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  ABSTRACT 

  The objective was to evaluate effects of a ruminal 
dose of sucrose, lactose, and corn starch on ruminal fer-
mentation and expression of genes in ruminal epithelial 
cells. Six ruminally cannulated nonlactating nonpreg-
nant Holstein cows (body weight = 725 ± 69.6 kg) 
were assigned to treatments in a 3 × 3 Latin square 
design with 7-d periods; 1 d for data and sample col-
lection followed by a 6-d washout period. Cows were 
fed a diet containing whole-crop barley silage and dry 
ground corn, and dietary neutral detergent fiber and 
crude protein contents were 41.8 and 13.2% [dry matter 
(DM) basis], respectively. Treatment was a pulse-dose 
of sucrose, lactose, and corn starch (3.0, 3.0, and 2.85 
kg of DM, respectively; providing similar amounts of 
hexose across the treatments) through the ruminal 
cannulas. All treatments were given with alfalfa silage 
(1.75 kg DM) to prevent acute rumen acidosis. Rumen 
pH was continuously monitored, and rumen fluid was 
sampled at 0, 30, 60, 90, 120, 150, and 180 min after 
the dose. In addition, ruminal papillae were sampled 
from the ventral sac at 180 min after the dose. Ru-
minal dosing with sucrose and lactose, compared with 
corn starch, increased ruminal total volatile fatty acid 
concentration and molar proportion of butyrate from 
60 to 180 min after the dose, and expression of genes 
for sodium hydrogen exchanger isoforms 1 and 2, and 
ATPase isoform 1 in ruminal epithelial cells. Ruminal 
dosing with sucrose, compared with lactose and corn 
starch, decreased rumen pH from 120 to 180 min after 
the dose and molar proportion of acetate in ruminal 
fluid from 60 to 150 min after the dose, and increased 
molar proportion of propionate in ruminal fluid from 60 
to 150 min, and expression of genes involved in butyr-
ate metabolism (3-hydroxy-3-methylglutaryl-coenzyme 
A synthase isoform 1) and anion exchange across rumi-
nal apical cell membrane (putative anion transporter 
isoform 1). These results suggest that replacing dietary 
starch with sugars may affect ruminal fermentation and 

metabolism regulating intracellular pH and fermenta-
tion acid absorption in ruminal epithelial cells, and that 
these effects can be greater for sucrose than lactose. 
  Key words:    sucrose ,  lactose ,  starch ,  volatile fatty 
acids ,  gene expression 

  INTRODUCTION 

  Sugars are part of the carbohydrates fed in diets of 
lactating dairy cows. Sugars ferment quickly in the 
rumen; Sniffen et al. (1992) estimated that sugars 
ferment at 300%/h, whereas the fermentation rate of 
starch varies from 15 to 40%/h depending on grain 
types and processing methods. Weisbjerg et al. (1998) 
showed that hydrolysis rates of sugars varied from 248 
to 1,404%/h, and that they ferment almost completely 
(i.e., >95%) in the rumen. Replacing dietary starch 
with sugars often increases DMI (DeFrain et al., 2004; 
Broderick et al., 2008; Penner and Oba, 2009) and 
milk fat production (Broderick et al., 2008; Penner and 
Oba, 2009); however, its mode of action is not well 
understood. Despite rapid fermentation, according to 
a review by Oba (2011), the majority of in vivo stud-
ies reported that rumen pH is not affected by feeding 
sugars, and a few studies reported that replacing a 
dietary starch source with sugars increased rumen pH 
(Chamberlain et al., 1993; Heldt et al., 1999) or tended 
to increase rumen pH (Penner et al., 2009; Penner and 
Oba, 2009). In addition, the effects of feeding sugars 
on the VFA profile in rumen fluid are not consistent. 
Although in vitro studies suggested that sugar fermen-
tation increases butyrate production (Vallimont et al., 
2004; Ribeiro et al., 2005), in vivo studies reported 
considerably variable effects of sugar feeding on VFA 
profile as summarized by Oba (2011). 

