The Impact of a Monensin Controlled-Release Capsule
on Subclinical Ketosis in the Transition Dairy Cow

ABSTRACT

An experiment was designed to examine subclini-
cal ketosis in periparturient dairy cows and the an-
tiketogenic effects of monensin. Subclinical ketosis
was induced through a 10% feed restriction and was
guantitatively determined using a blood §-
hydroxybutyrate (BHBA) threshold of 1200 pmol/L.
Monensin decreased the BHBA concentration by 35%
and increased the glucose concentration by 15%. No
effect of monensin on milk production was detected,
but rumen fermentation was altered. Monensin
decreased the acetate to propionate ratio, decreased
the butyrate concentration, and increased pH. The
lower concentration of BHBA in blood and higher
concentration of blood glucose in cows treated with a
monensin controlled-release capsule decreased sub-
clinical ketosis in early lactation cows.
(Key words: lactating dairy cows,
controlled-release capsule, subclinical
hydroxybutyrate)

monensin
ketosis, @3-

Abbreviation key: CRC = controlled-release cap-
sule.

INTRODUCTION

A negative energy balance in early lactation predis-
poses the dairy cow to metabolic imbalances and dis-
eases such as fatty liver and ketosis. Ketosis is a
disease related to the high metabolic priority of the
mammary gland for glucose and the inability of the
cow to meet the glucose demand through appetite
(4). As a consequence, adipose tissue is mobilized,
and free fatty acids are oxidized in the liver, which
results in ketone body production. Overproduction
and accumulation of ketone bodies is toxic (8); sym-
ptoms include a decline in BW and milk production,
loss of appetite, hypoglycemia, hyperketonemia,
elevated NEFA, fat deposition in the liver, and loss of
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liver glycogen (4). Although symptoms of subclinical
ketosis are not detectable, it is potentially serious
because it usually remains undetected, untreated,
and could progress to a clinical condition (4). Sub-
clinical ketosis has also been associated with a loss of
milk production of 1.0 to 1.4 kg/d (11). This loss in
production is economically significant to the dairy
producer, particularly because the incidence level in
Ontario herds has been estimated at 12% (11).

Monensin, a carboxylic ionophore, has been used
extensively in the beef cattle industry to combat bloat
and coccidiosis as well as improve feed efficiency and
growth rate (17). The primary action of monensin is
to alter the rumen fermentation pattern (i.e.,
decrease rumen ammonia, acetate, and butyrate
production and enhance the production of the
gluconeogenic precursor propionate) (38). Therefore,
the potential effects of monensin on glucose produc-
tion are of great importance to early lactation dairy
cows in a negative energy balance and at risk for
ketosis.

In previous experiments, monensin in the diets of
lactating dairy cows was found to decrease the inci-
dence of subclinical and clinical ketosis (33, 37) and
to decrease blood BHBA concentrations (1, 37). In
other experiments with lactating dairy cows, the ef-
fects of monensin on reproductive performance, milk
production (1, 20), digestion of nutrients, and rumen
changes (19) have also been examined.

The hypothesis for this experiment was that the
monensin controlled-release capsule (CRC) would
decrease the occurrence of subclinical ketosis in early
lactation dairy cows.

MATERIALS AND METHODS

Animal Utilization and Management

A total of 41 multiparous Holstein cows, ranging
from 3 to 7 yr of age, and 11 primiparous Holstein
cows were used and housed at the Elora Dairy
Research Station (Elora, ON, Canada). The cows
were fed a 50:50 (wt/wt) combined ration of a dry
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cow total mixed diet and an early lactation total
mixed diet (balanced for 40 kg of milk/d and 3.9%
fat) (Table 1). After parturition, cows were fed the
early lactation diet only (Table 2). Cows were fed
twice daily at 0500 and 1300 h; orts were measured

TABLE 1. Ingredient and chemical composition of the combined
TMR fed to prepartum cows on a DM basis.

Composition

(% of

dietary DM)
Ingredient
Mixed dry hay 11.93
Haylage 1 7.73
Haylage 2 15.09
Corn silage 23.80
High moisture corn 24.46
Dry corn distillers 2.29
Dehydrated alfalfa pellet 2.29
Soybean meal pellet 3.26
1:1 (wt/wt) Gluten and 48% soybean

meal pellet 6.59

Limestone 0.60
Bicarbonate 0.38
Lactating cow premix! 0.92
Dry cow premix2 0.33
NaCl 0.33
Chemical
DM, % 46.86

(% of DM)
CP (N x 6.25) 14.38
Soluble protein 6.99
Soluble protein,3 % of CP 48.57
Undegradable insoluble protein,4

bypass estimate as a % of CP 25.72

ADF 30.33
NDF 44.48
Ca 0.83
P 0.46
K 1.69
Mg 0.26
Na 0.39
Zn, ppm 190.68
Mn, ppm 117.20
Cu, ppm 41.59
Fat 2.58
NE,,5> Mcal/kg 1.50
CaP 1.83:1

1Contained 11% Ca, 15% P, 12.5% Mg, 2.0% S, 2% K, 1200 mg/
kg of FI, 100 mg/kg of I, 1500 mg/kg of Cu, 3300 mg/kg of Mn, 5000
mg/kg of Zn, 36 mg/kg of Co, 22 mg/kg of Se, 550,000 IU/kg of
vitamin A, 220,000 1U/kg of vitamin D, and 3100 1U/kg of vitamin E
(Floradale Feed Mill Ltd., Floradale, ON, Canada).

2Contained 15% Ca, 12% P, 6.0% Mg, 2.0% S, 1000 ng/kg of FI,
100 mg/kg of I, 2200 mg/kg of Cu, 5000 mg/kg of Mn, 7500 mg/kg of
Zn, 40 mg/kg of Co, 40 mg/kg of Se, 675,000 1U/kg of vitamin A,
225,000 1U/kg of vitamin D, and 7200 1U/kg of vitamin E (Flora-
dale Feed Mill Ltd., Floradale, ON, Canada).

