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  ABSTRACT 

  Ruminal endotoxin and plasma oxidative stress 
biomarker concentrations were studied in dairy heif-
ers challenged with grain, fructose, and histidine in a 
partial factorial study. Holstein-Friesian heifers [n = 
30; average body weight (BW) of 359.3 ± 47.3 kg] were 
randomly allocated to 5 treatment groups: (1) control 
(no grain); (2) grain [crushed triticale at 1.2% of BW 
dry matter intake (DMI)]; (3) grain (0.8% of BW DMI) 
+ fructose (0.4% of BW DMI); (4) grain (1.2% of BW 
DMI) + histidine (6 g/head); and (5) grain (0.8% of 
BW DMI) + fructose (0.4% of BW DMI) + histidine 
(6 g/head). Rumen samples were collected by stomach 
tube 5, 65, 115, 165, and 215 min after diet consumption 
and blood samples at 5 and 215 min after consumption. 
Rumen fluid was analyzed for endotoxin concentra-
tions. Plasma was analyzed for concentrations of the 
following oxidative stress biomarkers: reactive oxygen 
metabolites (dROM), biological antioxidant potential 
(BAP), advanced oxidation protein products, and ce-
ruloplasmin, and activity of glutathione peroxidase. 
Dietary treatment had no effect on concentrations of 
endotoxin or oxidative stress biomarkers. We observed 
no interactions of treatment by time. Ruminal concen-
trations of endotoxin decreased during the sampling 
period from 1.12 × 105 ± 0.06 to 0.92 × 105 endotoxin 
units/mL ± 0.05 (5 and 215 min after diet consump-
tion, respectively). Concentrations of dROM and the 
oxidative stress index (dROM/BAP × 100) increased 
over the sampling period, from 108.7 to 123.5 Carratelli 
units (Carr U), and from 4.1 to 4.8, respectively. Ceru-
loplasmin concentrations markedly declined 5 min after 
the consumption of diets, from 190 to 90 mg/L over 
the 215-min sampling period. Overall, a single feeding 
challenge for dairy cattle with grain, fructose, and his-
tidine, and combinations thereof, may not be sufficient 

to induce marked changes in endotoxin or oxidative 
stress biomarker concentrations. 
  Key words:    endotoxin ,  fructose ,  histidine ,  oxidative 
stress 

  INTRODUCTION 

  Cattle are at an increased risk of acidosis during the 
transition period because they are often exposed to 
abrupt increases in rapidly fermentable carbohydrates 
(Penner et al., 2007) following reduced DMI before 
parturition (Hayirli et al., 2003). Similarly, abrupt 
exposures can occur in beef cattle fed feedlot diets. 
Without a gradual introduction and sufficient effective 
fiber, carbohydrates cause organic acids to accumulate 
in the rumen and exceed its buffering capacity, result-
ing in ruminal acidosis (Nagaraja and Titgemeyer, 
2007; RAGFAR, 2007; Plaizier et al., 2008). Ruminal 
acidosis is a complex nutritional disorder ranging in 
severity from the peracute form, resulting in death, to 
relatively mild forms where symptoms can be subclini-
cal. Measures of ruminal pH are often used for diagno-
sis, but inconsistencies in cut-off thresholds that define 
acidosis severity have created confusion regarding 
the accurate diagnosis of acidosis (Kleen et al., 2003; 
Nagaraja and Titgemeyer, 2007; Plaizier et al., 2008). 
Bramley et al. (2008) showed that ruminal valerate and 
propionate were the most effective ruminal fermenta-
tion parameters for diagnosing acidosis, and ruminal 
pH and lactate were the least effective. The model of 
acidosis developed by Bramley et al. (2008) is the only 
method that defines acidosis on the basis of changes 
in ruminal measures and relates these to diet, health, 
and production. We hypothesize that acidosis occurs 
along a continuum of ruminal conditions ranging from 
clinical acidosis to normal and that testing responses of 
cattle to feeding challenges in this range will increase 
our understanding of the pathogenesis and means to 
control acidosis. 

  Despite extensive research and many detailed reviews 
(Owens et al., 1998; Krause and Oetzel, 2006; RAGFAR, 
2007; Enemark, 2008; Plaizier et al., 2008), the patho-
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genesis of acidosis is still not completely understood, 
particularly in regard to the proposed involvement of 
specific molecules such as endotoxins (Khafipour et al., 
2009a) and histamine (Ahrens, 1967), and involvement 
of specific microbial species. Most research has focused 
on changes resulting from several days or weeks of re-
peated exposure to rapidly fermentable carbohydrates. 
Changes resulting from single exposure to readily fer-
mentable carbohydrate in the first hours after feeding 
in cattle not adapted to these diets have received less 
attention but could provide important insights into 
acidosis development, especially around parturition or 
introduction to feedlots.