  The discrepancy between expected and observed ru-
men fermentation variables can be partly attributed to 
data and sample collection protocols. Rumen pH data 
are usually measured continuously and summarized on 
a daily basis to account for diurnal variation. Similarly, 
when the VFA profile of rumen fluid is determined, 
in most studies, multiple samples are composited to 
account for diurnal variation. However, this data may 
not reflect how sugars ferment in the rumen because 
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most of dietary sugars are expected to ferment im-
mediately after consumption by animals. In addition, 
the absorption rate of butyrate is faster than that of 
acetate or propionate (Leek, 1993), and it may be dif-
ficult to detect increases in butyrate concentration in 
rumen fluid even if sugar fermentation increases butyr-
ate production in the rumen. Furthermore, butyrate 
concentration in rumen fluid may not necessarily reflect 
its production because the former is also affected by 
absorption and passage of butyrate.

It is necessary to identify short-term effects of feeding 
sugars on rumen fermentation to elucidate mechanisms 
on how sugar feeding affects animal performance. In 
addition, although ruminal epithelial metabolism can 
affect VFA absorption and rumen pH (Aschenbach et 
al., 2011), effects of feeding sugars on the metabolism 
of ruminal epithelial cells have not been extensively 
studied. Furthermore, effects of sugar type on rumi-
nal fermentation and metabolism in ruminal epithelial 
cells are not well understood. As such, objectives of the 
current study were to determine short-term effects of 
ruminal doses of sucrose and lactose on rumen fermen-
tation and gene expression in ruminal epithelial cells 
compared with ruminal doses of starch, the most com-
mon NFC in dairy diets.

MATERIALS AND METHODS

The current study was conducted from June 2013 
to July 2013 at the University of Alberta Dairy and 
Research Technology Center. Animals used in this 
study were cared for in agreement with the guidelines 
of the Canadian Council on Animal Care (Ottawa, ON, 
Canada). All experimental procedures were approved 
by the University of Alberta Animal Care and Use 
Committee for Livestock (# AUP580).

Experimental Design

Six multiparous nonlactating nonpregnant Holstein 
cows (BW 725 ± 69.6 kg; mean ± SD) were used in this 
study. All cows were ruminally cannulated for previous 
studies, and were housed in individual stalls bedded 
with wood shavings. The cows were fed a TMR (Table 
1), once daily at 0800 h, ad libitum allowing for 5% 
refusals throughout the trial, and had free access to 
water. Dry matter intake was 12.2 ± 0.79 kg/d (mean 
± SD) during the study. After 21-d diet adaptation, 
cows were assigned to treatments in a duplicated 3 × 
3 Latin square design, balanced for carryover effects, 
with 7-d periods; 1 d for data and sample collection, 
followed by a 6-d washout period. Treatments were 
ruminal doses of corn starch, sucrose, and lactose (2.85, 
3.00, and 3.00 kg of DM, respectively, to provide the 

same amount of hexoses). On each data collection day, 
treatment carbohydrates were manually dosed into the 
rumen at 0800 h with 1.75 kg of alfalfa silage (DM 
basis), to minimize the risk of rumen acidosis. Data and 
samples were collected for 3 h following the ruminal 
dose, and cows were subsequently fed the diet at 1130 
h after data and sample collection was completed.

Data and Sample Collection

Rumen pH was measured every 30 s over a 4-h pe-
riod, from 1 h before the treatment dose to 3 h after the 
dose, using the Lethbridge Research Center ruminal pH 
measurement system (Penner et al., 2006), and sum-
marized for each hour. Rumen fluid was sampled, every 
30 min (0, 30, 60, 90, 120, 150, and 180 min relative 
to the ruminal dose of treatment), from 5 locations in 
the rumen (cranial dorsal, cranial ventral, central, cau-
dal dorsal, and caudal ventral) and strained through a 
perforated fabric screen (WeedBlock, Easy Gardener, 
Waco, TX). Samples were placed on ice immediately, 
and centrifuged at 3,000 × g for 20 min at 4°C. The 
supernatant was stored at −20°C until analysis, and 
subsequently analyzed for VFA profile as described by 
Khorasani et al. (1996).

