J. Dairy Sci. 95:5946-5960
http://dx.doi.org/10.3168/jds.2012-5458
© American Dairy Science Association®, 2012.

Effects of glucogenic and ketogenic feeding strategies on splanchnic
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ABSTRACT

Nine periparturient Holstein cows catheterized in ma-
jor splanchnic vessels were used in a complete random-
ized design with repeated measurements to investigate
effects of glucogenic and ketogenic feeding strategies on
splanchnic metabolism of glucose and amino acids. At
parturition, cows were assigned to 1 of 3 feeding strate-
gies: a glucogenic diet (GLCG) based on sodium hy-
droxide treated wheat grain (56.5% of diet dry matter);
a ketogenic diet (KETO) based on fodder beets (40.5%
of diet dry matter); or an alfalfa-glucogenic strategy
(ALF-GLCG) supplying 100% alfalfa (Medicago sativa
L.) haylage at the day of parturition, followed by a 6-d
linear shift to the GLCG diet. Samples were obtained
14 d before expected parturition as well as at 4, 15, and
29 d in milk (DIM). The net portal release of glucose
was greatest with GLCG, reflecting the higher intake of
ruminal escape starch with GLCG, as compared with a
lower starch intake with KETO. Postpartum, the portal
recovery of feed starch was greater (28 + 3%, mean +
SEM) with KETO as compared with GLCG (15 + 4%).
At 4 DIM, the net hepatic release of glucose was great-
est with KETO and least with ALF-GLCG, whereafter
it increased as lactation progressed with ALF-GLCG
and GLCG, but not with KETO. The high alfalfa hay-
lage allowance at 4 DIM with the ALF-GLCG treat-
ment induced the lowest net release of nutrients from
the splanchnic tissues at 4 DIM. The hepatic removal
of lactate as percent of total influx (mean + SEM)
increased from 27 + 3% prepartum to 56 + 3% at 4
DIM. The hepatic removal of lactate as percent of net
portal release increased from 144 4 10% prepartum to
329 £ 17% at 4 DIM with ALF-GLCG and KETO as
compared with 242 4+ 20% in GLCG. No clear evidence
for an amino acid sparing effect in splanchnic tissues
from increasing small intestinal glucose absorption was
observed. In conclusion, the glucogenic feeding strategy
induced the highest glucogenic status among the tested
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feeding strategies due to greater release of glucose
from splanchnic tissues. In contrast, the immediate
postpartum high allowance of alfalfa haylage provided
the lowest amount of nutrients from the splanchnic tis-
sues, inducing low glucogenic status, pointing to the
importance of allocating highly digestible diets to post-
partum transition cows. Salvaging glucogenic carbon
via interorgan transfer of lactate from peripheral tis-
sues supported the immediate postpartum incremental
increase in hepatic glucose release rather than hepatic
catabolism of amino acids.

Key words: periparturient dairy cow, glucose, amino
acid, gluconeogenesis

INTRODUCTION

The whole-body demand for glucose and AA in-
crease abruptly at parturition when mammary lactose
and protein synthesis increases from virtually none to
around 1 kg/d of each within few days after calving
(Bell, 1995; Drackley et al., 2001). The contemporary
increase in feed intake is not sufficient to meet the in-
creased demand for nutrients (Overton, 1998; Drackley
et al., 2001). Even though hepatic glucose release in-
creases rapidly after parturition (Reynolds et al., 2003;
Larsen and Kristensen, 2009b), periparturient cows
often suffer from hypoglycemic-hyperketonemic condi-
tions, with potentially negative implications for health,
production, and overall wellbeing of cows (Grummer,
1995).

Increasing the glucogenic status of periparturient cows
could be a way to obtain an endocrine status favoring
less mobilization; thus, feeding diets that increase small
intestinal glucose absorption could be safe and attrac-
tive strategies to obtain both increased direct exogenous
glucose supply and decreased fat mobilization. Larsen
and Kristensen (2009b) recently observed that glucose
infused into the abomasum was efficiently transferred
to peripheral tissues in postpartum transition cows,
leading to an overall increased glucogenic status and
decreased NEFA levels. However, it is unknown to what
extent these effects can be obtained with diets applica-
ble under field conditions. The efficacy of increasing the
peripheral tissue supply of glucose via small intestinal
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glucose absorption depends on the capacity for starch
hydrolysis, absorption capacity, and the metabolic re-
sponse of splanchnic tissues (Harmon et al., 2004). One
often-discussed metabolic response to increased glucose
absorption from the small intestine is the potential for
sparing AA from catabolism for energetic and gluco-
genic purposes in portal-drained visceral (PDV) and
hepatic tissues (Nocek and Tamminga, 1991; Freetly
et al., 2010). In postpartum transition cows, it has
further been hypothesized that the rapidly increasing
glucose demand postpartum is supported by increased
utilization of glucogenic AA for hepatic gluconeogenesis
(Overton, 1998; Drackley et al., 2001). This hypothesis
has, however, been questioned in recent investigations
using splanchnic catheterized periparturient dairy cows
(Reynolds et al., 2003; Larsen and Kristensen, 2009a),
which report that no AA, except Ala, appear to con-
tribute significantly to hepatic glucose release in the
early postpartum period.

The overall objective of the present study was to
investigate the effect of practical applicable glucogenic
and ketogenic feeding strategies on splanchnic nutrient
metabolism and metabolic adaptation in periparturient
dairy cows. We hypothesized that increased supply of
ruminal escape starch to postpartum transition dairy
cows would increase PDV and net splanchnic release of
glucose, but not affect PDV and net splanchnic release
of essential AA (EAA).

MATERIALS AND METHODS

The present experiment complied with Danish Min-
istry of Justice Law no. 382 (June 10, 1987), Act no.
726 (September 9, 1993), concerning experiments with
animals and care of experimental animals.

Animals and Experimental Design

Nine Danish Holstein cows entering their second
lactation were used in a complete randomized design
with repeated measurements. Cows were randomly as-
signed to 1 of 3 feeding strategies initiated at the day
of parturition: a glucogenic strategy (GLCG) based on
sodium hydroxide-treated wheat grain (56.5% of DM;
Table 1); a ketogenic diet (KETO) based on fodder
beets (40.5% of DM); or an alfalfa-glucogenic strategy
(ALF-GLCG) with allocation of 100% unchopped
alfalfa (Medicago sativa L.) haylage at the day of partu-
rition, followed by a 6-d linear shift to the GLCG diet.
Sodium hydroxide-treated wheat grain was prepared
in a mixer wagon by adding 30 kg of NaOH to 1,000
kg of wheat, mixed for 5 min before adding 103 kg of
water, mixed for 15 min before placing in a pile for
5 h, and spread on concrete to a depth of 20 cm for
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cooling. After cooling, the NaOH-treated wheat grain
was stored in dosing silos and a minimum of 4 d was
allowed between preparation and feeding. The chemi-
cal composition of alfalfa haylage was 69.6% DM, 92
g of ash/kg of DM, 158 g of CP/kg of DM, and 440 g
of NDF/kg of DM. Samplings were scheduled on 14 d
before expected parturition as well as on 4, 15, and 29
DIM. All cows received the same prepartum diet com-
posed to fulfill the Nordic recommendation for nutrient
allowances (Volden, 2011) at restricted intake of 10 kg
of DM/d. Postpartum, treatment diets were offered
ad libitum (10% orts). Diets were fed 3 times daily
at 0800, 1600, and 2400 h in equally sized meals and
orts were removed at 0730 h. Cows had permanent free
access to water and salt mineral blocks (Salto Kveeg;
Vitfoss A/S, Grasten, Denmark). Cows were milked 3
times daily at 0600, 1400, and 2200 h.

Cows were implanted with a ruminal cannula at dry-
off 9 wk before expected parturition. Two to 3 wk later,
permanent indwelling catheters were implanted in the
mesenteric artery, mesenteric vein, hepatic portal vein,
and hepatic vein (Kristensen et al., 2007) and in the
right ruminal vein (Kristensen et al., 2010). In case the
mesenteric artery catheter lost patency, a catheter was
implanted in an intercostal artery (Larsen and Kris-
tensen, 2009b). Cows were housed in tie-stalls bedded
with rubber mats and wood shavings, and were moved
to a straw-bedded pen for calving.