In our previous study, we were able to show that 
dairy cattle fed a single grain challenge (0.8 or 1.2% 
of BW DMI) after 14 h off feed had increased con-
centrations of ammonia, total VFA, acetate, butyrate, 
propionate, and valerate, and decreased pH compared 
with cattle fed no grain (Golder et al., 2012). We also 
observed that dairy cattle fed 0.8% of BW DM grain 
and 0.4% of BW DM fructose in a single challenge after 
feed withholding had markedly increased ruminal lac-
tate, total VFA, butyrate concentrations and decreased 
ruminal valerate concentration and pH (Golder et al., 
2012). We conclude that these carbohydrate challenges, 
which reflect those occurring in dairy cattle during the 
transition period and that induced significant changes 
in rumen fermentation profile, are worthy of further 
investigation.

Endotoxins are lipopolysaccharides released from the 
cell walls of gram-negative bacteria during bacterial 
multiplication and lysis (Rietschel et al., 1994). High 
concentrations of endotoxin in the rumen have been 
implicated in contributing to the nonspecific, acute 
phase response during SARA induced by feeding high 
levels of concentrate over several days (Gozho et al., 
2007; Khafipour et al., 2009a). A meta-analysis has 
shown that increased dietary concentrate content and 
reduced dietary NDF content are associated with an 
increase in ruminal endotoxin, plasma haptoglobin, and 
serum amyloid A levels (Zebeli et al., 2012). Responses 
became linear when cattle were fed >44.1% concentrate 
or <39.2% NDF (Zebeli et al., 2012). Cattle in these 
studies were exposed to high fermentation carbohy-
drate diets over a series of days. High concentrations of 
endotoxin may be responsible for some of the observed 
clinical signs of acidosis, including inflammation, lami-
nitis, and liver abscesses (Plaizier et al., 2012). Similar 
depressions in ruminal pH for cattle challenge-fed with 
alfalfa pellet and ground alfalfa to those observed in 
high concentrate challenges suggest that ruminal pH 
depressions and increased endotoxin alone do not cause 
an acute phase response (Plaizier et al., 2012). It is 
unclear whether endotoxin concentrations change dur-

ing the first few hours after single exposures to rapidly 
fermentable carbohydrates. Increases by 6 h and peaks 
at 12 h have been reported in dairy cattle fed grain 
challenges over several days (Gozho et al., 2006; Khafi-
pour et al., 2009a). Translocation of free endotoxin 
into the bloodstream can result in the production of 
proinflammatory cytokines, reactive oxygen, and bioac-
tive lipids (Rietschel et al., 1994). Endotoxin can cause 
inflammation and increased oxidative reactions. Oxida-
tive stress occurs when the presence of pro-oxidative 
metabolites exceeds the capacity of antioxidants to 
neutralize these (Miller et al., 1993). It is a relatively 
new field of research in ruminants but has been im-
plicated in numerous disease processes in cattle (Celi, 
2011a). Prolonged concentrate feeding in dairy cattle 
increased plasma glutathione peroxidase activity and 
lipid peroxidation, and decreased α-tocopherol and fer-
ric reducing ability of plasma (Wullepit et al., 2009). 
An increase in oxidative stress was also reported by 
Gabai et al. (2004) when high levels of starch were fed 
to dairy cows at 80 DIM. Further research is needed to 
explore links between abruptly feeding rapidly ferment-
able carbohydrates, endotoxin, and oxidative stress in 
cattle and to determine thresholds for these changes in 
metabolism.

The objective of this study was to investigate the 
effects of grain, fructose, and histidine, and their com-
binations, fed to dairy heifers unadapted to these in 
a single challenge on ruminal endotoxin and plasma 
oxidative stress biomarker concentrations. We hypoth-
esized that grain would increase endotoxin concentra-
tions and induce oxidative stress responses as a result 
of increased VFA and decreased ruminal pH compared 
with heifers fed no grain. Fructose was hypothesized to 
induce greater concentrations of endotoxin and more 
pronounced oxidative stress responses than grain be-
cause of more rapid fermentation rates and observed 
higher ruminal total VFA, butyrate, and lactic acid 
concentrations than induced by grain alone. We hy-
pothesized that histidine would have no effect on en-
dotoxin or oxidative stress responses because no main 
effects on rumen fermentation profile were observed 
from histidine addition (Golder et al., 2012).

MATERIALS AND METHODS

Animals and Experimental Protocol

The experiment was conducted on 30 nonpregnant 
Holstein-Friesian heifers <18 mo of age with an average 
BW of 359.3 ± 47.3 kg at Camden (NSW, Australia). 
The animals were from a commercial dairy herd, and all 
experimental procedures were approved by the Bovine 
Research Australasia Animal Ethics Committee. The 
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experimental procedures of this study have previously 
been detailed by Golder et al. (2012).

Briefly, heifers were housed on a dry lot and were 
fed 1 kg (as-fed basis) of grain daily, with ad libitum 
access to ryegrass silage and alfalfa hay twice daily in 
individual head stanchions in a feedpad for a 10-d ad-
aptation period before the challenge day. Target feed 
intake was 2 kg/d of alfalfa hay, 7.2 kg/d of ryegrass 
silage, and 1 kg/d of triticale (as-fed basis). The esti-
mated chemical composition of the diet (CPM Dairy 
V3.10; Cornell-Penn-Miner, Cornell University, Ithaca, 
NY) during the adaptation period was NDF = 42.3% 
of DM, lignin = 5.6% of DM, NFC = 30.2% of DM, 
silage acids = 6.5% of DM, sugar = 7.0% of DM, starch 
= 7.7% of DM, and soluble fiber = 8.9% of DM. The 
chemical composition of the alfalfa hay, ryegrass silage, 
and triticale cultivar ‘Berkshire’ were analyzed by near-
infrared spectroscopy and wet chemistry by George 
Weston Technologies (Sydney, NSW, Australia) and 
Dairy One Inc. Forage Testing Laboratory (Ithaca, NY; 
Table 1). Wet chemistry techniques were described by 
Golder et al. (2012).