Immediately after the last rumen fluid collection (180 
min after the treatment dose), rumen contents were 
evacuated into an insulated container. Then, the ven-
tral sac region of the rumen was pulled out through 
the rumen cannula, and approximately 30 papillae 

Table 1. Ingredients and chemical composition of the diet fed during 
the study 

Item Measurement

Ingredients composition, % of DM  
 Barley silage1 82.6
 Dry ground corn 5.6
 Canola meal 5.3
 Sucrose 2.1
 Lactose 2.1
 Salt 0.8
 Canola oil 0.6
 Limestone 0.4
 Calcium diphosphate 0.4
 Magnesium oxide 0.2
 Vitamin ADE premix2 0.019
 Selenium3 0.008
 Trace mineral premix4 0.007
Nutrient composition  
 DM, % 39.3
 CP, % of DM 11.4
 NDF, % of DM 40.4
 NFC, % of DM 38.1
1DM: 34.9%; CP: 14.4%DM; NDF: 51.8%DM; starch 9.8%DM.
2Contained 60,000 kIU/kg of vitamin A, 6,000 kIU/kg of vitamin D, 
20 kIU/kg of vitamin E.
3Contained 2,000 mg/kg of Se.
4Contained 133,400 mg/kg of Cu, 240,000 mg/kg of Mn, 2,700 mg/kg 
of Co, 20,000 mg/kg of Zn, and 6,000 mg/kg of I.
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were biopsied using a pair of surgical scissors. Rumen 
papillae were rinsed with PBS at pH 7.4, and stored in 
RNA-Later (Ambion Inc., Foster City, CA) at −20°C 
until analysis.

Total RNA was extracted from the ruminal papillae 
samples with the Trizol extraction method (Invitrogen, 
Burlington, ON, Canada) as described by Chomczynski 
and Sacchi (1987), and purified using a Qiagen RNeasy 
MiniElute Cleanup Kit (Qiagen, Toronto, ON, Canada). 
The RNA samples were diluted to 100 ng/μL and sub-
sequently treated with DNase I (Invitrogen, Carlsbad, 
CA) and RNase OUT (Invitrogen). First-strand cDNA 
was synthesized using Superscript II (Invitrogen). Genes 
encoding monocarboxylate cotransporter, isoform 1 
(MCT1), downregulated in adenoma (DRA), putative 
anion transporter, isoform 1 (PAT1), sodium hydro-
gen exchanger, isoforms 1, 2, and 3 (NHE1, NHE2, 
and NHE3, respectively), and Na+/K+ ATPase pump 
(ATP1), 3-hydroxy 3-methylglutaryl coenzyme A syn-
thase isoforms 1 and 2 (HMGCS1 and HMGCS2, respec-
tively), 3-hydroxy-3-methylglutaryl-CoA lyase (HMG-
CL), and β-hydroxybutyrate dehydrogenase, isoforms 1 
and 2 (BDH1 and BDH2, respectively) were evaluated 
for their expression in ruminal epithelial cells via quan-
titative real-time PCR, using a TaqMan gene expression 
assay with The StepOne Plus Real-Time PCR System 
(Life Technologies, Carlsbad, CA) as described previ-
ously (Table 2; Laarman et al., 2012; Schlau et al., 2012) 
using 3 housekeeping genes, ribosomal protein large, P0, 
β-actin, and GADPH, according to the method described 
by Vandesompele et al. (2002).

Blood was sampled from a jugular vein through a 
catheter inserted the day before the data collection day 
every 30 min (0, 30, 60, 90, 120, 150, and 180 min rela-
tive to the ruminal dose of treatment). Blood samples 
were immediately placed into tubes containing Na hepa-
rin (Becton Dickinson Co., Franklin Lakes, NJ), placed 
on ice immediately, and then centrifuged at 3,000 × g 
for 20 min at 4°C. Plasma was harvested and stored at 
−20°C until analysis. Plasma samples were analyzed for 
concentrations of glucose, insulin, BHBA, and NEFA as 
described previously (Sun and Oba, 2014).

Data were analyzed separately for each time point 
using JMP (version 10, SAS Institute Inc., Cary, NC). 
The statistical model included fixed effects of treat-
ment and period, and random effect of cow. Treatment 
effects were declared significant at P < 0.05 and a ten-
dency was declared at P < 0.10.