Experimental Samplings and Data Collection

Eight hourly sample sets of arterial, portal venous,
and hepatic venous blood were collected simultaneously
starting 30 min before feeding at 0800 h. Before blood
sampling, catheters were primed by drawing and dis-
carding a minimum of 2 times the catheter volume. Be-
fore collecting the main samples, whole blood samples
were collected for immediate blood gas and oximetry
measurements using heparinized 2-mL gas syringes
(PICO50; Radiometer A/S, Copenhagen, Denmark).
Samples were immediately placed on crushed ice. The
main arterial, portal, and hepatic blood samples were
drawn simultaneously using 20-mL disposable syringes
and the blood was immediately transferred to heparin
or KzEDTA vacuettes (no. 455051 and 455036, respec-
tively; Greiner Bio-One GmbH, Kremsminster, Aus-
tria). Vacuettes were placed on crushed ice immediately
after sampling. Plasma was harvested by centrifugation
at 3,000 x g for 20 min at 4°C. Blood plasma samples
were stored at —20°C until analysis. Blood plasma flow
was measured by downstream dilution of p-aminohip-
puric acid (pAH) continuously infused (30.0 + 0.4
mmol/h, mean + SE) into the mesenteric vein initiated
at least 60 min before first blood sampling using silicone
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Table 1. Diet compositions (g/kg of DM, unless otherwise noted)

Postpartum’

Item Prepartum GLCG KETO
Ingredient

Corn silage® 450

Grass-clover silage 200° 257.5" 257.5"

Barley straw 118

Wheat, ground 100

Wheat, NaOH treated 565 150

Fodder beets® 405

Soybean meal, 54% CP 100

SoyPass’ 91.5 91.5

Corn gluten, 68% CP 50 50

Urea 5.0

Molasses, sugar cane 10

Vegetable fat’ 7.5 10 1

Premixes 12° 11910 11%10

CaCO3 7.5 7.5

NaCl 2.5

NaHCO4 5.0

Mg3(POy)s3 5.0 5.0

Na,SO, 1.5 1.5

Cr,(IIT)O4 1.0 1.0
Nutrient

Ash 68 86 101

CP 155 181 187

Starch 180 369 107

Sugars 36 50 284

NDF 336 157 162

MP" 74 108 104

NE.," MJ/kg of DM 6.78 7.69 7.08

!GLCG = glucogenic diet; KETO = ketogenic diet.

*Chemical analysis: DM, 31.5%; ash 2.9% of DM; CP, 7.9% of DM;
NDF, 37.7% of DM; starch, 22.7% of DM; and in vitro digestible OM,
74.4% of DM.

3Chemical analysis: DM, 46.5%; ash 7.8% of DM; CP, 17.2% of DM;
NDF, 37.1% of DM; sugars, 7.2% of DM; and in vitro digestible OM,
74.3% of DM.

!Chemical analysis: DM, 39.7%; ash 4.7% of DM; CP, 16.3% of DM;
NDF, 32.2% of DM; sugars, 9.3% of DM; and in vitro digestible OM,
81.6% of DM.

Chemical analysis: DM, 16.0%; ash, 9.4% of DM; CP, 7.8% of DM;
sugars, 60.4% of DM; and NDF, 10.5% of DM.

’Rumen-protected soybean meal (Borregaard LignoTech, Sarpsborg,
Norway).

"Palm FA distillate (PFAD; Scanfedt A/S, Fredericia, Denmark).
®Dry premix (Gold d-alfa Bio org. Selen; Vitfoss, Grasten, Denmark)
containing (per kilogram): 20 g of Ca, 50 g of P, 140 g of Mg, 9 g of
Na, 6 g of S, 600 kIU of vitamin A, 190 kIU of vitamin D, 18,182 mg
of RRR-a-tocopherol, 4,000 mg of Mn, 1,500 mg of Cu, 25 mg of Co,
4,500 mg of Zn, 225 mg of I, 24 mg of organic Se, and 24 mg of Se.
“Lactation premix (VM 1; Vitfoss) containing (per kilogram): 145 g of
Ca, 5 g of P, 85 g of Mg, 100 g of Na, 40 g of S, 900 kIU of vitamin A,
190 kIU of vitamin D, 5,460 mg of a-tocopherol, 4,000 mg of Mn, 1,500
mg of Cu, 25 mg of Co, 4,500 mg of Zn, 225 mg of I, and 50 mg of Se.
Vitamin E premix (Suplex d-alfa E-50,000; Vitfoss) containing (per
kilogram): 20 g of Ca, 6 g of P, and 33,557 mg of RRR-a-tocopherol.
"Calculated from ingredient analysis using the nonadditive Nordic
Feed Evaluation System (Volden, 2011).

tubing (no. 39339, 1-mm i.d., 3-mm o.d.; Ole Dich In-
strumentmakers, Hvidovre, Denmark) and a peristaltic
pump (model 110-B; Ole Dich Instrumentmakers). The
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infusate was a 175 mM solution of pAH (4-aminohippu-
ric acid 99%; Acros, Geel, Belgium) adjusted to pH 7.4,
filtered (Filter Top PES membrane 0.22 pm; Techno
Plastic Products AG, Trasadingen, Switzerland), and
autoclaved.

Feed intake and milk yield were recorded daily.
Samples of prepartum and postpartum diets for DM
determination were obtained biweekly and daily, re-
spectively. The dried samples of the prepartum diet
were pooled within 2 consecutive weeks, whereas post-
partum diets were pooled within diet and 10 consecu-
tive days. Milk yield was recorded using continuous-
flow sampling (Tru-Test HI; Tru-Test Scandinavia,
Preestg, Denmark) and milk was sampled on sampling
days at each milking from the continuous-flow sample.
Feces were sampled in the morning and afternoon of
sampling day +15 and +29 DIM, pooled within cow
and sampling day, and stored at —20°C until analysis.
Cows were weighed before the afternoon feeding of each
sampling day.

Analytical Procedures

Hematocrit was determined immediately in arterial
samples by centrifugation in capillary tubes at 13,000
x g for 6 min at ambient temperature. Blood pH, blood
gasses, and oximetry variables were measured using an
ABL700 Blood Gas Analyzer (Radiometer A/S, Co-
penhagen, Denmark). Plasma pAH was deacetylated
before analysis (Harvey and Brothers, 1962) using a
continuous-flow analyzer (Autoanalyzer 3, method US-
216-72 Rev. 1; Seal Analytical Ltd., Burgess Hill, UK).
Before deacetylation of pAH, plasma was deproteinized
by combining with an equal volume of 20% trichloro-
acetic acid (wt/vol) and the supernatant incubated
at 100°C for 1 h. Plasma concentrations of urea were
determined (Marsh et al., 1965) using a continuous flow
analyzer (Autoanalyzer 3, method G-373-07 Rev. 1).
Urea concentration was determined in samples that
had not been heat treated or deproteinized.

Heparinized plasma samples were analyzed in du-
plicate for AA by GC-MS using the isotope dilution
method (Calder et al., 1999) in samples pooled within
cow and DIM. A working AA standard was prepared
from a commercial AA mixture (AAS18; Sigma-Aldrich
Denmark A/S, Brgndby, Denmark) with added Gln
(L-glutamine 99%, final concentration 400 pM; Acros,
Geel, Belgium). The internal standard was made from
a U-"C/U-"N cell free AA mixture (CNLM-6696-1;
Cambridge Isotope Laboratories Inc., Andover, MA).
Essential AA analyzed were His, Ile, Leu, Lys, Met,
Phe, Thr, Trp, and Val; and non-EAA analyzed were
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Ala, Asn, Asp, Cys, Gln, Glu, Gly, Pro, Ser, and Tyr.
The method was not validated for Arg.