The heifers were randomly allocated to the following 
5 treatment groups (n = 6 heifers/group) in a partial 
factorial arrangement: (1) control (no grain); (2) grain 
(1.2% of BW DMI of crushed triticale cultivar ‘Berk-
shire’); (3) grain (0.8% of BW DMI) + fructose (0.4% 
of BW DMI); (4) grain (1.2% of BW DMI) + histidine 
(6 g/head); and (5) grain (0.8% of BW DMI) + fruc-
tose (0.4% of BW DMI) + histidine (6 g/head). The 
statistical power of the study was based on previous ex-
periments conducted by the group that demonstrated 
significant differences in VFA using a smaller number 
of animals per group than used in this study. The fruc-
tose (Melbourne Food Depot, East Brunswick, VIC, 
Australia) was a 99.5% pure crystalline powder and 
was mixed through the grain ration. The mean weight 
of fructose administered at a rate of 0.4% of BW (33% 
of DM) was 1.44 kg. This is equivalent to the amount of 
water-soluble carbohydrate a heifer may consume over 
an entire day. The histidine (Merck KGaA, Darmstadt, 
Germany) was an l-histidine powder dissolved in 50 
mL of tap water and was administered via a stomach 
tube immediately after consumption of 200 g of alfalfa 

Table 1. Chemical composition of alfalfa hay and ryegrass silage fed during the adaptation period, and 
triticale cultivar ‘Berkshire’ fed during the adaptation and challenge periods1  

Item2  
(% of DM)

Alfalfa  
hay

Ryegrass  
silage Triticale

DM 87.7 76.2 88.8
NDF 45.9 52.3 22.1
CP 20.7 17.7 16.7
Soluble protein (% of CP) 43 40.5 26.5
Crude fat 2.5 2.6 1.5
Ash 9.0 10.4 2.4
Lignin 6.8 6.5 2.3
ADF 33.6 35.6 5.3
ADICP 1.2 1.5 0.3
NDICP 3.5 5.6 2.9
NFC 25.5 22.8 60.0
Available protein 19.5 16.2 16.5
Degradable protein (% CP) 69 64 70
Starch 2.5 1.7 51.7
Water-soluble carbohydrates 7.2 7.5 —
ESC (simple sugars) 4.9 7.3 3.8
DCAD (mEq/100 g) 20 5 1
Minerals (mg/kg)    
 Chloride 9,388 16,367 1,358
 Calcium 10,002 9,828 357
 Cobalt <0.5 1.60 <0.5
 Copper 7.7 9.6 6.1
 Iron 228 1,393 57.6
 Phosphorus 3,400 2,700 3,000
 Potassium 24,170 19,730 6,625
 Magnesium 2,906 3,608 1,300
 Manganese 56.2 139 57.3
 Molybdenum 0.8 0.7 0.6
 Sodium 1,440 4,510 100
 Sulfur 3,000 3,400 1,900
 Zinc 29 27 42
1Values are means obtained from near-infrared spectroscopy and wet chemistry.
2ADICP = acid detergent insoluble CP; NDICP = neutral detergent insoluble CP; NFC = 100 – [(NDF − 
NDICP) + CP + crude fat + ash]; ESC (simple sugars) = ethanol-soluble carbohydrate.
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hay. The dose rate of 6 g of histidine per head cor-
responds to approximately 160% of the average daily 
histidine requirement of 400-kg heifers as calculated in 
CPM Dairy V3.10.

The challenges were conducted over 4 consecutive 
days, with 7 or 8 heifers randomly allocated to 1 of the 
4 d, with at least 1 heifer from each group sampled on 
each day. Feed was withheld for 14 h before challenge. 
On the challenge day, each heifer was offered and ate 
200 g of alfalfa hay to reduce saliva contamination. Im-
mediately after the hay was consumed, their allocated 
treatment diets were offered, except for the control 
group, which received no further ration. Heifers in the 
2 nonfructose groups consumed 99.5% of the allocated 
grain, in a mean time of 28 min ± 5 min. Fructose-fed 
heifers consumed 75.7% ± 5.3 of allocated grain and 
74% ± 8.5 of fructose in a mean time of 65 min ± 
4.4 (Golder et al., 2012). Heifers exhibited no visible 
signs of clinical acidosis or lameness during or after the 
experimental periods.