3Percentage of soluble protein/percentage of CP x 100.

4100 — percentage of soluble protein/percentage of CP/2.

SEstimated using equations and values according to the NRC
(27).
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once daily to calculate feed intake. Cows were milked
twice daily at 0500 and 1630 h.

Experimental Procedures

All experimental cows were randomly assigned to
one of two treatments: a monensin CRC (Rumensin
CRCUY; Provel Division, Eli Lilly Canada Inc., Guelph,
ON, Canada) or a placebo CRC (Provel Division, Eli
Lilly Canada Inc., Guelph, ON, Canada). The monen-
sin CRC contained 32 g of monensin sodium blended
into a hexaglycerol distearate matrix core. A capsule
delivers (X + SD) 335 + 33 mg/d of monensin for
approximately 100 d. The placebo CRC was identical
to the monensin CRC but contained no monensin
sodium in the core. The CRC was administered 3 wk
prior to the expected calving date (Figure 1). Follow-
ing calving, cows were allowed to eat for ad libitum
intake for 2 wk. For the next 3 wk of lactation, all
cows were restricted to 90% of their ad libitum intake
to induce subclinical ketosis. This restriction was de-
termined in a previous experiment (18) in which 85%
of the experimental cows were induced to show sub-
clinical ketosis with up to 10% feed restriction. Ad
libitum intake was calculated using the mean feed
intake during the 2nd wk of lactation. Commencing at
wk 6 of lactation, all cows were returned to ad libitum
intake and completed the experimental period at the
end of wk 6. Subclinical ketosis was diagnosed based
on the BHBA concentration in blood serum. The
threshold concentration was 1200 pmol/L (11, 28).

Feed Sample Collection
and Analysis

Samples of the combined prepartum diet (Table 1)
and the early lactation diet (Table 2) were collected
twice weekly and frozen at —20°C until composition
analysis. Samples of the TMR were composited by
experimental week and analyzed using wet chemistry
at the Agri-Food Laboratory (Guelph, ON, Canada).
Feed samples were analyzed for DM, CP (2), soluble
protein (32), ADF (2, 42), NDF (16), crude fat (3),
and minerals (Ca, P, K, Mg, Na, Zn, Mn, and Cu)
(2).

Blood Collection
and Analysis

Blood samples were obtained by coccygeal
venipuncture at the time the CRC was administered
and twice weekly for the entire experimental period.
All blood samples were taken in the morning, approx-
imately 3 h postfeeding. Blood serum was immedi-
ately sent for analysis to the Department of Patho-
biology, Ontario Veterinary College (Guelph, ON,
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Canada). A BHBA reagent (Sigma Diagnostics, St.
Louis, MO) and Dart glucose reagent (Coulter Elec-
tronics Corp., Hialeah, FL) were used to determine
serum concentrations of the respective analysates
with the Coulter Dacos biochemistry analyzer
(Coulter Electronics Corp.).

Milk Collection
and Analysis

Milk samples were collected once weekly and were
sent immediately for composition analysis to the On-

TABLE 2. Ingredient and chemical composition of the TMR fed to
lactating cows on a DM basis.

Composition
(% of
dietary DM)
Ingredient
Mixed dry hay 3.53
Haylage 2 21.84
Corn silage 21.40
High moisture corn 31.22
Dry corn distillers 3.45
Dehydrated alfalfa pellet 3.41
1:1 (wt/wt) Gluten and 48% soybean
meal pellet 8.38
Soybean meal 3.61
Limestone 0.96
Bicarbonate 0.52
Lactating cow premix? 1.32
NaCl 0.36
Chemical
DM, % 51.93
(% of DM)
CP (N x 6.25) 17.03
Soluble protein 6.51
Soluble protein,2 % of CP 38.25
Undegradable insoluble protein,3 30.88
bypass estimate as a % of CP
ADF 20.93
NDF 33.14
Ca 0.96
P 0.56
K 1.32
Mg 0.31
Na 0.48
Zn, ppm 145.87
Mn, ppm 80.11
Cu, ppm 29.90
Fat 3.61
NE, ,* Mcal/kg 1.64
CaP 1.72:1

1Contained 11% Ca, 15% P, 12.5% Mg, 2.0% S, 2% K, 1200 mg/
kg of Fe, 100 mg/kg of I, 1500 mg/kg of Cu, 3300 mg/kg of Mn, 5000
mg/kg of Zn, 36 mg/kg of Co, 22 mg/kg of Se, 550,000 IU/kg of
vitamin A, 220,000 1U/kg of vitamin D, and 3100 1U/kg of vitamin E
(Floradale Feed Mill Ltd., Floradale, ON, Canada).

2Percentage of soluble protein/CP x 100.
3100 — percentage of soluble protein/percentage of CP/2.

4Estimated using equations and values according to the NRC
(27).
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Figure 1. Schematic of the experimental protocol used to induce
subclinical ketosis and examine the antiketogenic effects of the
monensin controlled-release capsule.

tario Ministry of Agriculture, Food and Rural Affairs,
Central Milk Testing Laboratory (Guelph, ON, Cana-
da). Concentrations of fat, protein, and lactose were
determined by near infrared analysis with the Foss
System 4000 (Foss Electric, Hillergd, Denmark).

BW and Body Condition Score

Body weight and body condition score were
recorded at the time of CRC administration and once
weekly for the duration of the experimental period.
Body condition score was evaluated by three indepen-
dent observers using a five-point scale with quarter-
point intervals (14).