Heparinized plasma samples were analyzed for glucose
and L-lactate using D-glucose oxidase and L-lactate oxi-
dase, respectively (YST 7100; YSI Inc., Yellow Springs,
OH), and for ammonia, glycerol, and BHBA using
enzymatic assays (AM1015, GY105, and Ranbut1008,
respectively; Randox Laboratories Ltd., Crumlin, UK)
adapted for use on a Cobas Mira autoanalyzer (Triolab
A/S, Brgndby, Denmark). Plasma content of NEFA
(EDTA stabilized) was determined using an enzymatic
assay (FA115; Randox Laboratories Ltd.) adapted for
use on a Cobas Mira autoanalyzer. Total protein were
determined using the biuret reaction end-point method
(ABX Pentra Total Protein CP; Horiba ABX, Montpel-
lier, France) adapted for use on a Cobas Mira autoana-
lyzer. Propionate was determined by GC-MS according
to Kristensen (2000). Plasma insulin was determined
by time-resolved fluoroimmunometric assay (Lgvendahl
and Purup, 2002). Glycerol, total protein, and insulin
concentrations were determined in heparinized plasma
samples pooled within cow and DIM.

Frozen pooled samples of grass-clover and corn si-
lages were analyzed using near infrared spectroscopy at
a commercial feed testing laboratory (Eurofins Steins
A/S, Holstebro, Denmark). Samples of alfalfa haylage,
fodder beets, mixed diets, and feces were analyzed for
DM, ash, CP, NDF, and Cr,O4 as previously described
(Larsen et al., 2009). Starch was determined using an
enzymatic method (Kristensen et al., 2007). The con-
tent of reducing sugars in mixed diets and beets were
determined by the reducing Cu(Il) titration method
(Schoorl, 1929). Milk samples were analyzed for fat,
protein, and lactose (monohydrate) using a MilkoScan
4000 (Eurofins Steins A/S).

Calculations and Statistical Procedures

The ammonia concentration in whole blood was set
equal to the plasma concentration, whereas the whole-
blood concentration of urea was obtained by correct-
ing for the urea dilution space in erythrocytes of 80%
(Rojen et al., 2011). Whole blood concentration of
propionate was obtained from plasma concentrations
by correcting for a 45% dilution space in erythrocytes
(Kristensen, 2000). The net PDV flux, net hepatic flux,
and net splanchnic flux of metabolites were calculated
as described previously (Kristensen et al., 2007). The
hepatic portal recovery of glucose equivalents from feed
starch was estimated by correcting the net PDV flux of
glucose for a 2.4% extraction rate of arterial glucose in
PDV (Larsen and Kristensen, 2009b). The ECM yield
was calculated taking lactose content into account
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(Sjaunja et al., 1991) using milk compositions corrected
for differences in milk volume among morning, after-
noon, and evening milking. The secretion of EAA in
milk protein was calculated using tabulated values for
content in milk (g/kg of protein): His, 27; Ile, 59; Leu,
98; Lys, 83; Met, 28; Phe, 49; Thr, 43; Trp, 15; and Val,
66 (Swaisgood, 1995). The apparent total-tract digest-
ibilities of DM, CP, starch, and NDF were calculated
for 15 and 29 DIM using Cr,0; as digestibility marker
and average nutrient intake of the 2 d preceding the
respective sampling days. Changes in BW at each DIM
were calculated relative to prepartum BW.

Data were subjected to ANOVA using the MIXED
procedure in SAS [SAS version 9.2 (TS1IMO0), SAS In-
stitute Inc., Cary, NC|. The model included the fixed
effect of treatment, DIM, sampling time relative to
feeding, and the possible interactions. Cow was con-
sidered as a random factor and time relative to feeding
within cow and sampling day as a repeated measure
using the autoregressive order 1 covariance structure.
For variables with 1 observation per sampling day, a
reduced model was used including treatment, DIM, and
the treatment x DIM interaction. Cow was considered
as a random factor and DIM within cow as a repeated
measure using the autoregressive order 1 covariance
structure. Arterial NEFA and glycerol concentrations
were log;, transformed to obtain normal distribution
of errors.

Data are presented as least squares means + stan-
dard error of the mean because of missing observations:
1 portal catheter was misplaced with GLCG (n = 2
for net portal and net hepatic fluxes), and 1 cow with
ALF-GLCG had severe ketosis at 7 DIM and left the
experiment (n = 2 at 15 and 29 DIM). The Fisher
protected least significant difference test was used to
separate treatment means within DIM. To test if treat-
ment affected changes from prepartum to 4 DIM, data
including the prepartum observations and the appropri-
ate model described above were used for computing the
Fisher least significant difference test. Significance was
declared at P < 0.05 and tendencies were considered at
0.05 < P < 0.10.

RESULTS

The average obtained sampling days (£SD) relative
to parturition were 12.4 + 1.5 d prepartum, and 4.0 +
0.0, 14.4 £+ 0.5, and 28.1 £ 0.5 d postpartum. One cow
with the ALF-GLCG treatment had severe ketosis at
7 DIM and was removed from the experiment (Table
2). Two incidences of metritis occurred in connection
with a twin birth and a uterine torsion. Apart from the
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Table 2. Description of cows and calves (=SE) and treated illnesses

Diet’

Item ALF-GLCG GLCG KETO
BW at dry off, kg 592 £ 22 584 £ 42 585 + 35
BCS at dry off’ 3.1+0.2 3.3+0.1 3.3+ 0.1
Birth BW of calves,” kg 47 1 38 +4 3945
Twin births, n 1* 0 0
Postpartum illness, n

Ketosis 1 0 0

Milk fever 0 0 0

Displaced abomasum 0 0 0

Calving problems 0 0 1°

Retained placenta 1 0 0

Metritis iy 0 1

Mastitis 2 0 1

Leg problems 0 1 0

'GLCG = glucogenic diet; ALF-GLCG = diet with 100% alfalfa hay-
lage on the day of parturition, followed by a 6-d gradual shift to the
GLCG diet; KETO = ketogenic diet.

*Scale from 1 to 5 (Ferguson et al., 1994).

*Summed BW of twins used for the twin pregnancy.

‘Twin calving; the cow subsequently retained placenta and metritis.
PUterine torsion; the cow subsequently had metritis.

ketosis incidence, the observed incidences were unprob-
lematic with no apparent effect on performance.

Feed Intake and Production Variables

Voluntary DMI was numerically lower (P = 0.18; Fig-
ure la) with ALF-GLCG from 1 to 7 DIM where alfalfa
haylage was fed compared with GLCG and KETO; at
+4 DIM sampling days, alfalfa haylage intake com-
prised 36 £ 5% (mean + SE) of total DMI. From 8 to
29 DIM, a tendency to interaction between treatment
and DIM (P = 0.10) was observed for voluntary DMI,
reflecting the DMI to increase with ALF-GLCG to a
similar level as observed for GLCG and KETO. The
apparent total-tract digestibility of starch was unaf-
fected by treatment (P = 0.68; Table 3), whereas the
total-tract digestibility of NDF was lower with KETO
as compared with the other treatments (P = 0.03).

Milk yield did not differ (P = 0.80; Figure 1b) among
treatments from 1 to 7 DIM, but was greater (P =
0.02) from 8 to 29 DIM with GLCG as compared with
KETO and ALF-GLCG. Milk fat content was greater
(P = 0.05; Table 3) with KETO as compared with the
other treatments. Milk lactose content was greater (P
< 0.01) with GLCG as compared with the other treat-
ments through 4 to 29 DIM. A tendency to interaction
(P = 0.06) was observed between treatment and DIM
for BW loss, reflecting that cows with GLCG had the
lowest BW loss from prepartum to 4 DIM, whereas
the BW loss from prepartum to 29 DIM did not differ
among treatments.
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Arterial Variables

Interactions were observed between treatment and
DIM for the arterial concentrations of glucose, NEFA,
glycerol, and BHBA (P < 0.01 to P = 0.04; Table 4),
reflecting a hyperketonemic-hypoglycemic condition
with ALF-GLCG at 4 DIM, and with KETO at 15 and
29 DIM.

