaction
was significant (P < .01). Across time, the SEM = 1.5, with
four observations per data point. Area under the curve
(14, 24, and 101 ± 6 units for 0, 5, and 10 g of glucose/
kg of BW, respectively) increased quadratically (P < .002).

(P < .01) with increasing glucose infusion (14, 24, and
101 ± 6 units, respectively). Serum aldosterone did not
differ with glucose infusion through 5 h. After 5 h, aldo-
sterone generally increased quadratically (P = .09) with
increasing glucose infusion (Figure 4), in agreement
with our observed hypernatremia and hypokalemia
with increasing glucose infusion. Serum aldosterone of
one control ewe increased in a manner similar to that

Figure 4. Effect of ruminal glucose infusion on serum
aldosterone concentration. The treatment × time interac-
tion was significant (P < .01). Across time, the SEM = 45,
with four observations per data point. Area under the
curve (885, 504, and 1,258 ± 260 units for 0, 5, and 10 g
of glucose/kg of BW, respectively) increased quadrati-
cally (P < .08).

in ewes given 10 g of glucose/kg of BW. As mentioned
previously, this same animal exhibited a decrease in
urine pH similar to that of animals infused with 10 g
of glucose/kg of BW.

Regardless of the type of acidosis, earlier studies have
shown that metabolic acidosis is generally accompanied
by increased plasma aldosterone concentration in dogs
(Perez et al., 1980), humans (Perez et al., 1977), rats
(Scandling and Ornt, 1987), and sheep (Cudd and Wood,
1994). The primary stimuli for aldosterone synthesis
in adrenal glomerulosa cells are angiotensin II, ACTH,
K, and Na (Funder, 1993). The physiological response
of mammals is a decrease in urinary Na excretion and
increased urinary K and H+ excretion with inverse
changes in plasma concentrations (Sharp and Leaf,
1966). As mentioned previously, mineral acids, but not
lactate, seem to stimulate an extracellular shift of K.
Moreover, NH4Cl and NH4

+ may increase aldosterone
secretion independently (Muller, 1965; Blair-West et
al., 1968).

Eiam-Ong et al. (1994) induced respiratory acidosis
in rats subjected to hypercapnia. Following 6 h of expo-
sure, blood pH decreased from 7.4 to 7.18 and plasma
aldosterone concentration of acidotic rats was greater
than that of controls (9.7 vs 3.3 pg/mL). Hypercapnia
for 30 min in goats did not increase aldosterone concen-
tration (Augustisson and Forslid, 1989). Hyperchlore-
mic metabolic acidosis in goats induced by duodenal
NH4Cl infusion for 30 min increased plasma aldoste-
rone from 80 to 270 pmol/L by the end of infusion,
followed by a decrease, whereas blood pH decreased
from 7.41 to 7.37 by 1.5 h after infusion (Augustisson
and Forslid, 1989). Andersson et al. (1986) offered hay
for 30 min to goats that had been deprived of feed for
12 h. Blood pH decreased from 7.38 to 7.32 by 30 min
after feeding, whereas the mild acid load increased
plasma aldosterone from 130 to 240 ± 25 pmol/L.

We speculated that circulating vasopressin concen-
trations might be increased in the present experiment
as a result of potential blood osmolality changes (Rob-
ertson, 1987) and(or) potential tissue hypoxia (Rose et
al., 1984). However, serum vasopressin concentrations
did not differ (P = .29) across time and were not influ-
enced (P = .53) by increasing glucose infusion (39.6,
29.6, and 30.8 ± 7.8 pg/mL). Increasing glucose infusion
resulted in a linear decrease (P = .08) in serum GH (1.8,
1.7, and 1.3 ± .2 ng/mL). This response may have been
associated with the quadratic increase in insulin con-
centrations that we observed, which also has been noted
by others (Bassett, 1974; Hornick et al., 1998).

Implications

Marked changes in serum metabolite, endocrine, and
urine profiles accompany induction of metabolic acido-
sis in concentrate-adapted, mature ewes. Serum D(–)-
lactate, lactate dehydrogenase, creatinine, Na, K, and
P seem to exhibit the most utility as potential markers
of metabolic acidosis under the conditions of the present
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experiment, whereas urinary pH and NH4
+ may be of

limited use. Endocrine responses to glucose-induced
metabolic acidosis seem to involve changes in aldoste-
rone and insulin, but not vasopressin or prolactin. Fur-
ther research is needed to determine the behavior of
these potential markers in animals fed high-concen-
trate diets differing in rates of fermentation and to
explore possible relationships with animal per-
formance.
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