Rumen Fluid Collection
and Analysis

Rumen fluid was collected once weekly at 3 to 4 h
after the morning feeding. Samples were taken prior
to CRC administration, 10 d after CRC administra-
tion, and during wk 1, 2, 3, 4, and 6 of lactation. A
vacuum pump and stomach tube were used to collect
approximately 200 ml of rumen fluid. A 45-ml sub-
sample was filtered, and the pH of the filtrate was
immediately measured using a Fisher Accumet pH
meter (model 610; Fisher Scientific, Fairlawn, NJ)
calibrated with a buffer solution (pH 7.0; Fisher
Scientific).

The concentration of ammonia nitrogen in the ru-
men fluid was determined using the indophenol-blue
colorimetric method according to Novozamsky et al.
(29).

The volatile fatty acid concentrations were deter-
mined on a Varian GC3400 using an 8000 autosam-
pler and a Varian 654 data system (Varian Canada,
Mississauga, ON, Canada). A fused silica capillary
column was used (15 m x 0.53 mm i.d.; Nukol; Su-
pelco Canada Ltd., Mississauga, ON, Canada). The
injection and ionization temperatures were 200°C,
and the carrier gas was helium. The iso-initial
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column temperature was 45°C, and the initial hold
time was 4 min. The final temperature was 85°C,
which was reached by gradually increasing the tem-
perature at a rate of 5°C/min with a hold time of 10
min.

Statistical Analysis

Data were tested by repeated measures analysis of
variance for the polynomial contrasts across time and
the mean across time according to the following
statistical model:

Yit = p + Ti + Aj + (T x A)jj + BXijjk + €ijii

where
Yijki = mean or contrast of response variable,
u = true mean,
T; = fixed effect of treatment (i = 1, 2),
Aj = fixed effect of age (j = 0, 1),
(T x A)jj = effect of interaction of treatment and
age,
BXijk = covariate (k =1,2,3,4,5,6,...,12),
and
€ijkl = experimental error.

The covariate was the initial measurement taken
prior to administration of treatment for the blood,
volatile fatty acids, pH, ammonia, BW, and body con-
dition score response variables.

Milk production and composition, DMI, and energy
balance data were tested by repeated measures analy-
sis of variance for the polynomial contrasts across
time and the mean across time according to the fol-
lowing statistical model:

Yijki = p + Tj + Aj + (T x A)jj + ¢jjul

where
Yijki = mean of response variable,
w = true mean,
T; = fixed effect of treatment (i = 1, 2),
Aj = fixed effect of age (j = 0, 1),
(T x A)jj = effect of interaction of treatment and
age, and
€ijkl = experimental error.

The 2-wk prepartum period and the 6-wk postpar-
tum period were analyzed separately. Based on
residual plots, log and square root data transforma-
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tions were performed on milk and blood variables
prior to analysis to improve data homogenicity of
variance. Least squares means were calculated for the
treatment and age effects in the model for all
response variables. Least squares means were plotted
to explain significant treatment effects, and effects of
the interaction of treatment and age were detected for
the polynomial contrasts over time. Except for pH
measurements, rumen fluid data were available from
only 9 cows treated with a monensin CRC and 6 cows
treated with a placebo CRC. In each of these treat-
ment groups, 2 primiparous cows were included. Sig-
nificant effects were declared at P < 0.05. All statisti-
cal models were solved using the general linear
models procedure of SAS (36).

RESULTS

Milk Production
and Milk Components

The least squares means for daily milk production
and milk composition data for the postpartum ex-
perimental period are presented in Table 3, and no
treatment effects were found (P > 0.05). The least
squares mean milk production averaged 23 + 2 kg/d
for the primiparous cows and 32 + 1 kg/d for the
multiparous cows during the 6 wk of lactation (Table
3).

DMI, Net Energy Balance,
BW, and Body Condition Score

The least squares means of daily DMI, net energy
balance, BW, and body condition score during the
prepartum period and the postpartum period are
given in Tables 4 and 5, respectively. All of these
parameters were unaffected by treatment (P > 0.05).

Rumen pH, Volatile Fatty Acids,
and Ammonia Nitrogen

The least squares means for pH, volatile fatty
acids, and ammonia concentrations for the postpar-
tum period are given in Table 6. Rumen pH for the
postpartum period was higher (P < 0.05) for cows
treated with monensin. A treatment effect was found
for the butyrate concentration; the concentration was
lower (P < 0.05) for the cows treated with monensin.
The rumen concentrations of acetate and propionate
were not different (P > 0.05) for cows treated with
monensin or with the placebo. The acetate to propio-
nate ratio tended (P < 0.06) to be higher for cows
treated with a placebo.
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TABLE 3. Least squares means and treatment effects for milk production and milk components during
the first 6 wk of lactation in primiparous and multiparous Holstein cows that received a monensin
controlled-release capsule or a placebo controlled-release capsule at 3 wk prepartum.

Primiparous Multiparous Effect
Monensin Placebo Monensin Placebo Treatment
Variable (n=7) (n=4) (n =22) (n =19) SE Age (A) (T) TxA
Milk, kg/d 23.53 23.13 33.27 32.55 5.24  0.0001 0.76 0.93
Fat,! % 2.06 2.01 2.10 2.18 0.19 0.12 0.79 0.29
Protein,2 % 1.07 1.05 1.07 1.09 0.06 0.33 0.97 0.41
Lactose,l % 2.18 2.16 2.15 2.13 0.05 0.05 0.33 0.89

1Data were log-transformed.
2Data were transformed by square root.