The arterial concentration of Lys and Met were lower
(P < 0.01; Table 4) with KETO as compared with the
other treatments. Interactions were observed between
treatment and DIM for the arterial concentrations of
Ala and Gln (P < 0.01), reflecting the arterial glucose
concentrations. The arterial concentration of Gly was

Figure 1. Total DMI (a) and milk yield (b) in dairy cows fed a
glucogenic diet (O, GLCG); a ketogenic diet (A, KETO); or 100% al-
falfa haylage on the day of parturition, followed by a 6-d gradual shift
(period between dashed lines) to the GLCG diet (O, ALF-GLCG). All
treatments were initiated on the day of parturition. Each data point
is the mean of 3 observations + SE. Postpartum, DMI increased at
a numerically lower rate (P = 0.16) with ALF-GLCG compared with
the other treatments. Milk yield was greater with GLCG (P = 0.04)
compared with the other treatments.
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Table 3. Feed intake, apparent total-tract digestibility, milk production, milk composition, and cow vveights1

4 DIM 15 DIM 29 DIM P-value®
ALF- ALF- ALF- Trt x

Ttem Prepartum GLCG GLCG KETO GLCG GLCG KETO GLCG GLCG KETO SEM? Trt DIM DIM
Feed intake, kg/d

DMI 10.0 11.9 13.3 13.5 16.5 16.8 14.9 20.0 18.1 17.9 1.9 091  0.02 0.86

CP 1.56 2.05 2.41 2.49 2.99 3.03 2.62 3.61 3.27 3.17 0.30  0.87  0.02 0.74

Starch 1.79 28748 49150 1.41% 6.12° 6.19" 1.44" 7.37° 6.68" 1.75" 055 <0.01  0.01 0.08

Sugars 0.36 0.56™* 0.66"" 3.9750 0.86" 0.83" 473" 1.01° 0.90" 558" 019 <0.01 <0.01 <0.01

NDF 3.37 3.14 2.09 2.17 2.58 2.63 2.33 3.14 2.84 2.80 031 022 030 0.69
Apparent total-tract digestibility, %

DM 77.0 68.1 72.9 73.0 73.3 73.5 2.8 0.46  0.65 0.39

CP 64.6 59.4 54.0 63.5 59.6 60.2 2.5 0.08 043 0.50

Starch 96.2 7.7 90.9 93.4 96.1 92.2 2.8 0.68  0.18 0.14

NDF 65.2 62.1 46.8 61.3 58.4 49.7 5.3 0.03  0.83 0.85
Milk production

Milk, kg/d 26.3 31.6 30.0 30.3 425 35.0 42.7 46.2 37.1 3.0 0.23  <0.01 0.18

ECM, kg/d 29.8 33.9 36.2 31.5 42.5 37.1 41.0 41.3 36.6 3.8 0.61  0.08 0.13

Fat, g/d 1,321 1,381 1,615 1,376 1,771 1,581 1,685 1,602 1,541 177 083  0.15 0.06

Protein, g/d 1,027 1,191 1,231 1,011 1,344 1,206 1,340 1,315 1,172 144 0.69  0.54 0.32

Lactose, g/d 1,122 1,532 1,362 1,295 2,044 1,647 1,929 2,257 1,697 135 0.06 <0.01 0.23
Milk composition

Fat, g/kg 4.9 4.4° 5.4 4.2 4.2 4.6 3.7 3.5° 4.2" 0.2 0.05 <0.01 0.45

Protein, g/kg 3.8 3.8 4.1 3.2 3.2 3.5 3.2 2.9 3.2 0.2 0.56 <0.01 0.77

Lactose, g/kg 4.3" 4.8 4.5° 4.5 4.8" 4.7° 4.6" 4.9" 4.6" 01 <001  0.08 0.15
BW, kg 665 604* 617" 626" 530 576 612 530 552 587 27 0.65 <0.01 0.05
BW loss, kg 78" 15° 54 105 56 68 107 80 93 13 0.17  <0.01 0.06

ABSignify the Fisher least significant difference test for treatment to affect prepartum to 4 DIM changes(P < 0.05).

““Within a row and within DIM, LSM with different superscript lowercase letters are significantly different (P < 0.05).

"Treatments (Trt) were initiated at parturition and were a glucogenic diet (GLCG); a ketogenic diet (KETO); or a linear shift from 100% alfalfa haylage at 1 DIM to 100% GLCG

at 7 DIM (ALF-GLCG).
*Standard error of the mean (n = 3).

*Fixed effects for postpartum observations (treatments initiated at parturition).
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Table 4. Arterial variables (uM unless otherwise noted)"

4 DIM 15 DIM 29 DIM P-value®
ALF- ALF- ALF- Trt x
Item Prepartum  GLCG GLCG KETO GLCG GLCG KETO GLCG GLCG KETO SEM? Trt DIM DIM
Blood plasma
Glucose, mM 3.86 2.85" 3.44" 3.32% 3.13" 3.13" 2.27" 3.52" 3.40" 231" 016 0.04 0.03 <0.01
L-Lactate, mM 0.47 0.448 0.374 0.48° 0.26 0.29 0.19 0.27 0.25 0.23 0.05 0.82 <0.01 0.07
Insulin, pM 93 114 3148 44" 18 40 39 50 47 49 14 0.35 0.18  0.66
NEFA 115 713 338 470 449 307 394 169 208 302 101 057" <0.01 0.01
Glycerol 16 54 32 30 29 20 22 9 13 18 6 0.88*  <0.01 0.04
BHBA 662 1,071 786 1,005 987" 1,055 2.479" 784 655" 4,322" 276 <0.01 0.01 <0.01
Total protein,
g/L 80 7™ 74" 814 76 85 85 80 87 90 3 0.36  0.02  0.36
EAA® 659 660 665 645 619 814 714 741 729 869 55 0.36 0.06  0.25
His 44 52 48 48 44* 43" 30° 57" 48° 37" 3 0.06  <0.01 0.16
Ile 105 98 90 78 79 117 104 80 84 121 11 0.49 0.45  0.09
Leu 102 122 148 134 139 199 190 146* 151° 233" 18 0.04 0.04  0.15
Lys 70 64 4780 42°BY 55" 55" 40 51 57 47 5 <0.01 0.75  0.08
Met 22 20 19 18 15 15 11 19° 17 13" 1 0.01 <0.01 0.46
Phe 45 50 47 45 48" 52° 60" 47" 51" 64" 3 0.03 0.01 0.02
Thr 83 6248 67 845" 65 68 52 113° 98* 73 3 0.46  <0.01 0.02
Trp 28 23 26 23 32 35 29 40 41 34 3 029 <0.01 0.91
Val 179 170 174 173 152 231 197 183 181 247 21 0.21 023 0.20
Non-EAA 1,159 94842 1,4635° 1,464%" 1,342 1,418 1,274 1,469 1,414 1,432 85 0.16 0.17  0.01
Ala 165 12542 16045 143520 138" 185° 98° 206" 198" 104" 11 <0.01 0.01 <0.01
Asn 44 354 758 46" 65 63 42 71 77 44 10 0.10 0.33 0.11
Asp 4 2? b 2? P 42 2b 3 42 2b 1 0.03 0.03  0.34
Cys 112 1014 615 69" 78 77 82 81 82 78 6 0.31 0.53 <0.01
Gln 330 160 37650 2765 243 288 153 245 284 195 53 0.22 0.03 <0.01
Glu 71 334 Bb 37ABD 44 41 41 46° 38" 39 3 0.70 0.12 0.01
Gly 246 3254 46950 5915 502" 485" 648" 438" 418" 713 38 0.01 0.03  0.04
Pro 60 61" 91° 96" 101 102 85 141 110 119 8 0.88 <0.01 0.03
Ser 77 77 128480 1635 140° 118 85" 179 136 91" 14 0.60 0.39  <0.01
Tyr 44 29* 52" 41* 46™ 55" 39" 70" 66" 47" 5 0.04 <0.01 011
Total AA 1,818 1,6084* 2,1285P 2,109%P 2,005 2,232 1,987 2,224 2,143 2,301 101 0.03 0.03  0.05
Whole blood
Hematocrit, % 29.7 34.14° 33.9A8aP 31.45P 29.1 28.8 27.7 26.2 26.8 25.4 0.6 0.16 <0.01 0.03
pH 7.44 7.48 7.46 7.47 7.45 7.44 7.45 7.43 7.44 7.44 0.01 058 <0.01 0.59
0y, mM 6.2 6.94° 6.7 6.35> 5.8 5.9 5.7 5.3 5.5 5.2 0.1 0.18 <0.01 <0.01
CO,, mM 24.8 29.7 29.0 30.7 27.0 26.8 26.6 27.5 27.7 26.2 1.1 0.93 0.01 0.47
Propionate 28 56 46 50 46 52 46 59 56 39 9 0.59 0.97  0.81
Ammonia 154 150 158 156 131 148 147 130 166 166 11 0.41 004  0.26
Urea, mM 2.89 4.39 3.53 3.83 3.28 2.88 2.61 3.10 3.26 3.30 046  0.73 0.05  0.76

A CSignify the Fisher least significant difference test for treatment to affect prepartum to 4 DIM changes (P < 0.05).
““Within a row and within DIM, LSM with different superscript lowercase letters are significantly different (P < 0.05).