RESULTS

Rumen Fermentation Variables

Average rumen pH for a 60-min period immediately 
before the treatment dose was 6.61, but rumen pH dur-

ing the third hour after the treatment dose (average pH 
from 120 to 180 min) was lower for sucrose treatment 
compared with starch and lactose treatments (6.23 
vs. 6.59 and 6.47, respectively; Figure 1). Total VFA 
concentration in rumen fluid is greater for sucrose and 
lactose treatments compared with starch at 60 to 180 
min after the treatment dose (Figure 2), and for sucrose 
compared with lactose transiently at 90 and 150 min. 
The molar proportion of acetate was lower and that of 
propionate was higher for cows dosed with sucrose com-
pared with those dosed with starch and lactose at 60 to 
180 min after the dose (Figure 3). However, differences 
in the molar proportion of butyrate were observed be-
tween lactose and starch treatments; it was highest for 
sucrose treatment, followed by lactose and starch treat-
ments since 30 min after the treatment dose. Ruminal 
ammonia-N concentration was higher for cows dosed 
with sucrose or lactose compared with those dosed with 
starch at 120 to 180 min after the dose (Figure 4).

Plasma Metabolites

Plasma insulin concentration was greater for sucrose 
compared with lactose and starch treatments since 30 
min after the dose (Figure 5), and a transient difference 
was observed between lactose and starch treatments at 
120 min after the dose. However, plasma concentrations 
of glucose, NEFA, and BHBA were not different among 
treatments (data are not shown) at any time points up 
to 180 min after the dose.

Gene Expression

Sucrose and lactose treatments, compared with 
starch treatment, increased relative mRNA abundance 
of NHE1 (0.91 and 0.97 vs. 0.70, respectively; Table 3), 
NHE2 (1.19 and 1.17 vs. 0.86, respectively), and ATP1 
(1.16 and 1.17 vs. 0.75, respectively). Sucrose treat-
ment, compared with lactose and starch treatments, 
increased relative mRNA abundance of PAT1 (1.35 vs. 
0.93 and 0.75, respectively) and HMGCS1 (0.81 vs. 0.55 
and 0.42, respectively).

DISCUSSION

Ruminal doses of treatment carbohydrates did not 
decrease rumen pH as much as we had expected. We 
dosed 3.00 kg of sugars or 2.85 kg of starch along 
with 1.75 kg of alfalfa silage to temporarily challenge 
animals with excess fermentation, but rumen pH did 
not decrease drastically during a 180-min period im-
mediately after the dose of treatment carbohydrates; all 
cows maintained rumen pH above 6.00. This might be 
due to the strong buffering capacity of rumen digesta. 
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Animals were fed a high-forage basal diet, and because 
of the low energy requirement of animals (nonlactating, 
nonpregnant, mature cows), their DMI averaged 12.2 
kg during the study, which is approximately 1.7% of 
their BW. Rumen pH averaged at 6.6 and total VFA 
concentration was less than 40 mM immediately be-
fore the dose of treatment carbohydrates. Although 
ruminal doses of sugars or starch increased total VFA 
concentration, the extent of increase is far lower than 
that typically observed for lactating dairy cows. We 
had been afraid that ruminal doses of highly ferment-
able carbohydrates would cause acute rumen acidosis, 
but our protocol might not be strong enough to chal-
lenge animals with excess fermentation, particularly for 

the starch treatment. The expected fermentation rate 
is slower for starch compared with sucrose or lactose, 
and the ruminal dose of starch might not have caused 
sufficient fermentation to alter rumen pH, total VFA 
concentration, and other response variables over the 
180-min period. In addition, ruminal cannulas were 
opened every 30 min for rumen digesta sampling, which 
might have negatively affected activity of anaerobic 
microbial organisms in the rumen and reduced the ex-
tent of ruminal fermentation regardless of treatment. 
However, we detected significant treatments effects on 
many response variables, indicating that the experi-
ment protocol was adequate to accomplish objectives 
of the current study.

