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Summary

Alimentary oligofructose (OF) overload induces acute laminitis in dairy heifers. We examined the correlation
between acute bovine laminitis and antioxidant levels by measuring the activities of malondialdehyde (MDA),
catalase (CAT), reduced glutathione (GSH), and superoxide dismutase (SOD) in dairy heifers with acute bovine
laminitis. A total of 12 clinically healthy non-pregnant Chinese Holstein heifers, aged between 18-26 months
(20.67 = 3.01 mo), weighing 335-403 kg (379.71 + 19.87 kg), and with BCS ranging from 2.7 to 3.3 were selected
and divided into two groups of six animals: an OF-treated group and a control group. The OF-treated heifers
(n = 6) received 17 g/kg BW of oligofructose dissolved in 2 L./100 kg BW of tap water, whereas the control
heifers (n = 6) received 2 L/100 kg BW of tap water. Blood samples of OF-treated and the control heifers were
collected at —72 h before, as well as 0, 6, 12, 18, 24, 36, 48, 60 and 72 h after OF overload. Malondialdehyde
(MDA), superoxide dismutase (SOD), reduced glutathione (GSH), and catalase (CAT) activity levels were
measured by authenticated standard methods using blood samples. The mean concentration of superoxide
dismutase (SOD) was significantly lower (p < 0.01) in the OF-treated heifers from 24 h to 72 h and significantly
lower (p < 0.05) at 18 h compared to the control group. Malondialdehyde (MDA) level was significantly higher
(p <0.01) at 24 h to 72 h and significant increased (p < 0.05) at 12 h to 18 h in OF-treated heifers compared
with healthy heifers. There were no significant differences in GSH and CAT activities between the control and
treatment groups. Our study showed that inadequate levels of antioxidants (enzymatic and non-enzymatic)
may be linked to oxidative stress in sick heifers. OF-treated heifers had decreased SOD and increased MDA
in response to acute laminitis. Therefore, SOD, GSH, CAT, and MDA activities may play a dynamic role in the
etiopathogenesis of acute laminitis in dairy heifers. However, further detailed research is required to describe
these responses and to develop strategies to control acute laminitis.

Keywords: acute bovine laminitis, oligofructose, superoxide dismutase, malondialdehyde, reduced glutathione,
catalase

Acute bovine laminitis is a systemic disease with
confined manifestations that affect the claws. It can
cause serious economic losses to the dairy industry
because cows with laminitis have reduced reproduc-
tive performance, decreased milk yield, high culling
rates, and increased cost of veterinary intervention
(6, 13). Equine laminitis is well-characterized, but
the pathogenesis of acute bovine laminitis remains
unclear. Recent studies have found that alimentary
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oligo-fructose (OF) induces acute bovine laminitis,
leading to histological changes in the dermo-epidermal
junction of the claws (6, 38).

Oxidative stress is defined as a change in the balance
of cellular oxidation-reduction reactions, where there is
an reactive oxygen species (ROS) are released exces-
sively, and their removoal is reduced due to inadequate
antioxidant enzyme activity (22).

Increased activity of antioxidants may prevent
cell damage caused by metabolic disorders (9, 41,
42). Laminitis is known to induce oxidative stress
(28, 32), where under these oxidative conditions,
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increased ROS causes hoof tissue dyskeratosis (40),
cartilage degeneration, and chondrocyte apoptosis
(17). Organisms have developed numerous defense
mechanisms to prevent damage of the cellular structure
caused by free radicals through the antioxidant defense
systems (29).

Antioxidants are molecules that prevent or reduce
free radical reactions to delay or prevent cellular dam-
age (45). Antioxidants preserve cells from the harmful
effects of free radicals. Free radicals are molecules that
have an unshared electron that is particularly active,
and this electron can react rapidly with oxygen to form
ROS. The body produces ROS endogenously as a result
of normal cell activity, or as a response to exposure
to free redicals in polluted air, cigarette smoke and
ultavoilet radiations (UV) in sun rays. Cells control
ROS levels through the antioxidative defense systems,
while ROS activates antioxidant signaling between
cells, leading to an increased antioxidative capacity,
a process called oxidative stress (43).