"Treatments (Trt) were initiated at parturition and were a glucogenic diet (GLCG), a ketogenic diet (KETO), or a linear shift from 100% alfalfa haylage at 1 DIM to 100% GLCG

at 7 DIM (ALF-GLCG).
*Standard error of the mean (n = 3).

SFixed effects for postpartum observations (treatments initiated at parturition).

*P-values are for the log,,-transformed variable.

PEAA = essential AA.
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SPLANCHNIC METABOLISM IN PERIPARTURIENT COWS

greater and increasing with DIM for KETO compared
with lower and relatively stable Gly concentrations for
the other treatments (interaction: P = 0.04).

Net Portal Fluxes

An interaction existed between treatment and DIM
(P < 0.01; Table 5) for the net portal flux of glucose,
reflecting the higher intake of ruminal escape starch
with GLCG compared with a lower intake with KETO,
and the postponed shift to the GLCG diet with ALF-
GLCG. The recovery of feed starch in portal blood
plasma as glucose was 10 4+ 2% (mean + SE) with the
prepartum diet. Postpartum, the portal recovery of feed
starch was 28 + 3% with KETO, which was greater (P
= 0.02) compared with 10 + 3% for ALF-GLCG and
15 + 4% with GLCG.

The net portal fluxes of Ile, Leu, Lys, Phe, Thr, and
Trp were greater with GLCG (P < 0.01 to P = 0.02)
compared with the other treatments. The net portal
fluxes of all AA, apart from Trp, Asp, and Gln, in-
creased with increasing DIM (P < 0.01 to P = 0.07).

Net Hepatic Fluxes

The net hepatic release of glucose was greatest with
KETO and least with ALF-GLCG at 4 DIM, after
which it increased as lactation progressed with both
ALF-GLCG and GLCG but not with KETO (inter-
action: P = 0.02; Table 6). The net hepatic removal
of lactate and glycerol increased from prepartum to 4
DIM with all treatments (P < 0.01; not shown), after
which it decreased as lactation progressed (P < 0.01).

Negative net hepatic fluxes (net removal) of all in-
dividual EAA were observed both prepartum and at
4 DIM (Table 6). The net hepatic removal of Tle, Leu,
and Val at 4 DIM had generally changed to a numerical
net hepatic release by 29 DIM (P = 0.01 to 0.18). Apart
from Met, the net hepatic fluxes of EAA were not af-
fected by postpartum treatments (P = 0.10 to 0.90).
The net hepatic removal of Met increased more (P =
0.04) from prepartum to 4 DIM with ALF-GLCG com-
pared with GLCG. At 15 and 29 DIM, the net hepatic
removal of Met had become similar among treatments
(interaction: P = 0.07). The net hepatic removal of Ala,
Gly, and Ser increased from prepartum to 4 DIM with
all treatments (P < 0.01; not shown). Postpartum, the
net hepatic removal of Gly was higher with KETO (P
= 0.03) compared with the other treatments.

The hepatic removal of lactate as percent of PDV
release and of total influx increased from prepartum
to 4 DIM (Figure 2; P < 0.01). The hepatic removal of
lactate as percent of PDV release was less with GLCG
at 4 DIM compared with the other treatments at 4
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DIM, but did not differ at 15 and 29 DIM (interaction,
P = 0.02). The hepatic removal of lactate as percent of
total influx was unaffected by postpartum treatments
(P = 0.78), but decreased as lactation progressed (P <
0.01).

Net Splanchnic Fluxes

The net splanchnic release of glucose was least with
ALF-GLCG at 4 DIM, after which it increased until
29 DIM, reaching a similar level to that of GLCG. In
contrast, the net splanchnic glucose release did not in-
crease as lactation progressed with KETO (interaction:
P < 0.01; Table 7).

Apart from His, Lys, and Met, net splanchnic re-
leases of EAA were generally unaffected by treatment
(P = 0.16 to 0.49; Table 7). The net splanchnic flux of
His and Met decreased from prepartum to 4 DIM with
ALF-GLCG, which differed (P < 0.05) from increasing
fluxes from prepartum to 4 DIM with GLCG. At 15
and 29 DIM, the net splanchnic releases of His and Met
had become similar among treatments (interactions: P
= 0.04 and 0.07, respectively). Apart from Trp, net
splanchnic releases of EAA increased as lactation pro-
gressed (P < 0.01 to P = 0.02). The balance between
net splanchnic release and estimated milk secretion of
EAA was —260 £ 40 g/d at 4 DIM increasing (P <
0.01) to 7 &+ 43 g/d at 29 DIM, and was unaffected by
treatment (P = 0.60).

DISCUSSION
Splanchnic Glucose Metabolism

One objective of the present experiment was to inves-
tigate the possibility of increasing the glucogenic status
of postpartum transition cows with diets applicable un-
der field conditions. The rationale behind was to exploit
that glucose infused into the abomasum recently was
shown to be efficiently transferred to peripheral tissues
in postpartum transition cows, leading to an overall
increased glucogenic status and decreased NEFA levels
(Larsen and Kristensen, 2009b). Wheat grain treated
with NaOH was chosen as the glucogenic feedstuff, as
it seems to posses the warranted combination of low
ruminal degradability and high small intestinal digest-
ibility of starch without major increases in fecal starch
loss (Phipps et al., 2001; Larsen et al., 2009). The
portal recovery of feed starch as glucose absorbed to
portal blood in the prepartum diet (10 + 2%, mean
+SE) was consistent with the extent of ruminal escape
starch reported for corn silage and barley grain of Dan-
ish origin (Jensen et al., 2005; Larsen et al., 2009). Tt
was interesting to note that the portal recovery of feed

Journal of Dairy Science Vol. 95 No. 10, 2012



2102 ‘0T 'ON G6 '[oA @2uaIds Aireq 4o [euinor

Table 5. Splanchnic blood plasma flows (I/h) and net portal drained visceral (PDV) metabolite fluxes (mmol/h)'