Table 2. Primer and probe sequences and National Center for Biotechnology (NCBI) accession numbers for quantitative real-time PCR analysis 

Gene name Accession number Primer and probe sequences

Monocarboxylate cotransporter, isoform 1 (MCT1) NM_001037319 Forward: CGCGGGATTCTTTGGATTT
Reverse: GTCCATCAGCGTTTCAAACAGTAC
Probe: TTTTGGGTGGCTCAGC

Downregulated in adenoma (DRA) NM_001083676.1 Forward: TGCACAAAGGGCCAAGAAA
Reverse: GCTGGCAACCAAGATGCTATG
Probe: TGCCTTCTCCTCCTTC

Putative anion transporter, isoform 1 (PAT1) BC_123616 Forward: GGGCACTTCTTCGATGCTTCT
Reverse: GTCGTGGACCGAGGCAAA
Probe: TCACCAAGCAGCACCT

Sodium/hydrogen antiporter, isoform 1 (NHE1) NM_174833 Forward: GAAAGACAAGCTCAACCGGTTT
Reverse: GGAGCGCTCACCGGCTAT
Probe: AAGTACGTGAAGAAGTGTCT

Sodium/hydrogen antiporter, isoform 2 (NHE2) XM_604493 Forward: TTGTGCGATGACCATGAATAAGT
Reverse: TGATGGTCGTGTAGGATTTCTGA
Probe: CGTGGAAGAGAACGTG

Sodium/hydrogen antiporter, isoform 3 (NHE3) AJ131764.1 Forward: AGCCTTCGTGCTCCTGACA
Reverse: TGACCCCTATGGCCCTGTAC
Probe: TGCTCTTCATCTCCG

Sodium/potassium ATPase pump, isoform 1 (ATP1) NM_001076798 Forward: CATCTTCCTCATCGGCATCA
Reverse: ACGGTGGCCAGCAAACC
Probe: TGTAGCCAACGTGCCAG

3-Hydroxy-3-methylglutaryl-CoA synthase, isoform 1 AY581197 Forward: AGGATACTCATCACTTGGCCAACT
(HMGCS1) Reverse: CATGTTCCTTCGAAGAGGGAAT

Probe: CATTCCCCAGAGTTCCA
3-Hydroxy-3-methylglutaryl-CoA synthase, isoform 2 NM_001045883 Forward: CCTGCTGCAATCACTGTCATG
(HMGCS2) Reverse: TCTGTCCCGCCACCTCTTC

Probe: TTGCAGAGCCCTTTC
3-Hydroxy-3-methylglutaryl-CoA lyase (HMGCL) NM_001075132 Forward: TGCAGATGGGAGTGAGTGTCA

Reverse: GACGCCCCCTGTGCATAG
Probe: TGGCAGGACTGGGAG

β-Hydroxybutyrate dehydrogenase, isoform 1 (BDH1) NM_001034600 Forward: GACTGCCACCACTCCCTACAC
Reverse: TCCGCAGCCACCAGTAGTAGT
Probe: CGCTACCATCCCATG

β-Hydroxybutyrate dehydrogenase, isoform 2 (BDH2) NM_001034488 Forward: CTGTGGCTTCCAGCATCAAA
Reverse: CGCCTTGGTTGTGCTGTACA
Probe: CGTTGTGAACAGGTGC

Ribosomal protein large, P0 (RPLP0) NM_001012682 Forward: AGGGCGTCCGCAATGTT
Reverse: CGACGGTTGGGTAACCAATC
Probe: CCAGCGTGTGCCTG

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) NM_001034034 Forward: TGCCGCCTGGAGAAACC
Reverse: CGCCTGCTTCACCACCTT
Probe: CCAAGCGTGTGCCTG

β-Actin (ACTB) NM_173979.3 Forward: CCTGCGGCATTCACGAA
Reverse: GCGGATGTCGACGTCACA
Probe: CTACCTTCAATTCCATCATG
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Sucrose or Lactose vs. Starch

Ruminal doses of sucrose or lactose increased total 
VFA concentration compared with that of starch, 
which can be attributed to rapid fermentation of sugars 
(Weisbjerg et al., 1998). Similarly, molar proportion of 
butyrate in ruminal fluid was greater for sucrose and 
lactose treatments compared with starch treatment. Al-
though many in vitro studies demonstrated that sugar 
fermentation increases production of VFA, particularly 
butyrate, it is not consistently confirmed under in vivo 
conditions (Oba, 2011). Ruminal concentration of VFA 
is determined by the balance between its production 

and removal, and VFA that are rapidly produced are 
also removed from the rumen rapidly by absorption or 
passage to the lower GI tract. In the current study, 
rumen fluid was sampled only for a 180-min period im-
mediately after the dose of treatment carbohydrates, 
which allowed us to capture the time period that sugar 
fermentation affects the ruminal VFA profile to the 
greatest extent. Although collection of multiple rumen 
fluid samples accounting for diurnal variation is neces-
sary to assess effects of rumen fermentation on overall 
animal performance, composited samples may fail to 

Figure 1. Ruminal pH for cows dosed with starch, lactose, or su-
crose. Means ± SEM with different letters differ (P < 0.05).