Serum Biochemistry

The least squares mean serum BHBA concentra-
tion during the 2-wk prepartum period was not differ-
ent between cows on each treatment, although cows
treated with monensin tended (P < 0.06) to have a
lower concentration than did cows treated with the
placebo (Table 7). The least squares mean serum
BHBA concentration during the 6-wk postpartum
period was lower (P < 0.01) in cows treated with
monensin (Table 8). The changes in the mean serum
BHBA concentration by week postpartum are shown
in Figure 2. During wk 1, 2, and 6, the mean serum
BHBA concentration was <1200 pmol/L for cows
treated with monensin; these weeks corresponded to
the weeks during which cows were fed for ad libitum
intake. The cows treated with a placebo had a serum
BHBA concentration that exceeded 1200 umol/L
throughout the postpartum period and peaked at
2700 umol/L at the end of the restriction period
(Figure 2). The maximum BHBA concentration ob-
served in cows treated with monensin was 1800 pmol/
L, which occurred during the final week of the restric-
tion period (Figure 2).

No effect of treatment on the least squares mean
serum glucose concentration was detected during the
prepartum period. A decrease in serum glucose con-
centration occurred for cows on both treatments sub-
sequent to parturition, and the least squares mean
during the 6-wk postpartum period was higher (P <
0.001) for cows treated with monensin (Table 8).
Changes in the mean serum glucose concentration by
week postpartum are shown in Figure 3. The decline
in glucose concentration was more severe in cows
treated with the placebo and reached a low of 2.4
mmol/L during wk 4 of lactation; for cows treated
with monensin, glucose concentration decreased to a
low of 2.9 mmol/L (Figure 3). During wk 5 and 6, the
glucose concentration increased for cows on both
treatments. However, only the cows treated with
monensin had glucose concentrations that exceeded
3.0 mmol/L after cows returned to ad libitum con-
sumption during the last week of the experiment
(Figure 3).

The least squares mean serum urea concentration
during the 2-wk prepartum period was higher (P <
0.05) in cows treated with monensin (Table 7). No

TABLE 4. Least squares means and treatment effects for DMI, net energy balance, BW, and body condition score (BCS) during the
2-wk prepartum period in primiparous and multiparous Holstein cows that received a monensin controlled-release capsule or a placebo

controlled-release capsule at 3 wk prepartum.

Primiparous Multiparous Effect
Monensin Placebo Monensin Placebo Treatment

Variable (n=7) (n =4) (n =22) (n =19) SE Cov? Age (A) (T) TxA
DMI, kg/d 8.59 7.13 11.43 11.05 1.61 0.0001 0.14 0.39
Net energy -1.92 -3.95 2.35 1.92 2.74 0.0001 0.25 0.45
balance,2 Mcal/d

BW, kg 747.29 738.47 764.90 762.75 21.31 0.0001 0.05 0.47 0.68
BCS3 3.61 3.70 3.57 3.62 0.15 0.0001 0.41 0.23 0.68

1Covariate; the initial measurement prior to bolus administration.

2Estimated using equations from the NRC (27).

3Measurements were scored on a five-point scale with quarter-point intervals where 1 = thin to 5 = fat (14).
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TABLE 5. Least squares means and treatment effects for DMI, net energy balance, BW, and body condition score (BCS) during the
6-wk postpartum period in primiparous and multiparous Holstein cows that received a monensin controlled-release capsule or a placebo

controlled-release capsule at 3 wk prepartum.

Primiparous Multiparous Effect
Monensin Placebo Monensin Placebo Treatment

Variable (n=7) (n=4) (n =22) (n =19) SE Covl Age (A) (T) TxA
DMI, kg/d 11.73 10.49 14.49 14.52 2.79 0.001 0.54 0.52
Net energy -9.14 -10.43 -12.61 -13.01 341 0.02 0.48 0.71
balance,2 Mcal/d

BW, kg 615.75 607.75 648.82 627.23 32.62 0.0001 0.10 0.20 0.56
BCS3 2.97 3.03 2.90 2.81 0.21 0.0001 0.13 0.82 0.36

1Covariate; initial measurement prior to bolus administration.
2Estimated using equations from the NRC (27).

3Measurements were scored on a five-point scale with quarter-point intervals where 1 = thin to 5 = fat (14).

effect of treatment was detected on the mean serum
urea concentration during the 6-wk postpartum
period, but the monensin treatment tended (P <0.08)
to have a higher concentration (Table 8).

DISCUSSION

The effects of the monensin CRC on milk produc-
tion and milk components have not been studied ex-
tensively in dairy cows. In the current experiment,
monensin had no effect on milk production, milk pro-
tein, or milk fat, which is in agreement with the
results of other experiments (1, 20, 24, 37).

The lack of response in milk production in the
current experiment might have been caused by the
imposed period of feed restriction. During the experi-
ment, milk production was maintained between 30
and 35 kg/d at a time when production usually in-
creases. The decrease in DMI that was imposed over 3
wk was not severe enough to cause the dramatic

decline in milk production that was found in cows
during severe energy deficit (22). However, milk
production was probably impaired (4). Experiments
using feed restriction to induce ketosis (12, 15, 20)
have shown decreases in milk production of 7 to 10
kg/d. Those studies indicated that high milk produc-
tion cannot be maintained over long periods by
mobilization of tissue reserves (22).

The shift in rumen fermentation and volatile fatty
acid pattern as a result of monensin has been well
documented in the literature. Studies with steers
(31), dairy cattle (37), and sheep (30) consistently
demonstrated increases in the concentration of pro-
pionate but not always a significant decrease in ace-
tate and butyrate concentrations. In contrast, the
current study found the monensin treatment had no
effect on propionate (P = 0.63) and acetate (P = 0.21)
concentrations but decreased butyrate concentration
(P < 0.05).

TABLE 6. Least squares means and treatment effects for rumen pH, volatile fatty acids, and ammonia nitrogen during the
6-wk postpartum period in primiparous and multiparous Holstein cows that received either a monensin controlled-release capsule or a

placebo controlled-release capsule at 3 wk prepartum.