4 DIM 15 DIM 29 DIM P-value®
ALF- ALF- ALF- Trt x
Item Prepartum  GLCG GLCG KETO GLCG  GLCG  KETO GLCG  GLCG KETO SEM?> Trt DIM DIM
Plasma flow
Portal venous 759 7784 1,0465" 1,1135P 1,042" 1,314 1,556" 1,278" 1,265" 1,660 74 0.03 <0.01  0.01
Hepatic venous 800 {734 11448 1,186 1,169 1,346° 1,650 1,377 1,348 1,831° 89 0.04 <0.01 <0.01
Hepatic arterial 48 100 115 73 137 62 116 108 160 171 54 098 028  0.50
PDV plasma flux
Glucose —23 29" 70" 23" 41* 118" —2* 113* 110" 37" 14 0.01 <0.01 <0.01
Corrected
glucose 49 83" 155" 113" 120" 220" 83" 220" 212° 130° 18 0.03 <0.01 <0.01
L-Lactate 93 104 132 106 122 132 155 137 169 173 14 0.64 <0.01  0.11
Glycerol 2.7 11.8 15.5 22.0 6.6 7.8 11.1 -0.9 0.4 3.3 4.9 057 <0.01  0.92
EAA* 60 97° 188" 146 165 213 157 236 291 209 24 <0.01 <0.01  0.40
His 2.7 2.9 9.8 8.5 8.1 7.3 4.9 13.6 15.3 13.1 3.0 047  0.03  0.64
Tle 10 12° 28" 19* 23 26 18 32 40 29 4 <0.01 <0.01 041
Leu 12 29° 46" 34 40 52 35 55 65 52 5 <0.01 <0.01  0.59
Lys 14 14 26" 20™ 21* 35" 24* 32 41* 28" 3 <0.01 <0.01  0.38
Met 3.7 5.9 9.2 7.0 8.9 11.1 9.1 11.7 13.8 10.4 0.8 0.14 <0.01 047
Phe 7 11° 29° 18 21 24 21 27 33" 25" 2 <0.01 <0.01  0.34
Thr 7 11 20 16 17 20 19 24 31 25 3 0.02 <0.01  0.82
Trp 1.4 2.2 3.7 2.2 3.3 3.8 1.5 3.4% 5.2° 1.1° 07 <0.01 072 027
Val 9 15 25 22 28 34 23 36 47 25 5 015  0.02  0.35
Non-EAA 42 134 167 176 209 253 216 281 359 300 34 042 <0.01  0.80
Ala 23 31 54 49 63 72 65 77 83 75 8 0.11 <0.01  0.69
Asn 7 23 29 30 32 20 28 20 19 29 6 036  0.64 050
Asp 0.6 0.74 1.6*B 2.3" 1.1 2.0 2.1 1.9 2.3 1.9 0.5 035 025 021
Cys 0.8 3.0 4.6 2.0 3.1° 5.1° —4.0° 6.1 7.6 3.1 20 <0.01 0.03  0.40
Gln —16 17 -15 4 10 29 39 36 30 56 35 094 022 085
Glu -2.8 1.4 2.0 4.6 2.0 8.9 2.7 7.7 9.3 4.8 1.9 018  0.07 021
Gly 13 19 18 22 28 28 15 43 52 52 6 0.87 <0.01 027
Pro 5 10* 19" 17" 19 27 20 23 31° 23P 2 <0.01 <0.01  0.52
Ser 14 19° 37" 31" 29 41 33 41 47 37 4 0.05 0.02 041
Tyr 6 10° 19 14 16 20 16 29°" 27" 19" 2 <0.01 <0.01 028
Total AA 128 2314 356" 3228 404 466 372 537 650 509 46 032 <0.01 0.2
PDV blood flux
0, —1,615 —1,520"  —2,001" —1,752" —1,833" —2,320"" —2467" —2422  —2297  —2,597 134 0.30 <0.01 <0.01
CO, 1,956 1,728 2,140 2,045 1,953° 3,080  3,113" 2,802 2550 3,732 322 012 <0.01  0.05
Propionate 471 488 527 648 616 759 576 866 820 632 93 057  0.07 024
Ammonia 279 257 242 313 208 268 273 293 325 346 37 043  0.03 080
Urea —89 —111% 1A 2055P —08* —170" —179" —165 —189 —212 21 <0.01 0.07  0.27

ABSignify the Fisher least significant difference test for treatment to affect prepartum to 4 DIM changes (P < 0.05).
“"Within a row and within DIM, LSM with different superscript lowercase letters are significantly different (P < 0.05).

"Treatments (Trt) were initiated at parturition and were a glucogenic diet (GLCG), a ketogenic diet (KETO), or a linear shift from 100% alfalfa haylage at 1 DIM to 100% GLCG

at 7 DIM (ALF-GLCG).

“Standard error of the mean (n = 2).

SFixed effects for postpartum observations (treatments initiated at parturition).

"EAA = essential AA.
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Table 6. Net hepatic metabolite fluxes (mmol/h)’

4 DIM 15 DIM 29 DIM P-value®
ALF- ALF- ALF- Trt x
Item Prepartum  GLCG GLCG KETO GLCG GLCG KETO GLCG GLCG KETO SEM?> Trt DIM DIM
Plasma flux
Glucose 319 433" 530% 602" 538 567 525 680 673 599 52 0.87 <0.01  0.02
L-Lactate —121 —288 —306 —351 —203 —9252 —231 —166 —201 —246 27 042 <0.01  0.33
Glycerol 11 —48 —48 —50 —31 —31 —38 ~10 —16 —28 9 0.75 <0.01  0.89
EAA* —21 —54 —26 -38 —26 —23 0 —21 —46 —17 21 075  0.13  0.62
His —2.1 —6.6 —5.0 -75 —0.2 1.5 —~1.2 —3.2 -8.1 ~5.3 30 080 012 0.86
Tle 2.6 3.1 —0.9 0.3 1.9 48 5.6 -3.1 —5.5 2.1 31 047 0.0l 042
Leu —2.1 —8.4 0.7 —3.2 —2.6 0.5 7.9 0.4 —3.6 1.4 49 056 015 045
Lys —2.5 —6.1 ~1.9 3.1 —34 —24 —~1.2 —-1.7 -3.5 3.7 29 090 063 0.76
Met ~1.9 —6.5% —3.38 —3.948 —2.1 —3.0 —2.5 —2.7 —3.9 —2.2 08 0.38  0.01 0.07
Phe —6.1 ~10.6 -10.8 -10.7 -8.9 —~11.0 —12.3 —~11.0 ~16.1 —~12.9 23 064 021 0.54
Thr —2.9 —7.1 —6.4 -7.9 —5.6 —6.6 —44 —2.3 -8.1 1.9 36 0.8l 050 0.84
Trp —0.7 ~1.5 —0.7 —0.3 ~1.1 ~1.3 0.4 —14 -1.8 0.1 07 010 079 0.83
Val —0.6 —4.1 1.7 1.8 0.0 —24 7.2 4.1 4.3 9.4 52  0.63 018 0.64
Non-EAA -5 —173 —78 —164 —157 —207 —140 —138 —203 —223 40 089 044 0.15
Ala —21 —59 —51 —58 —49 —51 —51 —54 —53 —51 9 095 052 091
Asn -2 —18 12 —14 -35 -10 —20 0 —10 —21 7 050  0.13  0.07
Asp 0.4 —0.3 1.1 0.1 1.0 0.7 —0.6 1.0 0.2 —0.4 05 019 097 0.11
Cys —2.0 —14 ~1.0 —2.7 0.7 —4.8 0.0 —6.0 —6.4 —3.5 44 089 046 0.88
Gln 23 —17 44 0.5 -9 —64 —10 3 51 —21 42 0.63  0.79 0.75
Glu 30 19 37 29 23 24 31 22 22 24 5 034 034 017
Gly —23 —59 —51 —80 —53 —55 —46 —61" —59° 97" 10 0.03  0.06 0.28
Pro -3.1 -8.2 7.0 9.0 —7.5 -8.1 —6.2 —6.2 ~13.8 9.1 36 080 073 0.81
Ser —11 —22 —30 —23 —24 —30 —30 —33 —36 37 6 077  0.03  0.79
Tyr —6.2 —6.7 -8.3 7.1 -8.2 -8.8 —5.9 ~10.2 —~11.8 -7.8 1.7 035 015 0.81
Total AA —24 —9227 —104 —202 —186 —230 —140 —161 —232 —240 53 097  0.65 0.13
‘Whole blood flux
0, —1,416 —1,981 —2,114 —2,306 —2,070 —2,308 —2,390 —2,118 —2,544 —2,911 200 0.36 <0.01 0.13
CO, 713 987 1,319 1,253 1,371 1,226 1,344 1,288 1,590 1,474 255 086 024 0.72
Propionate —440 —462 —482 —607 —560 —693 —513 —780 —752 —593 86 0.60  0.08 0.24
Ammonia —285 —285 —268 —328 —219 —260 —264 —286 —327 —349 39 058  0.02 0.85
Urea 193 25748 2064 3008 226 248 241 299 292 337 29 0.15 0.01  0.49

ABSignify the Fisher least significant difference test for treatment to affect prepartum to 4 DIM changes (P <0.05).