Figure 2. Ruminal concentration of total VFA for cows dosed with 
starch, lactose, or sucrose (mM). Means ± SEM with different letters 
differ (P < 0.05).

Figure 3. Ruminal molar proportion of acetate (A), propionate 
(B), and butyrate (C) for cows dosed with starch, lactose, or sucrose 
(%). Means ± SEM with different letters differ (P < 0.05).
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detect specific short-term effects of sugar fermentation 
on rumen fermentation. The current study suggests 
that feeding sugars can increase production of VFA, 
particularly butyric acid.

We had expected that rumen pH would be higher 
for sugar treatments because fermentation of sugars 
often increases butyrate production in the rumen (Oba, 
2011). However, we observed lower rumen pH for the 
sucrose treatment in which butyrate concentration is 
highest. This might be attributed to the unique experi-
mental settings for the current study (e.g., pulse dose 
of treatment carbohydrates and short-term observation 

of rumen fermentation). Rumen pH is determined by 
the balance of acid production and acid removal via 
neutralization, absorption, and passage (Allen, 1997), 
and extensive fermentation of sucrose might have been 
the most dominant factor determining the short-term 
acid balance in the rumen regardless of differences in 
the VFA profile.

Relative mRNA abundance of NHE1 and NHE2 in 
ruminal papillae was greater for sucrose and lactose 
treatments compared with starch treatment. The NHE 
are transporters releasing H+ to the lumen or extra-
cellular space, and taking up Na+ into epithelial cells; 

Figure 4. Ruminal concentration of ammonia-N for cows dosed 
with starch, lactose, or sucrose (mg/dL). Means ± SEM with different 
letters differ (P < 0.05).

Figure 5. Plasma insulin concentration for cows dosed with starch, 
lactose, or sucrose (μIU/mL). Means ± SEM with different letters 
differ (P < 0.05).

Table 3. Relative mRNA abundance of genes involved in intracellular pH regulation and VFA metabolism for 
cows that were ruminally dosed with starch, lactose, or sucrose 

Gene1 Starch Lactose Sucrose SE P-value

NHE1 0.70b 0.97a 0.91a 0.103 0.01
NHE2 0.86b 1.17a 1.19a 0.127 0.02
NHE3 0.79 0.86 0.71 0.157 0.63
ATP1 0.75b 1.17a 1.16a 0.092 <0.01
PAT1 0.75b 0.93b 1.35a 0.137 0.01
DRA 0.86 0.98 0.86 0.124 0.72
MCT1 0.83 1.09 1.12 0.113 0.17
HMGCS1 0.42b 0.55b 0.81a 0.104 0.02
HMGCS2 1.24 1.19 1.30 0.111 0.77
HMGL 1.04 0.94 0.97 0.068 0.59
BDH1 1.01 1.07 1.00 0.077 0.80
BDH2 1.04 1.21 1.19 0.122 0.47
a,bMeans within a row followed by different superscripts differ (P < 0.05).
1NHE1, NHE2, NHE3 = sodium hydrogen exchanger isoforms 1, 2, and 3; ATP1 = Na+/K+ ATPase pump 
isoform 1; PAT1 = putative anion transporter isoform 1; DRA = downregulated in adenoma; MCT1 = mono-
carboxylate cotransporter, isoform 1; HMGCS1, HMGCS2 = 3-hydroxy 3-methylglutaryl coenzyme A synthase 
isoforms 1 and 2; HMGL = 3-hydroxy-3-methylglutaryl-CoA lyase; BDH1, BDH2 = β-hydroxybutyrate dehy-
drogenase isoforms 1 and 2.
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NHE1 is primarily found in the stratum granulosum, 
whereas NHE2 is mainly located on in the stratum 
basale, stratum spinosum, and stratum granulosum 
(Graham et al., 2007). Mooney (2006) showed that 
postprandial change in Na+ concentration in ruminal 
fluid was negatively related to meal size, indicating that 
Na+ absorption increases with greater fermentation in 
the rumen. In addition, Na+ absorption by ruminal 
epithelial cells increases during the time course of their 
adaptation to a highly fermentable diet (Etschmann et 
al., 2009), which suggests that greater NHE activity 
is considered an adaptation to enhanced fermentation 
in the rumen. Butyrate promotes upregulation of NHE 
(Kiela et al., 2001; Subramanya et al., 2007), and this 
is consistent with our findings; ruminal doses of su-
crose or lactose, which had higher molar proportions 
of butyrate concentration in ruminal fluid, had greater 
mRNA abundance of NHE.