Primiparous Multiparous Effect
Monensin Placebo Monensin Placebo Treatment

Variable (n=7) (n=4) (n =22) (n =19) SE Covl Age (A) (T) TxA
pH 6.85 6.50 6.66 6.61 0.24 0.006 0.67 0.03 0.11
Volatile fatty acids, mM

Total 73.39 81.97 68.85 74.23 11.90 0.01 0.44 0.36 0.84
Acetate (A) 45.96 54.54 41.81 46.33 8.02 0.02 0.24 0.21 0.69
Propionate (P) 15.85 14.29 15.45 15.00 3.27 0.01 0.95 0.64 0.80
Butyrate 7.69 10.61 7.96 8.74 1.39 0.01 0.40 0.05 0.26
Other? 3.79 2.70 3.61 4.13 0.66 0.05 0.30 0.60 0.20
AP 3.05 3.75 2.95 3.32 0.41 0.07 0.39 0.06 0.55
Ammonia nitrogen, mg/dl 56.30 77.39 42.44 68.39 18.05 0.61 0.32 0.12 0.85

1Covariate; initial measurement prior to bolus administration.

2Sum of isobutyrate, isovalerate, and valerate volatile fatty acids.
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TABLE 7. Least squares means and treatment effects of selected serum component concentrations during the 2-wk prepartum period in
primiparous and multiparous Holstein cows receiving a monensin controlled-release capsule or a placebo controlled-release capsule at 3

wk prepartum.

Primiparous Multiparous Effect
Monensin Placebo Monensin Placebo Treatment
Variable (n=7) (n=4) (n =22) (n =19) SE Covl Age (A) (T) TxA
BHBA,2 pmol/L 6.56 6.68 6.76 6.93 0.22 0.77 0.003 0.06 0.76
Glucose,3 mmol/L 1.94 1.87 1.82 1.88 0.08 0.0001 0.11 0.94 0.03
Urea,2 mmol/L 1.46 1.24 1.46 1.41 0.19 0.0001 0.20 0.05 0.19

1Covariate; initial measurement prior to bolus administration.
2Data were log-transformed.
3Data were transformed by the square root.

The significantly higher pH observed for cows
treated with monensin has been observed elsewhere
under both in vitro (10) and in vivo conditions (26).
Monensin inhibits lactate-producing bacteria, which
proliferate in abundant starch conditions. Also, lac-
tate users are resistant to monensin (34). The
production of lactate is then decreased, and rumen pH
increases (34, 38). Therefore, monensin could be
beneficial in the reduction of lactic acidosis in dairy
cows that are fed high concentrate diets in early
lactation.

Another characteristic of monensin is the potential
to decrease rumen ammonia concentration and pro-
tein degradation, indicating a protein sparing effect
as dietary protein escapes rumen digestion (7, 38).
Monensin decreases rumen ammonia concentration
because Gram-positive bacteria that are sensitive to
monensin have a higher specific activity for ammonia
production than do Gram-negative bacteria that are
resistant to monensin. (35). Experiments with sheep
(30) and dairy cows (19) have observed lower rumen
ammonia concentrations (63 and 53%, respectively)
when monensin was administered than when a con-
trol treatment was administered. A similar trend (P >

0.12) appeared in the current experiment; a 32%
decrease in rumen ammonia was observed for cows
treated with monensin. However, the limited number
of cows decreased the power of the analysis, and the
result was not statistically significant.

The significantly lower BHBA concentration and
higher glucose concentration in the monensin cows
could have resulted from the contributions of several
metabolic pathways or actions of monensin (1).
These actions include a decrease in butyrate concen-
tration, an increase in propionate concentration, a
glucogenic effect that was independent of rumen fer-
mentation, and a decrease in the circulation of free
fatty acids.

A decrease in the rumen butyrate concentration,
facilitated by monensin, resulted in a sequential
decrease in BHBA entry into the blood. Because
butyrate was lower (P < 0.05) in cows treated with
monensin, this pathway could have contributed to the
changes observed in the blood metabolites. Up to 75%
of rumen butyrate is converted to BHBA by the ru-
men epithelium as it is absorbed across the rumen
wall (5). In fed, lactating cows, butyrate could poten-
tially contribute up to 50% of total ketone body
production as opposed to 0% of the output during feed

TABLE 8. Least squares means and treatment effects of selected serum component concentrations during the 6-wk postpartum period in
primiparous and multiparous Holstein cows receiving a monensin controlled-release capsule or placebo controlled-release capsule at 3 wk

prepartum.
Primiparous Multiparous Effect
Monensin Placebo Monensin Placebo Treatment
Variable (n=7) (n=4) (n =22) (n =19) SE Covl Age (A) (T) TxA
BHBA,2 pmol/L 6.68 6.99 7.02 7.45 0.40 0.16 0.01 0.01 0.65
Glucose,3 mmol/L 1.86 1.71 1.72 1.60 0.11 0.25 0.003 0.001 0.71
Urea,2 mmol/L 1.50 1.36 1.53 1.39 0.22 0.003 0.71 0.08 0.97

1Covariate; initial measurement prior to bolus administration.
2Data were log-transformed.
3Data were transformed by the square root.
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Figure 2. Mean (+*SEM) serum BHBA concentration by week
prepartum and postpartum for Holstein cows receiving a monensin
controlled-release capsule (shaded bar; n = 29) or a placebo
controlled-release capsule (solid bar; n = 23) at 3 wk prepartum.
The threshold level used to determine subclinical ketosis was 1200
wmol/L.

deprivation, fasting, or when free fatty acids are the
primary source of ketone body output (25).