Sampling

Rumen fluid samples were collected 5, 65, 115, 165, 
and 215 min after dietary treatment consumption via 
a stomach tube and custom-designed stomach pump, 
centrifuged at 1,512 × g for 15 min at 5°C, and stored 
at −20°C for endotoxin analysis. Rumen fluid was 
scored for saliva contamination as described by Bram-
ley et al. (2008) using a 1- to 3-point scoring system 
(3 being highest level of contamination). No rumen 
samples retained for analysis had a saliva score >1. 
Blood samples were taken via jugular venipuncture im-
mediately after 5- and 215-min rumen fluid collections 
in heparinized blood collection tubes (BD Vacutainer, 
Plymouth, UK). Blood samples were centrifuged at 
1,512 × g for 15 min at 5°C, and plasma was stored 
at −20°C for the laboratory analysis of derivatives of 
reactive oxygen metabolites (dROM), biological anti-
oxidant potential (BAP), advanced oxidation protein 
products (AOPP), glutathione peroxidase (GSH-Px), 
and ceruloplasmin.

Assays

Endotoxin concentrations were determined in the 
5-, 115-, and 215-min rumen fluid samples by a chro-
mogenic endpoint Limulus amoebocyte lysate (LAL) 
assay with a sensitivity of 0.1 to 1 endotoxin units 
(EU)/mL (QCL-1000; Lonza Australia Pty. Ltd., 
Mount Waverley VIC, Australia). Certified pyrogen-
free (endotoxin content <0.001 EU/mL) microplates, 
pipette tips, and glassware were used throughout the 
experiment. Rumen fluid samples were diluted 62,500-

fold with pyrogen-free water (endotoxin content <0.005 
EU/mL) and incubated in a 70°C water bath for 20 min 
to remove most of the other LAL-gelating compounds 
(Baek et al., 1985). Microplates were pre-equilibrated 
to 37°C on a heating block (DBH 20D; Ratek, Boronia, 
VIC, Australia) and remained on the heating block for 
the duration of the assay. A total of 50 μL of sample 
or standard was dispensed into the appropriate micro-
plate well. Limulus amoebocyte lysate (50 μL) was then 
added to each well and incubated for 12 min. There-
after, 100 μL of chromogenic substrate was added and 
the microplate was incubated for a further 15 min be-
fore the reaction was stopped by adding 25% (vol/vol) 
acetic acid (Sigma-Aldrich, Sydney, NSW, Australia). 
The absorbance was then read at 405 nm (POLARstar 
Optima; BMG Labtech, Melbourne, VIC, Australia). 
Endotoxin concentrations were calculated from the 
standard curve and multiplied by the dilution factor.

The amount of free oxygen radicals in plasma sam-
ples were determined by measuring the concentrations 
of dROM, using a colorimetric assay according to kit 
instructions (d-ROMS Test, Diacron International, 
Grosseto, Italy; Cesarone et al., 1999). This test works 
on the principle that the plasma is diluted in an acidic 
buffer solution, allowing iron ions to be released from 
the plasma proteins to catalyze the breakdown of hydro-
peroxide to alkoxyl and peroxyl radicals. A chromogen 
(N,N-dietylparaphenylendiamine) is then added and 
changes color as it is oxidized by hydroperoxyl and alk-
oxyl radicals. The concentration of the colored complex 
is directly related to the level of hydroperoxide in the 
sample and can be photometrically quantified at 505 
nm (Alberti et al., 2000). The results are expressed in 
Carratelli units (Carr U), where 1 Carr U corresponds 
to 0.08 mg/100 mL of hydrogen peroxide.

The concentrations of antioxidants were measured 
using the BAP test according to kit instructions (Dia-
cron International). This test provides a combined mea-
surement of several antioxidants including uric acid, 
ascorbic acid, proteins, α-tocopherol, and bilirubin by 
measuring the BAP of the plasma sample to reduce 
ferric (Fe3+) to ferrous (Fe2+) iron (Benzie and Strain, 
1996). The results of BAP are expressed in micromoles 
per liter of reduced iron. The extent of oxidative stress 
was expressed as an oxidative stress index (OSI), which 
was estimated using the ratio dROM:BAP × 100, as 
the combination of dROM and BAP results provides a 
more accurate representation of oxidative stress status 
(Celi, 2011b).

Advanced oxidation protein products were measured 
according to the methods of Witko-Sarsat et al. (1998). 
In summary, 200 μL of plasma was diluted 1/5 in PBS 
(5 mM) and placed into a 96-well, and then 20 μL of 
glacial acetic acid was added. A chloramine-T solution 
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(Sigma-Aldrich) was used to produce a standard curve 
ranging from 0 to 200 μmol/L. In standard wells, 10 
μL of 1.16 M potassium iodide (ReagentPlus, Sigma-
Aldrich) was added to 200 μL of chloramine-T solution 
followed by 20 μL of acetic acid. Within 5 min, the 
absorbance was read at 340 nm (POLARstar Optima, 
BMG Labtech). Concentrations of AOPP were ex-
pressed as micromoles per liter of chloramine-T equiva-
lents.

The concentrations of plasma GSH-Px were mea-
sured based on a spectrometric method according to 
kit instructions (kit no. 703102; Cayman, Ann Arbor, 
MI). The absorbance of the samples was recorded for a 
4-min period at 60-s intervals at 340 nm (POLARstar 
Optima, BMG Labtech).