Greater NHE activities are expected to increase pro-
ton release back to the rumen, which decreases local pH 
near the stratum granulosum and increases undissoci-
ated form of VFA there, and these effects may increase 
absorption of VFA by simple diffusion (Graham et al., 
2007; Connor et al., 2010). Many in vivo studies report-
ed that feeding sugars does not decrease overall daily 
rumen pH despite rapid fermentation and potential 
short-term reductions in rumen pH (Oba, 2011). This 
may be attributed to possible NHE activities that pro-
mote rapid VFA absorption by simple diffusion. Schlau 
et al. (2012) showed that significant variation existed 
in rumen pH and VFA profile among steers force-fed a 
high grain diet, and that mRNA abundance of NHE in 
ruminal epithelial cells was greater for steers that had 
higher rumen pH, lower ruminal VFA concentration, 
and higher butyrate concentration. Storm et al. (2011) 
reported that ruminal infusion of butyrate increases net 
portal flux of propionate, which indicates rapid VFA 
absorption.

Relative mRNA abundance of ATP1 was also greater 
for sucrose and lactose treatments compared with 
starch treatment, which is consistent with expected 
greater NHE activities. Greater NHE activities increase 
Na+ concentration in the cell, and ATP1 needs to pump 
out Na+ against the concentration gradient to maintain 
low intracellular Na+ concentration. Storm et al. (2011) 
reported that ruminal infusion of butyrate increased 
local blood flow to ruminal epithelia, and their obser-
vations may be explained by expected ATP1 activity. 
As the action of ATP1 requires energy, the oxidative 
metabolism that generates CO2 is expected to increase 
with greater ATP1 activities, and CO2 as a vasodila-
tor is expected to increase local blood flow to ruminal 
epithelia.

Although the activity of NHE1, NHE2, and ATP1 
was not directly measured in the current study, pos-
sible physiological implications of upregulation of those 
genes were consistent with other studies (Storm et al., 
2011; Schlau et al., 2012). However, Aschenbach et al. 
(2011) suggested that action of apical NHE may con-
tribute to subacute ruminal acidosis by increasing the 
ruminal proton load. The effects of NHE on rumen pH 
warrant further investigation.

Ammonia-N concentration in the rumen was greater 
for sucrose and lactose treatments compared with 
starch treatment, which is contrary to previous reports. 
Broderick et al. (2008) and DeFrain et al. (2006) re-
ported that increasing dietary sucrose or lactose con-
tent decreased ammonia-N concentration in the rumen, 
respectively. Feeding high-sugar diets may decrease 
ruminal ammonia-N concentration if readily ferment-
able OM limits microbial protein production (Oba, 
2011). Therefore, greater ammonia-N concentration for 
the sugar treatments indicates that microbial protein 
production might not have been limited by availability 
of fermentable carbohydrates under the current experi-
mental settings. Alternatively, greater VFA concentra-
tion for the sugar treatments might have stimulated 
urea recycling to the rumen (Abdoun et al., 2010), 
temporarily increasing ammonia-N concentration in the 
rumen.