The most common theory behind the action of
monensin is the increase in rumen propionate and its
subsequent role in the regulation of gluconeogenesis
(43). The percentage of glucose that originates from
propionate increases as more propionate is absorbed
from the rumen (43). Lomax and Baird (25) calcu-
lated that propionate contributed 46% to the output of
glucose by the liver in lactating cows in the fed state.
However, Van Maanen et al. (43) found that the
increase in glucose irreversible loss accounted for only
20% of the increase in propionate production. There-
fore, the remaining 80% was thought to be oxidized to
carbon dioxide or contributed carbon to the synthesis
of other compounds. This alternative use of propio-
nate would spare lactate and amino acids that are
normally oxidized for processes that require energy
and potentially contribute 25% to hepatic glucose out-
put (25, 43).

Monensin may also provide a glucogenic effect that
is independent of rumen fermentation to improve glu-
cose production and decrease the BHBA concentra-
tions (1). Haimoud et al. (19) found the intestinal
digestion of undegraded rumen starch was higher
when monensin was administered and found a higher
concentration of glucose (3.6 vs. 3.1 mM for control
animals). Therefore, the shift in site of starch diges-
tion would allow more carbon to be absorbed as glu-
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cose and not as volatile fatty acids, a more efficient
use of potential energy by the cow (9).

A decrease in free fatty acids that circulate in the
blood is an indirect action of monensin and results
from an increase in the glucose concentration and
subsequently insulin concentration (1). During sub-
clinical ketosis, Schwalm et al. (39) found that
BHBA was positively correlated (0.86), and glucose
was hegatively correlated (-0.92), with NEFA (P <
0.01). Therefore, as BHBA decreases, fewer fatty
acids are metabolized in the liver. The transition from
subclinical to normal in the study by Schwalm et al.
(39) was marked by an increase in glucose and
triglycerides, but ketones, acetate, and NEFA were
decreased. Free fatty acid concentrations might be
assumed to be lower in the cows treated with monen-
sin because of the significant changes observed in
BHBA and glucose concentrations. However, with all
of the possible mechanisms and actions of monensin
considered, the changes in BHBA and glucose concen-
trations observed in this study center on an alteration
of the rumen fermentation pattern at fixed levels of
DMI.

In this experiment, the blood glucose concentration
was approximately 15% higher in cows treated with
monensin, which might have resulted from increased
amino acid passage and absorption in the small intes-
tine, particularly during the restriction period. In-
creased amino acid absorption in the small intestine
increases availability for gluconeogenesis, contribut-

4.0

M Placebo
Monensin

3.0

Glucose (mmol/L)

2.5

2.0 —

Week Postpartum

Figure 3. Mean (+SEM) serum glucose concentration by week
prepartum and postpartum for Holstein cows receiving a monensin
controlled-release capsule (shaded bar; n = 29) or a placebo
controlled-release capsule (solid bar; n = 23) at 3 wk prepartum.
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ing to the increase in urea, maintenance of glucose
homeostasis, and the decrease in the amount of
BHBA output. Blood urea N tended to be higher
during lactation for cows treated with monensin (P <
0.08) than for cows treated with a placebo, which
suggests that monensin increased the amount of
dietary protein that reached the small intestine. In
addition, Tyrrell et al. (41) found cows with a tissue
energy balance of —1.1 Mcal/d and a tissue N balance
of —21 g/d measured in open circuit respiration cham-
bers at 100 d into lactation. This result suggests that
the increase in urea may not only be from increased
amino acid absorption in the small intestine but also
from mobilization of muscle, the source of labile body
protein in lactating animals (6).

Monensin was effective in decreasing the concen-
tration of BHBA (Figure 2) and maintaining a higher
glucose concentration (Figure 3) immediately post-
partum throughout the restriction period and in the
final week of the experiment. Similar effects have
been found elsewhere under experimental and com-
mercial conditions (1, 13, 37). In contrast, work by
Stephenson et al. (40) suggested that monensin
decreased plasma glucose and BHBA concentrations
prior to calving in dairy cows, and no significant
effects were found after parturition. An experiment
using lasalocid, another ionophore, was not effective
in the alteration of either BHBA or glucose concentra-
tions using cows that were 16 d into lactation and
were fed a diet varying in corn grain particle size
(21). The lack of response might have been the
higher DMI (19 kg/d), which subsequently resulted
in an energy balance (-5 Mcal/d) that was not se-
verely negative. In the current experiment, energy
balance was between —10 and -15 Mcal/d in cows
treated with the placebo and the monensin CRC,
indicating the large energy deficit imposed by lacta-
tion. Inconsistencies with respect to the relationship
among energy balance, BHBA, and glucose could be
explained by diets that may differ in glucogenic ca-
pacity.

During the 3-wk restriction period, serum BHBA
was above the 1200-umol/L threshold for the cows
treated with monensin (Figure 2). Without a decline
in milk production, the restriction period was increas-
ingly severe and augmented the mobilization of body
tissues. The similar pattern of change observed in BW
and body condition score has been observed elsewhere
(23) in early lactating cows that were nonketotic,
ketonemic, and clinically ketotic. The decrease ob-
served in BW and body condition score during lacta-
tion indicates that body tissues were a source of
energy and nutrients for cows on both treatments.
However, these two parameters are not as sensitive
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as are blood metabolites in the demonstration of
changes at the subclinical level.

The 1200-pmol/L threshold used in this experiment
was very conservative, and the cows treated with
monensin were subclinically ketotic only during the
restriction period (Figure 2). Cows treated with the
placebo were subclinically ketotic throughout the
postpartum period (Figure 2). In agreement, Sauer
et al. (37) found that monensin decreased the num-
ber of cows that experienced subclinical ketosis. In a
commercial setting, monensin has also been beneficial
in decreasing the effects of subclinical ketosis (13,
33). The effect of monensin on the decrease in the
occurrence of subclinical ketosis is, therefore, not
limited to the controlled experimental conditions of
one herd.