Components of reactive oxygen species (ROS) are
produced during physiological and metabolic functions
causing harmful oxidative reactions under conditions
of'excessive production. Superoxide dismutase (SOD)
is the first line of defense against ROS and is active
in the detoxification of superoxide radicals (3, 11).
Reduced glutathione (GSH) is the most important cel-
lular antioxidant, which plays a major role in protecting
cells against oxidative stress caused by ROS (1, 3, 34).
Under normal conditions, catalase (CAT) is of no great
importance to most cell types, but in the presence of
oxidative stress it is the most adaptive antioxidant en-
zyme and plays a important role in cell defense against
oxidative damage (14). Polyunsaturated fatty acids
(PUFAs) in cell membranes are the primary targets
of ROS. The resulting lipid peroxidation may cause
damage of the cell structure and functions (15, 44). In
addition, the decompositions of lipid hydroperoxides
produces a wide variety of end-products, including
malondialdehyde (MDA). One of the most frequently
used ROS biomarkers, providing an indication of lipid
peroxidation intensity, is MDA, which is a byproduct
of lipid peroxidation (8, 10, 15, 30). The thiobarbitu-
ric acid (TBA) assay is the most common and easiest
method used as an indicator of lipid peroxidation and
free radical activity in biological samples. The assay

Tab. 1. Locomotion scoring system
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is based on the reaction of two molecules of TBA with
one of MDA (3, 30).

Changes in the activity of SOD, CAT, GSH, and
MDA have not been reported in laminitis-induced dairy
heifers. Therefore, we examined the level of oxidative
stress and activities antioxidant enzymes during the
first 72 h of animals developing induced acute bovine
laminitis through OF overload. We hypothesized that
oxidative stress caused by acute laminitis changes
antioxidant enzyme activity levels in dairy heifers.

Material and methods

Animals. Twelve clinically healthy non-pregnant Chi-
nese Holstein heifers with normal locomotion, without
a history of serious claw lesions, aged between 18 to 26
months (20.67 +3.01 mo), weighing 335 to 403 kg (379.71
+ 19.87 kg), and with BCS ranging from 2.7 to 3.3 were
selected. Before the commencement of the experiment,
Heifers were acclimated for 30 days to assure free access
to feed grass hay and adequate drinking water. Three days
before the experiment, the jugular vein was catheterized.

Experimental design and treatments. Twelve heif-
ers were allocated into two groups of six individuals: an
OF-treated group and a control group. According to (6) the
OF-treated heifers (n=6) received 17 g/kg BW of oligofruc-
tose (Bailong Bio-Tech Company, Jinan, China) dissolved
in 2 L/100 kg BW of tap water, whereas the control heifers
(n =6) received 2 L/100 kg BW of tap water at 0 h. Three
days (=72 h) before the high oral dose of oligofructose, a 5%
dose of oligofructose was administered daily. During the
pre-experimental period, heifers were trained to have their
front feet lifted and examined, and to be directed by hand
to walk and trot. During the experiment, all heifers were
housed in a tie-stall on a concrete floor bedded with wood
flakes to a depth of 2-4 cm and were fed grass hay ad libitum.
After 72 hours of OF-overload, heifers were euthanized.

For animal welfare, supportive therapy was given as
Ringer lactate (Peace Veterinary Medicine, Harbin China;
15 ml/kg BW) and sodium bicarbonate (Peace Veterinary
Medicine, Harbin China; 84 g/L; 1.5 mL/kg of BW) at 18
and 24 h after oligofructose overload and calcium boroglu-
conate (Peace Veterinary Medicine, Harbin China; 14 mg
of Ca/mL; 1.4 mL/kg of BW) at 18 h.

The experiment was carried out following the animal ethi-
cal standards (animal ethics approval SRM-13) established
by the College of Veterinary Medicine, Northeast Agricul-
tural University in Harbin, Republic of China.

Locomotion scoring and histopathological examina-

tion. Locomotion scoring was assessed

according to the method described by

arched back-posture. Its gait remains normal.

3 Moderately lame

4 Lame

5 Severely lame

weight on 1 or more of its limbs/feet.

Score Description Assessment criteria
1 Normal The heifer stands and walk with level-back posture. lts gait is normal.
2 Mildly lame The heifer stands with level-back posture while walking develops an

An arched-back posture is evident both while standing and walking. The
heifer’s gait is best described as short striding with 1 or more limbs/feet.

An arched-back posture is always evident and gait is best decribed as
1 deliberate step at a time. The heifer favors 1 or more limbs/feet.

The heifer additionally shows an inability or extreme reluctance to bear

(39) as shown in Tab. 1. Histopatho-
logical examination of claw was carried
out according to (7). The purpose of the
locomotion scoring and histopathologi-
cal examination were to provide unbi-
ased confirmation or disproof of the
development of the laminitis after OF
overload.