Plasma ceruloplasmin concentrations were deter-
mined according to the methods described by Sunder-
man and Nomoto (1970) except that absorbance was 
read at 510 nm (POLARstar Optima, BMG Labtech). 
Briefly, 2 mL of acetate buffer solution and 100 μL of 
plasma were added to 2 sets of glass tubes for each 
sample, a set for the reaction (R) and a set for the 
blank (B). All tubes were brought to thermal equi-
librium in a 37°C water bath. To all tubes, 1 mL of 
37°C p-phenylendiamine solution (Sigma-Aldrich) was 
added and mixed, and all tubes were incubated in a 
37°C water bath for 5 min unstoppered. To the B tubes 
only, 50 μL of sodium azide solution (Sigma-Aldrich) 
was added and mixed. After a 30-min incubation of all 
tubes, 50 μL of sodium azide solution (Sigma-Aldrich) 
was added to the R tubes. A total of 300 μL of solu-
tion from each tube was pipetted on a micro-plate and 
absorbance was read at 510 nm (FLUROstar Optima, 
BMG Labtech). The ceruloplasmin concentration was 
calculated as follows:

Ceruloplasmin (g/L) = 0.752 (AR – AB), 

where AR is the absorbance of sample R, and AB is the 
absorbance of sample B.

Statistical Analysis

A general linear model with repeated measures was 
used to estimate the effect of time, treatment group, 
and time × treatment interaction (PASW Statistics 18, 
SPSS Inc., Chicago, IL). The blocking effect of day was 
not significant and removed from the final model. The 
co-variance structure was independent and a Tukey test 
was performed for means separation over time. The 
model was as follows:

Yijk = μ + βi + γj + (βγ)ij + Rεijk,

where Yijk = response at treatment i (i = 1 to 5) at 
time j (j = 1 or 2) by heifer k (k = 1 to 30); μ = 
overall mean; βi = effect of treatment; γj = effect of 
time j; (βγ)ij = effect of treatment by time interaction; 
and Rεijk = random residual error adjusted for repeated 
measurements within heifer k at time j

To estimate the main effects of grain, fructose, and 
histidine, and their interactions by time, the 5 treat-
ment groups were merged into a factorial arrangement 
and analyzed using generalized estimating equations 
(GEE) with repeated measures using the PROC 
MIXED methods in SAS (version 9.2, SAS Institute 
Inc., Cary, NC; Golder et al., 2012). A Pearson correla-
tion (PASW Statistics 18, SPSS Inc.) was performed 
to determine the correlations between all measures of 
ruminal pH, rumen fermentation products, and rumen 
endotoxin, and plasma oxidative stress biomarkers at 5 
and 215 min after dietary treatment consumption.

RESULTS

No time × treatment interaction or effect of treat-
ment was observed for endotoxin concentration or 
oxidative stress biomarkers (Table 2); however, we 
observed a trend toward a decrease in AOPP concen-
tration over time in the control group (P = 0.08; Table 
2; Figure 2D). Concentrations of ruminal endotoxin 
decreased over the experimental period from 1.12 × 105 
± 0.06 EU/mL at 5 min after treatment consumption 
to 0.92 × 105 EU/mL ± 0.05 EU/mL at 215 min after 
consumption (P = 0.02; Figure 1). Concentrations of 
dROM increased over time (P = 0.002) from 108.7 ± 
4.1 to 123.5 ± 3.3 Carr U at 5 and 215 min, respectively 
after treatment consumption (Figure 2A). The OSI also 
increased over the experimental period, from 4.1 ± 0.02 
at 5 min (P = 0.009) to 4.8 ± 0.03 at 215 min after 
consumption (Figure 2C). Ceruloplasmin concentra-
tions decreased by half (P < 0.001) over time from 190 
± 70 at 5 min after treatment consumption to 90 ± 10 
mg/L at 215 min after treatment consumption (Figure 
2F). No time effect was observed for BAP, AOPP, or 
GSH-Px concentrations (Table 2; Figure 2B, D, E).

We observed no effects of grain, fructose, and histi-
dine, or their interactions by time for ruminal endo-
toxin concentrations or any plasma oxidative stress 
biomarkers in the generalized estimating equations 
with repeated-measures merged factorial analysis (data 
not shown).

Ruminal histamine and propionate were negatively 
correlated with OSI at 215 min (r = −0.42; P = 0.02 
and r = −0.39; P = 0.09, respectively). Acetate was 
negatively correlated with the OSI at 215 min (r = 
−0.41; P = 0.02). No other correlations were found 
between the ruminal parameters analyzed by Golder et 
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al. (2012) and endotoxin and oxidative stress biomarker 
concentrations at either 5 or 215 min.