CONCLUSIONS

The ability of monensin to alter rumen fermenta-
tion pattern may benefit the high producing dairy cow
that is prone to subclinical ketosis immediately post-
partum. Monensin had no effect on milk production or
milk composition. The rumen fermentation pattern
was altered by monensin, as was evidenced by an
increase in rumen pH and a decrease in butyrate
concentration and the acetate to propionate ratio.
Furthermore, the observed increase in serum urea in
cows treated with monensin supports the protein
sparing effect of monensin within the rumen and may
suggest an increase in peripheral tissue protein
degradation. This increase may also be because of an
increase in amino acid utilization for gluconeogenesis.
The biggest impact of monensin was a significantly
lower blood BHBA concentration and a higher blood
glucose concentration. The alteration of concentra-
tions of these blood metabolites allowed for a decrease
in the prevalence of subclinical ketosis. Results indi-
cated that monensin may be a convenient manage-
ment tool for the dairy producer. Monensin main-
tained energy related blood metabolites, reduced the
occurrence of subclinical ketosis, and improved rumen
health in the early lactation dairy cow.

ACKNOWLEDGMENTS

The authors acknowledge the technical assistance
of Margaret Quinton and Cheryl Campbell, the Elora
Dairy Research Station staff for their assistance and
management of cows; the Department of Pathobiol-
ogy, Ontario Veterinary College, for blood analysis;
the Agri-Food Laboratory for feed analysis; and the
Ontario Ministry of Agriculture, Food and Rural Af-
fairs, Central Milk Testing Facility for milk analysis.

Journal of Dairy Science Vol. 82, No. 2, 1999



342

REFERENCES

1 Abe, N, I. J. Lean, A. Rabiee, J. Porter, and C. Graham. 1994.
Effects of sodium monensin on reproductive performance of
dairy cattle. 11. Effects on metabolites in plasma, resumption of
ovarian cyclicity and oestrus in lactating cows. Aust. Vet. J. 71:
277-282.

2 Association of Official Analytical Chemists. 1984. Official
Methods of Analysis. Vol. I. 14th ed. AOAC, Arlington, VA.

3 Association of Official Analytical Chemists. 1990. Official
Methods of Analysis. Vol. I. 15th ed. AOAC, Arlington, VA.

4 Baird, G. D. 1982. Primary ketosis in the high-producing dairy
cow: clinical and subclinical disorders, treatment, prevention,
and outlook. J. Dairy Sci. 65:1-10.

5 Baird, G. D., M. A. Lomax, H. W. Symonds, and S. R. Shaw.
1980. Net hepatic and splanchnic metabolism of lactate, pyru-
vate and propionate in dairy cows in vivo in relation to lactation
and nutrient supply. Biochem. J. 186:47-57.

6 Baracos, V. E., J. Brun-Bellut, and M. Marie. 1991. Tissue
protein synthesis in lactating and dry goats. Br. J. Nutr. 66:
451-465.

7 Bergen, W. G., and D. B. Bates. 1984. lonophores: their effect
on production efficiency and mode of action. J. Anim. Sci. 58:
1465-1482.

8 Bergman, E. N. 1971. Hyperketonemia-ketogenesis and ketone
body metabolism. J. Dairy Sci. 54:936-948.

9 Blaxter, K. 1989. Energy Metabolism in Animals and Man.
Cambridge Univ. Press, Cambridge, England.

10 Dennis, S. M., T. G. Nagaraja, and E. E. Bartley. 1981. Effects
of lasalocid or monensin on lactate-producing or -using rumen
bacteria. J. Anim. Sci. 52:418-426.

11 Dohoo, I. R., and S. W. Martin. 1984. Subclinical ketosis: preva-
lence and associations with production and disease. Can. J.
Comp. Med. 48:1-5.

12 Drackley, J. K., M. J. Richard, D. C. Beitz, and J. W. Young.
1992. Metabolic changes in dairy cows with ketonemia in
response to feed restriction and dietary 1,3-butanediol. J. Dairy
Sci. 75:1622-1634.

13 Duffield, T. F., D. Sandals, K. L. Leslie, K. Lissemore,
B. McBride, J. H. Lumsden, R. Bagg, and P. Dick. 1996. Ef-
ficacy of monensin for the prevention of subclinical ketosis in
lactating dairy cows. J. Dairy Sci. 81:2866-2873.

14 Edmonson, A. J., I. J. Lean, L. D. Weaver, T. Farver, and
G. Webster. 1989. A body condition scoring chart for Holstein
dairy cows. J. Dairy Sci. 72:68-78.

15 Fisher, L. J., J. D. Erfle, and F. D. Sauer. 1971. Inducement of
ketotic symptoms in lactating cows by reducing their plane of
nutrition. Can. J. Anim. Sci. 51:153-160.

16 Goering, H. K., and P. J. Van Soest. 1970. Forage Fiber An-
alyses (Apparatus, Reagents, Procedures, and Some Applica-
tions). Agric. Handbook No. 379. ARS-USDA, Washington, DC.

17 Goodrich, R. D., J. F. Garrett, D. R. Gast, M. A. Kirick, D. A.
Larson, and J. C. Meiske. 1984. Influence of monensin on the
performance of cattle. J. Anim. Sci. 8:1484-1498.

18 Green, B. L. 1997. Effects of the monensin controlled release
capsule on ruminal parameters and the occurrence of subclini-
cal ketosis in transition dairy cows. M.S. Thesis, Univ. Guelph,
Guelph, ON, Canada.

19 Haimoud, D. A., M. Vernay, C. Bayourthe, and R. Moncoulon.
1995. Avoparcin and monensin effects on the digestion of
nutrients in dairy cows fed a mixed diet. Can. J. Anim. Sci. 75:
379-385.