Blood sampling. From selected con-
trol and OF-treated heifers, 5 ml blood
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samples were collected from jugular vein by puncture.
Blood samples were centrifuged at 5000 r/min for 10 min-
utes to separate serum from plasma. The separated serums
were used to determine the activity levels of superoxide
dismutase (SOD), reduced glutathione (GSH), catalase
(CAT) levels, and malondialdehyde (MDA).

Determination of SOD activity. SOD detection Micro-
plate test Kit (cat no. A001-3 WST-1) from Nanjing
Jiancheng Bioengineering Institute (Nanjing, People’s
Republic of China) was used to evaluate total SOD activ-
ity. The assay was performed following the manufacturer’s
instructions. SOD increases the dismutation of toxic super-
oxides that are generated by ROS to oxygen and hydro-
gen peroxide. To measure SOD activity, xanthine oxidase
(XOD) and xanthine were combined to produce superoxide
radicals that were mixed with water-soluble tetrazolium-1
(WST-1) to form a red water-soluble tetrazolium-1 formazan
dye. SOD activity was measured by the degree of inhibition
during this reaction. One unit of SOD activity was defined as
50 percent inhibition of WST-1 rate under assay conditions.
A standard curve of SOD activity was generated 450 nm
and expressed as unit micro per milliliter (U/mL).

Serum SOD inhibition ratio % =
_ (ODcontrol - ODcontrol blank) - (ODsample - ODsample blank)
ODcontrol - ODcontrol blank

x100%

Serum SOD activity (U/mL) =
Serum SOD inhibition ratio
50%

Determination of reduced GSH activity. GSH detec-
tion assay kit (cat no. A006-2) from Nanjing Jiancheng
Bioengineering Institute (Nanjing, People’s Republic of
China) was used to test reduced GSH activity following the
manufacturer’s instructions. In this reaction, GSH reacts
with dithiodinitrobenzoic acid (DTNB) to form a yellow
compound. Glutathione stabilizes enzymes containing
a thiol group and prevents oxidative damage to hemoglobin
and other cofactors. GSH is a low molecular scavenger that
can scavenge O, and H.. The content of reduced glutathione
was determined quantitatively by colorimetry at 405 nm
wavelengths. Using a standard OD curve, the reduced GSH
activity was expressed as milligram per liter (mg/L).

ODsample - ODblank

Serum GSH activity (mg/L) = oD oD x 20
standard blank ~ blank

reaction system 0.24

dilution multiple 0.02

Determination of CAT activity. CAT detection assay
kit (cat no. A007-1 Visible light method) from Nanjing
Jiancheng Bioengineering Institute (Nanjing, People’s
Republic of China) was used to evaluate CAT activity
following the manufacturer’s instructions. The kit detects
CAT’s ability to decompose H,O,, which can be stopped
quickly by adding ammonium molybdate. The remaining
H,O, can be used as ammonium aluminate. CAT activity
was calculated by measuring the change of the pale yellow
complex at 405 nm wavelengths. The amount of H,O,
decomposed by 10 per milliliter of serum or plasma per
second was set as the unit of activity. Using a standard OD
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curve, the CAT activity was expressed as micro per mil-
liliter (U/mL).

Serum CAT activity (U/mL) =
= (ODcontrol - ODsample) X 271* X 1/60

where: 271* = reciprocal of the slope.

Determination of MDA activity. MDA detection assay
kit (cat no. A003-1 TBA) from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, People’s Republic of China) was
used to evaluate MDA activity following the manufacturer’s
instructions. The reaction of fatty acids with free radicals
results in malondialdehyde, which is the final product of
lipid peroxidation. The level of malondialdehyde can be
evaluated with thiobarbituric acid, which can be measured
colorimetrically. Using the blood serum sample, 200 ml was
mixed with 800 ml phosphate buffer, 25 ml BHT solution,
and 500 ml of 30% TCA. The tubes were boiled 90°C for 40
min. The tubes were agitated using a vortex and incubated
on ice for 2 h for cooling. Next, the tubes were centrifuged
at 3500 rpm for 10 min, and 1 ml supernatant was collected.
The supernatant was mixed with 250 ml of TBA and 75 ml
of EDTA, mixed using a vortex, and placed in a hot water
bath for 15 min. Samples were moved to room temperature
and absorbance was read in UV/V as spectrophotometer
F4500 (Hitachi, Japan) at 532 nm. Using a standard OD
curve, MDA activity was expressed as nano-mole per mil-
liliter (nmol/mL).