**Within a row and within DIM, LSM with different superscript lowercase letters are significantly different (P < 0.05).
'"Treatments (Trt) were initiated at parturition and were a glucogenic diet (GLCG), a ketogenic diet (KETO), or a linear shift from 100% alfalfa haylage at 1 DIM to 100% GLCG

at 7 DIM (ALF-GLCG).

*Standard error of the mean (n = 2).

*Fixed effects for postpartum observations (treatments initiated at parturition).

‘EAA = essential AA.
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Figure 2. Hepatic removal of lactate as percentage of net portal-
drained visceral (PDV) release (a) and of total hepatic influx (b).
Prepartum, bar is the mean of 8 observations + SE; postpartum, each
bar is the mean of 3 [n = 2 with the glucogenic diet (GLCG)] observa-
tions + SE. The hepatic removal of lactate increased from prepartum
to 4 DIM (P < 0.01) as percentage of both PDV release and of total in-
flux. Postpartum, the hepatic removal of lactate as percentage of PDV
release was less with GLCG than with the ketogenic diet (KETO) and
the diet with 100% alfalfa haylage on the day of parturition, followed
by a 6-d gradual shift to the GLCG diet (ALF-GLC) at 4 DIM, but
did not differ at 15 and 29 DIM (interaction, P = 0.02). The hepatic
removal of lactate as percentage of total influx was unaffected by post-
partum treatments (P = 0.78), but decreased as lactation progressed
(P <0.01).

starch increased from the prepartum level to 28 £+ 3%
with KETO when shifting starch source to NaOH-
treated wheat grain at a similar starch intake. This
value is in good agreement with the small intestinal
starch digestibility for NaOH-treated wheat measured
in duodenal- and ileal-fistulated lactating dairy cows
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(Larsen et al., 2009). However, the portal recovery of
starch from NaOH-treated wheat was substantially
lower (10 to 15%) with ALF-GLCG and GLCG, where
starch intake increased to more than 6 kg/d. Newly
absorbed glucose can be metabolized to L-lactate and
Ala by the enterocytes and, thus, potentially mask the
increment in PDV glucose release; nevertheless, the net
portal release of L-lactate has been unaffected in stud-
ies with glucose infusion to the duodenum (Krehbiel
et al., 1996) or abomasum (Larsen and Kristensen,
2009b). Thus, a smaller proportion of starch intake was
likely digested in the small intestine with high intake
of starch with presumably low ruminal degradability,
but to what extent this was related to low small intes-
tinal digestibility cannot be concluded with certainty
from this experiment, as actual rumen outflows were
unknown. The increased net PDV release of glucose
did not affect the hepatic release of glucose, indicating
that no counteracting hepatic glucose metabolism oc-
curred in response to increased PDV glucose release.
This is consistent with other experiments with dairy
cows (Reynolds et al., 1998; Larsen and Kristensen,
2009b) and steers (Harmon et al., 2001). Hence, the
additionally absorbed glucose from the small intestine
with ALF-GLCG and GLCG was efficiently transferred
to peripheral tissues.

At 4 DIM, glucose supply from exogenous origin did
not differ between GLCG and KETO when assessed as
the sum of small intestinal absorption (e.g., corrected
PDV flux of glucose) and the hepatic release of glucose
attributed to hepatic propionate removal. Even so, with
GLCG, small intestinal glucose absorption contributed
40% to the exogenous glucose supply as compared with
27% with KETO, equivalent to approximately 1 and
0.5 kg/d of starch being digested in the small intes-
tine, respectively. The calculation does not comprise
all exogenous glucogenic carbon; however, lactate from
rumen epithelial metabolism of propionate is of minor
importance (Kristensen, 2005), PDV release of isobu-
tyrate and valerate is generally limited (Reynolds et al.,
2003; Larsen and Kristensen, 2009a), and glucogenic
AA are likely not of quantitative importance (discussed
later). In spite of the exogenous glucose supply not dif-
fering between GLCG and KETO, adaptation of nutri-
ent metabolism to lactation seemed to be associated
with the least metabolic stress with the GLCG diet, as
judged from the lowest dependency on interorgan Cori
cycling of glucogenic carbon via lactate at 4 DIM (Fig-
ure 2a). Moreover, it was interesting that milk lactose
concentration with GLCG at 4 DIM was greater (4.8
g/kg) compared with concentrations usually observed
at 4 DIM (4.5 g/kg; Larsen and Kristensen, 2010; Dal-
bach et al., 2011), and with ALF-GLCG and KETO.
Therefore, the current experiment pointed toward the
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Table 7. Net splanchnic metabolite fluxes (mmol/h)’

4 DIM 15 DIM 29 DIM P-value®
ALF- ALF- ALF- Trt x
Item Prepartum  GLCG GLCG KETO GLCG GLCG KETO GLCG GLCG KETO SEM?> Trt DIM DIM
Plasma flux
Glucose 288 463° 607 625" 580 680 525 798" 768 636" 45 0.39 <0.01 <0.01
L-Lactate —32 —182° —140° 248" —79 —98 —80 —26 -39 —74 19 022 <0.01  0.03
Glycerol -8 —37 —28 —28 —23 —22 —27 —10 —15 —24 5 0.77  0.05  0.54
EAA! 46 43 151 108 152 184 156 214 234 192 22 0.13 <0.01  0.36
His 1.5 —3.74 4.350 0.94B=> 8.9 71 3.7 10.6 8.2 7.8 1.6 0.37 <0.01  0.04
Ile 7 9 25 19 22 31 24 28 33 27 4 0.16  0.02  0.64
Leu 10 144 42" 3048 39 50 43 55 60 53 6 017 <0.01  0.50
Lys 10.7 8.1 21.8 17.0 19.1 32.9 23.1 30.8 34.0 24.6 3 0.08 <0.01  0.28
Met 1.7 —0.6%* 5.550 3.15¢ 6.5 8.4 6.7 8.9 10.2 8.2 1 0.01 <0.01  0.07
Phe 0.9 0.8 9.9 6.8 13.1 12.5 8.8 16.3 16.4 12.1 2 0.36 <0.01  0.14
Thr 3.8 3.8 12.9 8.3 12.5 12.1 15.0 21.8 21.2 23.0 3 0.49 <0.01  0.40
Trp 0.7 0.7 2.3 1.9 2.5 2.3 1.9 2.1 3.4 1.1 1 0.34 057  0.32
Val 8.6 10.7 26.5 19.7 28.7 29.0 30.0 40.7 48.4 34.8 4 0.26 <0.01  0.32
Non-EAA 22 -39 66 13 50 58 76 141 130 77 36 0.66  0.02 024
Ala 1 —o8* 58 —QAB 18 23 13 26 33 24 6 0.16 <0.01  0.08
Asn 45 5.0 2.9 16.7 -1.8 7.4 77 19.5 —5.6 8.0 8.6 0.64 091 047
Asp 1.1 0.44 2.6%P 2.4 2.1 2.7 1.5 2.9 2.7 1.6 0.5 022 054  0.05
Cys -1.2 1.7 3.0 —0.7 3.8 —0.7 —4.0 0.0 1.6 —0.4 3.2 059  0.72  0.78
Gln -1 0 27 4.7 1 —18 29 43 106 35 31 083 0.04 021
Glu 25 20* 39" 334 26 31 34 30 29 29 4 023 072 0.09
Gly —-10 —40 —40 —58 —26 —24 —31 —18" —14" —45" 6 <0.01 <0.01  0.59
Pro 1 2 11 3 12 18 14 17 17 14 3 025 0.01 056
Ser 1.4 —2.8 5.6 7.9 6.4 7.4 2.4 3.8 9.0 0.1 4.9 081 0.84 0.28
Tyr 0.3 3.5 9.4 7.2 8.5 11.4 10.2 11.5 15.1 10.8 1.5 0.17  0.01 055
Total AA 70 4 217 120 207 243 232 360 339 269 52 0.42 <0.01 0.15
‘Whole blood flux
0, —3,042  —3,506 —4,265 —4,058 —3,900  —4,704  —4,806 —4,544 —4,739 —5,507 265 0.27 <0.01 <0.01
CO, 2,724 2,6954 3,666" 3,2985 3,208 4,315 4,424 4,091 4,050 5,105 349 029 <0.01 <0.01
Propionate 29 26 45 41 56 66 63 86 67 39 12 0.62  0.08 0.28
Ammonia —-8.6 —928.6 —24.2 —14.9 -7.9 3.6 2.3 6.9 4.6 —-35 5.9 0.86 <0.01 0.15
Urea 101 143 100 94 124 92 66 129 119 124 24 033 0.32 0.86

ABSignify the Fisher least significant difference test for treatment to affect prepartum to 4 DIM changes (P <0.05).