20 Hayes, D. P., D. U. Pfeiffer, and N. B. Williamson. 1996. Effect
of intraruminal monensin capsules on reproductive perfor-
mance and milk production of dairy cows fed pasture. J. Dairy
Sci. 79:1000-1008.

21 Knowlton, K. F., M. S. Allen, and P. S. Erickson. 1996.
Lasalocid and particle size of corn grain for dairy cows in early
lactation. 1. Effect on performance, serum metabolites, and
nutrient digestibility. J. Dairy Sci. 79:557-564.

22 Kunz, P. L., J. W. Blum, I. C. Hart, H. Bickel, and J. Landis.
1985. Effects of different energy intakes before and after calv-

Journal of Dairy Science Vol. 82, No. 2, 1999

GREEN

ET AL.

ing on food intake, performance and blood hormones and
metabolites in dairy cows. Anim. Prod. 40:219-231.

23 Lean, I. J., M. L. Bruss, H. F. Troutt, J. C. Galland, T. B.
Farver, J. Rostami, C. A. Holmberg, and L. D. Weaver. 1994.
Bovine ketosis and somatotropin: risk factors for ketosis and
effects of ketosis on health and production. Res. Vet. Sci. 7:
200-2009.

24 Lean, I. J., M. Curtis, R. Dyson, and B. Lowe. 1994. Effects of
sodium monensin on reproductive performance of dairy cattle.
|. Effects on conception rates, calving-to-conception intervals,
calving-to-heat and milk production in dairy cows. Aust. Vet. J.
71:273-277.

25 Lomax, M. A,, and G. D. Baird. 1983. Blood flow and nutrient
exchange across the liver and gut of the dairy cow. Br. J. Nutr.
49:481-496.

26 Nagaraja, T. G., T. B. Avery, E. E. Bartley, S. K. Roof, and A. D.
Dayton. 1985. Effect of lasalocid, monensin or thiopeptin on
lactic acidosis in cattle. J. Anim. Sci. 4:649-658.

27 National Research Council. 1989. Nutrient Requirements of
Dairy Cattle. 6th rev. ed. Natl. Acad. Sci., Washington, DC.

28 Nielen, M., M.G.A. Aarts, A.G.M. Jonkers, T. Wensing, and
Y. H. Schukken. 1994. Evaluation of two cowside tests for the
detection of subclinical ketosis in dairy cows. Can. Vet. J. 35:
229-232.

29 Novozamsky, I., R. van Eck, J. C. van Schouwenburg, and
I. Walinga. 1974. Total nitrogen determination in plant
material by means of the indophenol-blue method. Neth. J.
Agric. Sci. 22:3-5.

30 Poos, M. I., T. L. Hanson, and T. J. Klopfenstein. 1979. Monen-
sin effects on diet digestibility, ruminal protein bypass and
microbial protein synthesis. J. Anim. Sci. 8:1516-1524.

31 Richardson, L. F., A. P. Raun, E. L. Potter, C. O. Cooley, and
R. P. Rathmacher. 1976. Effect of monensin on rumen fermen-
tation in vitro and in vivo. J. Anim. Sci. 3:657-664.

32 Roe, M. B., C. J. Sniffen, and L. E. Chase. 1990. Techniques for
measuring protein fractions in feedstuffs. Page 81 in Proc.
Cornell Nutr. Conf. Feed Manuf., Rochester, NY. Cornell Univ.,
Ithaca, NY.

33 Rogers, P.A.M., and M. J. Hope-Cawdrey. 1980. Monensin,
ketosis and nitrate toxicity in cows. Vet. Rec. 106:311-313.
34 Russell, J. B., and H. J. Strobel. 1989. Minireview: effect of
ionophores on ruminal fermentation. Appl. Environ. Microbiol.

55:1-6.

35 Russell, J. B., H. J. Strobel, and G. Chen. 1988. Enrichment and
isolation of a ruminal bacterium with a very high specific
activity of ammonia production. Appl. Environ. Microbiol. 54:
872-877.

36 SASU User's Guide, Version 6, 4th ed. 1989. SAS Inst., Inc.,
Cary, NC.

37 Sauer, F. D., J.K.G. Kramer, and W. J. Cantwell. 1989. An-
tiketogenic effects of monensin in early lactation. J. Dairy Sci.
72:436-442.

38 Schelling, G. T. 1984. Monensin mode of action in the rumen. J.
Anim. Sci. 58:1518-1527.

39 Schwalm, J. W., R. Waterman, G. E. Shook, and L. H. Schultz.
1972. Blood metabolite interrelationships and changes in mam-
mary gland metabolism during subclinical ketosis. J. Dairy Sci.
55:58-64.

40 Stephenson, K. A, I. J. Lean, M. L. Hyde, M. A. Curtis, J. K.
Garvin, and L. B. Lowe. 1997. Effects of monensin on the
metabolism of periparturient dairy cows. J. Dairy Sci. 82:
830-837.

41 Tyrrell, H. F., A.C.G. Brown, P. J. Reynolds, G. L. Haaland,
D. E. Bauman, C. J. Peel, and W. D. Steinhour. 1988. Effect of
bovine somatotropin on metabolism of lactating dairy cows:
energy and nitrogen utilization as determined by respiration
calorimetry. J. Nutr. 118:1024-1030.

42 Undersander, D., D. R. Mertens, and N. Thiex. 1993. Forage
Analysis Procedures. Natl. Forage Testing Assoc., Omaha, NE.

43 Van Maanen, R. W., J. H. Herbein, A. D. McGilliard, and J. W.
Young. 1978. Effects of monensin on in vivo rumen propionate
production and blood glucose Kinetics in cattle. J. Nutr. 108:
1002-1007.