DISCUSSION

Although no clinical signs of acidosis were observed, 
changes in the ruminal fermentation profile, particular-
ly valerate, propionate, and lactic acid concentrations, 
suggested that these heifers were exposed to a signifi-
cant challenge diet (Golder et al., 2012). Lactic acid 
concentrations were 22- and 21-fold higher in the fruc-
tose groups than in the controls (Golder et al., 2012), 
indicating the strength of the challenge and potential for 
endotoxin generation (Zebeli et al., 2011). The ruminal 
fermentation changes observed by Golder et al. (2012) 
identified group effects of diet on fermentation. From 
the results of this study, we rejected the hypothesis that 
a single grain and fructose challenge in dairy heifers 
would increase ruminal endotoxin concentrations and 
induce plasma oxidative stress responses. Histidine had 
no effect on either endotoxin or oxidative stress bio-
marker concentrations, as hypothesized. The previous 
findings (Golder et al., 2012) demonstrate that the lack 
of significant endotoxin and oxidative stress responses 
were not primarily attributable to type II error but 
reflect the efficacy of mechanisms that control ruminal 
metabolism during periods of significant dietary chal-
lenge, such as that encountered around parturition or 
on feedlot entry diets.

The absence of a group effect for both endotoxin and 
oxidative stress measures provides a useful contribu-
tion to the limited field of research into links between 
nutrition, inflammation, and oxidative stress. It high-
lights the difference between rumen environments of 
carbohydrate-challenged cattle in this study and acute 
carbohydrate challenge models used in other cattle 

studies (Andersen and Jarlov, 1990; Andersen et al., 
1994). Similarly, it identifies changes occurring during 
disease progression from initial carbohydrate insults 
in this study and repeated carbohydrate exposures 
(Gozho et al., 2007; Emmanuel et al., 2008; Khafipour 
et al., 2009a).

The endotoxin concentrations in our study are consis-
tent with the values reported in cattle fed concentrate or 
alfalfa pellet (Khafipour et al., 2009a,b) and cattle fed 
concentrate (Gozho et al., 2007). These concentrations 
are higher than those reported by Plaizier et al. (2012) 
and Khafipour et al. (2009a) for control and challenge 
group concentrations. The difference in the range of 
endotoxin values may be accounted for by variation 
between animals, diets, and assays (Khafipour et al., 
2009a).

Acidosis develops from a progression of changes in 
bacterial population, fermentation products, and physi-
ological functions, suggesting that a substrate × time 
interaction for ruminal endotoxin could occur; this 
effect was not observed. We hypothesized that grain 
would increase endotoxin concentrations in response 
to the increased availability of carbohydrate substrates 
and changes in bacterial populations reflected in de-
creased ruminal pH, and markedly increased VFA 
concentrations (Golder et al., 2012). Endotoxin is con-
tinuously present in the rumen as the result of release 
from gram-negative bacteria during multiplication and 
lysis (Rietschel et al., 1994). The bacterial ecological 
balance, effects of ruminal pH on metabolism, changes 
in the cell membrane of bacteria, and other physiologi-
cal functions of the rumen should modulate the release 
and accumulation of ruminal endotoxin (Russell and 
Rychlik, 2001; Ametaj et al., 2010). Substitution of 
fructose for grain increased mean d- and l-lactate con-
centrations by 22- and 21-fold, respectively, over other 

Table 2. Least squares means (±SEM) of treatment groups and main effects (P-values) of treatment groups, time, and their interaction for 
ruminal endotoxin and plasma oxidative stress biomarkers (n = 6 heifers/group) 

Variable1

Group2

SEM

P-value

Control GR GR + FR GR + HIS
GR + FR + 

HIS Time (T) Group (G) T × G

Ruminal endotoxin (×105 EU/mL) 1.08 1.10 0.90 1.00 0.97 0.09 0.02 0.48 0.39
dROM (Carr U) 119 114 114 126 123 8.1 0.002 0.81 0.62
BAP (μmol/L) 2,523 2,725 2,646 2,847 2,919 142 0.12 0.11 0.23
OSI (arbitrary units) 5.3 4.4 4.4 4.5 4.2 0.6 0.009 0.60 0.39
AOPP (μmol/L) 49.4 48.0 43.9 45.7 48.2 2.94 0.06 0.72 0.08
GSH-Px (nmol/min per mL) 32.7 32.7 27.6 30.2 30.5 3.24 0.24 0.84 0.76
Ceruloplasmin (mg/L) 120 122 160 162 121 18.0 <0.001 0.27 0.83
1EU = endotoxin units; dROM = reactive oxygen metabolites (Carr U = Carratelli units; 1 Carr U = 0.08 mg/100 mL of hydrogen peroxide); 
BAP = biological antioxidant potential; OSI = oxidative stress index; AOPP = advanced oxidative protein products; GSH-Px = glutathione 
peroxidase. 
2Control = no grain; GR = crushed triticale at 1.2% of BW DMI; GR + FR = grain (0.8% of BW DMI) + fructose (0.4% of BW DMI); GR 
+ HIS = grain (1.2% of BW DMI) + histidine (6 g/head); GR + FR + HIS = grain (0.8% of BW DMI) + fructose (0.4% of BW DMI) + 
histidine (6 g/head).
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groups, increased total VFA and butyrate concentra-
tions, and decreased valerate concentrations and rumi-
nal pH (Golder et al., 2012). It was therefore hypoth-
esized that fructose would increase endotoxin release 
compared with that in grain-fed animals in response 
to increased bacterial multiplication and lysis, reflect-
ing the faster fermentation rate of sugars than starches 
(Firkins, 2011). Despite the substantial differences in 
fermentation, feeding a challenge diet of grain and 
fructose had no effect on ruminal endotoxin concen-
trations over the first 3.6 h after feeding. Others have 
reported increased ruminal endotoxin concentrations in 
grain-based challenge studies in dairy cows (Motoi et 
al., 1993; Gozho et al., 2007; Emmanuel et al., 2008; 
Khafipour et al., 2009a). A meta-analysis has shown 
that increased dietary concentrate content and reduced 
dietary NDF content are associated with an increase 
in ruminal endotoxin, plasma haptoglobin, and serum 
amyloid A levels (Zebeli et al., 2012). Responses be-
came linear when cattle were fed >44.1% concentrate or 
<39.2% NDF (Zebeli et al., 2012). In these studies, the 
challenge diets were fed over several days, in contrast 
to the single challenge in this study. This observation 
may account for the difference in outcomes observed, as 
bacterial populations could undergo greater population 
shifts, possibly resulting in greater bacterial lysis.