““Within a row and within DIM, LSM with different superscript lowercase letters are significantly different (P < 0.05).
"Treatments (Trt) were initiated at parturition and were glucogenic feeding (GLCG), ketogenic feeding (KETO), or a gradual shift from 100% alfalfa haylage at 1 DIM to 100%

GLCG at 7 DIM (ALF-GLCG).

*Standard error of the mean (n = 3).

*Fixed effects for postpartum observations (treatments initiated at parturition).

‘EAA = essential AA.
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possibility of enhancing the glucogenic status of post-
partum transition cows using the GLCG diet; however,
not to the extent observed with abomasal infusion of
glucose (Larsen and Kristensen, 2009b).

Interaction Between Splanchnic Glucose
and AA Metabolism

The potential for sparing AA from PDV catabolism
by exploiting the metabolic flexibility of enterocytes
in substrate utilization observed in vitro (Okine et
al., 1995; Oba et al., 2004) is often put forward as a
potential benefit of increasing ruminal escape starch
(Freetly et al., 2010); however, in vivo investigations of
this substrate interaction are rare. In the present ex-
periment, the increased net portal release of EAA with
GLCG was not reflected in the net splanchnic release of
EAA despite the net hepatic fluxes of EAA being unaf-
fected by treatments. The reason for this discrepancy
is unknown and may be related to the reduced number
of observations with GLCG for PDV and hepatic fluxes
(n = 2). Using short-term abomasal infusion of protein
alone or combined with glucose in sheep, the net portal
release of AA was unaffected by the presence of glucose
in the infusate (Freetly et al., 2010). Increasing the AA
supply to the small intestine has not been found to
affect the PDV metabolism of glucose in dairy cows
(Galindo et al., 2011) and sheep (El-Kadi et al., 2006).

The hepatic removal of EAA and non-EAA was
generally unaffected by the different glucogenic status
induced by postpartum feeding strategies. The hepatic
removal of His, Met, Phe, Thr, and Trp increased from
prepartum to 4 DIM, whereas the hepatic removal of
Ile, Leu, Lys, and Val were unaffected by transition to
lactation. The extent to which the increased hepatic re-
moval of His, Met, Phe, Thr, and Trp was catabolized
and used for gluconeogenesis is unknown. However, as-
suming that the entire hepatic removal of these EAA
is utilized for gluconeogenesis, these could maximally
account for 1.9, 2.8, 1.8, and 1.9 + 0.4% (means =+
SE) of the net hepatic glucose release at —12, 4, 15,
and 29 DIM, respectively, in agreement with our previ-
ous observations with periparturient cows (Larsen and
Kristensen, 2009a). Further, considering the number
of other metabolic pathways utilizing EAA for ana-
bolic purposes, for example synthesis of export proteins
(Bell, 1995; Danfeer et al., 1995) and postpartum liver
growth (Gibb et al., 1992; Reynolds et al., 2004), these
relatively low maximal contribution rates indicate that
the true contribution to gluconeogenesis was limited
and of negligible quantitative importance to the post-
partum transition cow.

As previously observed with transition cows (Larsen
and Kristensen, 2009a; Dalbach et al., 2011), hepatic
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removal of Ala, Gly, and Ser increased from prepartum
to 4 DIM in the present experiment. The contribution
of these non-EAA to hepatic gluconeogenesis could be
of quantitative importance to the transition cow, but
the true contribution is unknown. In liver slices from
sheep, the conversion of Ala to glucose was observed
to increase more compared with the conversion of pro-
pionate to glucose when a hypoglycemic condition was
induced (Overton et al., 1999). A compilation of tracer
studies with fed sheep showed that of Ala, Gly, and Ser,
only Ala contributed substantially to gluconeogenesis
(Bergman and Heitmann, 1978). These observations
taken together suggest that only Ala contributes sub-
stantially to gluconeogenesis in the postpartum transi-
tion cow.

Overall, the present data do not support the hypoth-
esis that the rapid postpartum increase in net hepatic
release of glucose is supported by increased utilization
of AA for gluconeogenesis. The immediate postpartum
increased hepatic glucose release seems supported by
an endogenous recycling of glucogenic carbon mediated
by a dual mode adaptation of glucose metabolism at
the level of liver and at the level peripheral tissues.
Also, glycogenolysis in the early postpartum transition
period might be of importance, but this has not been
assessed in the present study. At the liver level, the
affinity for lactate uptake was upregulated rapidly after
calving, as indicated by the general increase in hepatic
fractional removal of total lactate influx (Figure 2b)
and investigations of gene expression and activity of
pyruvate carboxylase activity in liver biopsies (Green-
field et al., 2000; Velez and Donkin, 2005). At the level
of peripheral tissue, glucose metabolism seems to be
partly shifted from complete oxidation to Cori cycling,
returning glucose carbon to the liver in postpartum
transition dairy cows (Figure 2a), as also proposed by
Reynolds et al. (2003). Studies of irreversible loss rates
of glucose during the transition to lactation support the
Cori cycling dependency, as the glucose irreversible loss
rate corrected for loss via lactose has been observed to
decrease at the initiation of lactation (Bennink et al.,
1972; Baird et al., 1983; M. Larsen and N. B. Kris-
tensen, unpublished data).

Effects of Diets on Metabolic Status

The ALF-GLCG and KETO diets induced hypogly-
cemic/hyperketonemic conditions in 2 distinct ways.
With ALF-GLCG, the condition was likely induced by
high lipid mobilization and low feed intake in the early
postpartum transition period, whereas the condition
with KETO was likely induced by ruminal fermenta-
tion of sugars from fodder beets. Adding 4.7% sucrose
to a postpartum transition diet, Penner and Oba (2009)
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also observed the circulating concentrations of glucose
and BHBA responding in the direction of hypoglyce-
mic/hyperketonemic conditions, even though dietary
sugar levels were substantially lower than in the present
study.

Ruminal fiber priming diets for postpartum transi-
tion cows are often used in North America (Shaver,
1997; Drackley et al., 2005) and Denmark (Larsen and
Kristensen, 2010). The extent of metabolic stress with
the ALF-GLCG treatment due to low feed intake was
evident from low net PDV release of nutrients, low
hepatic release of glucose, and low net splanchnic re-
lease of nutrients. We are aware of only a few studies
investigating the effects of ruminal fiber priming diets
for postpartum transition cows (Rabelo et al., 2005;
Guo et al., 2007; Larsen and Kristensen, 2010). Overall,
the present study investigating splanchnic metabolism
and published production trials with special transi-
tion TMR providing additional ruminal fiber give no
evidence of positive metabolic effects of providing ad-
ditional fiber at the expense of glucogenic substrate to
transition dairy cows.

CONCLUSIONS

The glucogenic feeding strategy based on feeding
NaOH-treated wheat grain to postpartum transition
cows induced the highest glucogenic status among the
tested feeding strategies. This was obtained by greater
release of glucose from PDV, splanchnic tissues, and
the lowest dependency on Cori cycling of glucogenic
carbon via lactate. However, the portal recovery of
dietary starch decreased with high inclusion of NaOH-
treated wheat grain. The immediate postpartum high
allowance of alfalfa haylage provided the lowest amount
of nutrients from the splanchnic tissues, inducing low
glucogenic status. Glucogenic AA, apart from Ala, were
not of quantitative importance for liver gluconeogenesis
in postpartum transition cows. Salvaging glucogenic
carbon by return of lactate from peripheral tissues to
the liver is apparently an important adaptive response
to low glucogenic status of postpartum transition dairy
COWS.
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