Sucrose vs. Lactose

The current study showed that rumen pH was af-
fected only by the sucrose treatment during the third 
hour after the dose, but not by the lactose treatment, 
suggesting that sucrose ferments faster than lactose. 
This observation is consistent with Weisbjerg et al. 
(1998) who reported faster hydrolysis rate of sucrose 
compared with lactose, and Sutton (1968) who showed 
that glucose and fructose ferment faster than galactose. 
In addition, molar proportion of acetate was lower and 
that of propionate was higher for sucrose treatment 
compared with lactose treatment. In literature, some 
studies reported that partially replacing dietary starch 
sources with lactose decreased propionate concentration 
in rumen fluid (Schingoethe et al., 1980; DeFrain et al. 
2004) while feeding fructose, a component of sucrose, 
increased the molar proportion of propionate in rumen 
fluid (Chamberlain et al., 1993). Plasma insulin con-
centration during a 3-h period after the ruminal dose of 
treatment was higher for sucrose compared with starch 
and lactose, and this is consistent with greater propio-
nate concentration in rumen fluid for sucrose treatment 
as propionate can stimulate insulin release (Sano et al., 
1995). Both sucrose and lactose are often collectively 
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considered as sugar, but the current study as well as 
previous studies in literature indicates that fermenta-
tion rates are different depending on the type of sugar, 
and their effects on rumen pH and VFA profile are also 
variable.

Expression of PAT1 was increased only by sucrose 
compared with starch. The PAT1 is a transport protein 
located in apical cell membrane, and facilitates trans-
port of dissociated form of VFA into epithelial cells in 
exchange of bicarbonate ion back to the rumen (Connor 
et al., 2010). It is not clear whether mRNA abundance 
of PAT1 is related to its activities, but if so, greater 
PAT1 activity is expected to increase VFA absorp-
tion and rumen pH by facilitating acid neutralization. 
However, rumen pH was lower for sucrose treatment, 
which is not consistent with expected greater activity 
of PAT1.

The enzyme HMGCS1 catalyzes butyrate metabo-
lism in the cytosol for cholesterol synthesis, whereas 
HMGCS2 is an enzyme in the mitochondria for BHBA 
synthesis. Lane et al. (2002) reported that abun-
dance of mRNA of HMGCS (isoform type was not 
specified) increased with the age of lamb, indicating 
its positive relationship with BHBA production (Lane 
et al., 2000). In the current study, sucrose treatment 
increased mRNA abundance of HMGCS1, but not that 
of HMGCS2. Although sucrose treatment increased 
butyrate concentration in rumen fluid, it did not affect 
plasma BHBA concentration. This may be attributed to 
the lack of treatment effect on HMGCS2. The current 
study showed that sucrose treatment, which decreased 
rumen pH, upregulated HMGCS1. However, previous 
research reported that increasing diet fermentability 
downregulated HMGCS1 in ruminal epithelial cells 
of mature cows (Steele et al., 2011) or weaned calves 
(Laarman et al., 2012). The effects of rumen fermenta-
tion on butyrate metabolism in ruminal epithelial cells 
are not consistent in the literature, and warrant further 
investigation.

Although it is possible that type of sugar affects the 
metabolism of ruminal epithelial cells, gene expression 
data from the current study need to be interpreted with 
caution. Animals were fed a high-forage diet containing 
barley silage at 83% of dietary DM during the study. 
Although the diet contains sucrose and lactose (2.1% 
each on a DM basis), microbial adaptation may not 
be sufficient and ruminal dose of sucrose or lactose 
may not reflect actual metabolism in ruminal epithelial 
cells where sucrose or lactose is included in diets at a 
high concentration. Nonetheless, it is noteworthy that 
several key genes involved in butyrate metabolism and 
intracellular pH regulation are affected, and further 
research is warranted to confirm findings from the cur-
rent study.

CONCLUSIONS

Ruminal doses of sucrose or lactose increased total 
VFA concentration, molar proportion of butyrate in 
ruminal fluid, and relative mRNA abundance of genes 
that facilitate absorption of fermentation acids com-
pared with ruminal doses of starch. However, treatment 
effects on rumen pH, molar proportion of acetate and 
propionate in ruminal fluid, plasma insulin concentra-
tion, and expression of some genes in ruminal epithelial 
cells were different between sucrose and lactose. Al-
though sucrose and lactose are often considered col-
lectively as sugar, effects of feeding sugars on ruminal 
fermentation and subsequent metabolism in ruminal 
epithelial cells may vary depending on the type of sugar.
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