It is necessary to establish the thresholds at which 
endotoxin release is increased after abrupt increases in 
carbohydrate feeding. Abrupt acute concentrate chal-
lenges in dairy cattle have not resulted in consistent 
endotoxin responses, with no difference reported by 
Andersen and Jarlov (1990), an increase reported by 
Nagaraja et al. (1978), and increases in cattle fed 4 kg 
of concentrate after having been fed hay in the previous 
month, reported by Andersen et al. (1994). Differences 
in findings among these studies may also reflect dif-
ferences in age, physiological state of the dairy cattle, 
challenge diet composition, challenge management, and 
difference in assay methods. The dairy cattle in this 
study were unmated heifers, and metabolic changes 
may not be as pronounced in these cattle as in lactating 
cows under greater metabolic stress (Li et al., 2012). 
No other studies have examined the effects of sugar or 
histidine on endotoxin concentrations.

Endotoxin concentrations decreased over the 215-min 
period of the study, in contrast to the observed increase 
in VFA production (Golder et al., 2012), whereas in-
creases in ruminal endotoxin concentrations were ob-
served by 6 h after carbohydrate-induced challenge in 
dairy cattle and peaked 12 h after (Gozho et al., 2006; 
Khafipour et al., 2009a). Endotoxin concentrations 
increased over consecutive days during carbohydrate 
feeding (Gozho et al., 2005, 2007); however, endotoxin 
concentrations decreased by 25% over 4 d after acute 

carbohydrate challenge in cattle (Andersen and Jarlov, 
1990). The involvement of ruminal endotoxin in the 
pathogenesis of grain-related disorders remains unclear, 
given the varied responses to abrupt challenges with 
carbohydrate including that in this study and requires 
further investigation.

We hypothesized that the proinflammatory molecule 
histamine, which increased with grain feeding in this 
study (P = 0.054; Golder et al., 2012), would be posi-
tively correlated with endotoxin and oxidative stress 
measures; however, this was not the case.

The measurement of oxidative stress parameters in 
unmated dairy heifers is unique and contributes to the 
currently small amount of data on oxidative stress in 
dairy cattle. At present, the normal ranges for oxidative 
stress measures in dairy cattle in different physiological 
states are not defined.

Biomarkers of oxidative stress were hypothesized to 
increase in grain and fructose fed heifers, reflecting the 
observed decreases in ruminal pH, increases in total 
VFA, and marked increases in lactic acid in fructose-fed 
heifers. Changes were proposed to be more pronounced 
in the fructose-fed heifers compared with the heifers fed 
grain only or control heifers. However, oxidative stress 
biomarkers were not affected by treatments, indicat-

Figure 1. Ruminal concentrations of endotoxin (mean ± SEM) 
5, 115, and 215 min after feed consumption in dairy heifers fed 5 dif-
ferent challenge diets (n = 6 heifers/group): control (no grain); GR 
= (crushed triticale, 1.2% of BW DMI ); GR + FR = grain (0.8% of 
BW DMI) + fructose (0.4% of BW DMI); GR + HIS = grain (1.2% 
of BW DMI) + histidine (6 g/head); GR + FR + HIS = grain (0.8% 
of BW DMI) + fructose (0.4% of BW DMI) + histidine (6 g/head). 
EU = endotoxin units.
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Figure 2. Plasma concentrations (means ± SEM) of oxidative stress biomarkers 5 and 215 min after feed consumption in dairy heifers fed 5 
different challenge diets (n = 6 heifers/group): control (no grain); GR = (crushed triticale, 1.2% of BW DMI); GR + FR = grain (0.8% of BW 
DMI) + fructose (0.4% of BW DMI); GR + HIS = grain (1.2% of BW DMI) + histidine (6 g/head); GR + FR + HIS = grain (0.8% of BW DMI) 
+ fructose (0.4% of BW DMI) + histidine (6 g/head). (A) Reactive oxygen metabolites (dROM), (B) biological antioxidant potential (BAP), 
(C) oxidative stress index (dROM:BAP), (D) advanced oxidation protein products (AOPP), (E) glutathione peroxidase (GSH-Px) activity, and 
(F) ceruloplasmin concentration. *P < 0.05.
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ing that oxidative stress may not result from a single, 
albeit significant, carbohydrate challenge. Oxidative 
stress can result from more-acute grain challenges, 
as high levels of starch fed to dairy cows at 80 DIM 
increased oxidative stress (Gabai et al., 2004) and feed-
ing early lactation cattle rations to achieve restricted 
or high milk production was associated with oxidative 
stress (Pedernera et al., 2010). Prolonged concentrate 
feeding in dairy cattle showed increased plasma gluta-
thione peroxidase activity and lipid peroxidation and 
decreased α-tocopherol and ferric reducing ability of 
plasma (Wullepit et al. 2009).

The lack of oxidative stress responses to treatment 
is consistent with the absence of treatment effects on 
ruminal endotoxin. Endotoxin translocation into the 
bloodstream may result in the production of oxidative 
molecules (Rietschel et al., 1994). The absence of a 
group effect on ruminal endotoxin suggests that blood 
endotoxin concentrations also were unlikely to have 
been increased.

The increase in OSI and dROM over time may have 
been a response to feeding after the withholding period 
or stress, independent of treatments. The increase in 
OSI and dROM in the control heifers supports this 
hypothesis. Withholding cattle from feed before offer-
ing the experimental diets may have increased glyco-
genolysis and gluconeogenesis and decreased oxidative 
phosphorylation, a contributor to dROM production. 
Therefore, the overall oxidative status (OSI) of the 
cattle could have been low before feeding and increased 
after. The increase in dROM and OSI may reflect stress 
from restraint and sampling over the 3.6-h period. 
Stress of any origin can deplete the body’s antioxidant 
resources (Sconberg et al., 1993) and result in lipid 
oxidation in muscle (McClelland, 2004).

The observed range of dROM in this study (Figure 
2A) was consistent with the ranges reported in dairy 
cattle (Bernabucci et al., 2005; Celi and Raadsma, 
2010; Pedernera et al., 2010) but higher than those 
reported by Piccione et al. (2007) and Bernabucci et 
al. (2002). The BAP values reported in this study were 
slightly higher than those reported in dairy cattle (Celi 
and Raadsma, 2010; Pedernera et al., 2010). The ob-
served increase in OSI over the experimental period can 
largely be attributed to the increase in dROM 215 min 
after feeding. The OSI concentrations were lower than 
those reported by Pedernera et al. (2010), but within 
the range reported for lactating dairy cattle by Celi 
and Raadsma (2010), despite the differing physiological 
states of heifers and lactating cows.

Advanced oxidation protein products are markers of 
protein oxidation generated by the reaction between 
plasma proteins and myeloperoxidase-derived chlo-
rinated oxidants produced by activated neutrophils 

(Witko-Sarsat et al., 1999). Concentrations of AOPP 
can be associated with embryonic losses and are consid-
ered an acute indicator of inflammation and oxidative 
stress in dairy cows (Celi et al., 2011). The lack of 
effects on AOPP may reflect the abrupt, as opposed to 
chronic, challenge in the study; however, we observed a 
trend toward a decrease in AOPP concentration in the 
control heifers over time.

Glutathione peroxidase is regarded as the most 
important hydrogen peroxide scavenging enzyme in 
mammalian cells (Halliwell, 1994) and is therefore con-
sidered a good indicator of oxidative stress (Gabai et 
al., 2004). The activity of GSH-Px was not affected by 
group, in contrast to alterations observed by Wullepit 
et al. (2009) in dairy cattle fed a grain carbohydrate 
challenge protocol. Celi et al. (2010) suggests that 
GSH-Px activity in the blood may not be very sen-
sitive to nutritional changes. The activity of GSH-Px 
represents only one aspect of the antioxidant defense 
system; other enzymes such as catalase and superoxide 
dismutase may be better acute measures.

Ceruloplasmin (ferroxidase, EC 1.16.3.1) has both 
anti- and pro-oxidant roles (Healy and Tipton, 2007) 
and concentrations were within the proposed reference 
values for lactating Holsteins (Hussein et al., 2012). 
Ceruloplasmin concentrations decreased consistently 
across all groups contrary to the expected parallel in-
crease with dROM, again suggesting that metabolic re-
sponses coped with this level of carbohydrate challenge.

CONCLUSIONS

Marked changes in ruminal metabolism during a 
single abrupt challenge with grain, fructose, and histi-
dine, or their combinations, had no effect on ruminal 
endotoxin concentration or plasma oxidative stress 
biomarkers. Variable responses in ruminal endotoxin 
to carbohydrate challenge among studies suggest that 
further studies are needed to determine the thresholds 
required to induce endotoxin increases during abrupt 
carbohydrate challenges, or on other factors that influ-
ence endotoxin concentrations. The study shows that 
oxidative stress responses were not involved in respons-
es to abrupt exposure to readily fermentable carbohy-
drates, both fructose and starch. This study contributes 
additional observations on the physiological ranges of 
oxidative stress biomarkers in ruminants.
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