ODsample - ODblank %
ODStandard - ODblank

Statistical analysis. Data were analyzed by repeated-
measures two way ANOVA and Bonferroni’s multiple
comparisons test with a significance level of 5% using
Graph pad Prism (Version 7.04, Graph Pad Software Inc.,
San Diego, CA). All data are presented as means =+ stan-
dard error. Comparisons were considered to be statistically
significant when p < 0.05.

Serum MDA activity (nmol/mL) =

Results and discussion

Clinical signs. All the OF-treated heifers showed
clinical signs of distinct acute ruminal and systemic
acidosis symptoms, including increased heart rate,
anorexia, depression, in-appetence, watery diarrhea,
and transient fever. Control heifers showed no signs
of systemic disease. During locomotion assessment,
the clinical signs of laminitis were initially observed at
24 h after OF overload and found continuous increase
up to 48 h at which we found locomotion score 2-3. The
maximum locomotion score 3-5 was observed from
60 h which confirmed the acute laminitis in Chinese
dairy heifers. These locomotion score were constant
between 60 h to 72 h and we did not find any significant
change. Therefore, the animals were then euthanized
for further experimental requirements. These results
are in line with (6) who found acute laminitis at 60-
-120 h of OF induction, while in our study the laminitis
was observed maximum at 48 h. These early signs of
acute laminitis can be correlated with animal breed,
physical health, environmental condition and dose
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Fig. 1. Right hand lateral claw of control heifer
Explanations: Transverse section of tissue from the dorso-aba-
xial claw wall, Scale bar is 50 um. Sections of innermost tips of
the lamellar layer stained with hematoxylin and eosin. Control
heifer, right hand lateral claw. Well defined basement membrane,
columnar basal cells with dark-stained nuclei (heterochromatin)
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Fig. 2. Right hand lateral claw of OF treated heifer
Explanations: Transverse section of tissue from the dorso-aba-
xial claw wall, Scale bar is 50 pm. Sections of innermost tips
of the lamellar layer stained with periodic acid-Schiff. Heifer
euthanized after 72 h of OF overload, right hand lateral claw.
Stretched lamellae, cell layer thick, little blurry and wavy base-
ment membrane, cuboidal basal cells with rounded, light stained
nuclei. Insertion shows detached basement membrane at the tip
of the upper lamellae

of oligofructose overload. Control heifers showed no
change in locomotion score during the experiments.
Histopathological examination of claw biopsy was
carried out and preliminary results are presented in
Fig. 1 and 2. In summary, clear differences were
observed between the lamellar regions of OF treated
and control heifers. These results are in line with (7)
who confirmed the acute laminitis in heifers after OF
overload by histopathological examination.
Superoxide dismutase (SOD). Serum SOD activ-
ity of the control and OF-treated heifers with acute
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laminitis are listed in Fig. 3. We found a significant
reduction in SOD activity in OF-treated dairy heifers
compared to the control group (p < 0.01). SOD level
was significantly lower (p <0.05) at 18 h compared to
the control group, and there was a significant reduction
in SOD levels (p <0.01) from 24 h to 72 h in OF-treated
heifers. These results highlight that oxidative stress
is involved in the pathogenesis of acute laminitis in
dairy heifers.

Reduced glutathione (GSH) activity. A serum GSH
levels of the control and OF-treated heifers are listed
in Fig. 4. GSH level were similar for the OF-treated
and control heifers (p > 0.05).

Catalase (CAT). Serum CAT levels of the control
and OF-treated heifers are listed in Fig. 5. CAT levels

—@— Control
—M— Treatment

SOD (U/mL)
\

N e
*k *k
4 *k

*k

—1 —— 77—
-72 0 12 24 36 48 60 72
Time (h)

Fig. 3. Concentration (U/mL) Change of SOD from (-72) to
72 h

Explanations: *indicated the differences were significantly
(p < 0.05) compared OF-treated group with the control group;
**indicated the differences were significantly (p <0.01) compared
OF-treated group with the control group

—@— Control
—l— Treatment

5.0

GSH (mg/L)

—tt—7 77—
-72 0 12 24 36 48 60 72
Time (h)

Fig. 4. Concentration (mg/L) Change of GSH from (-72) to
72 h

Explanations: Concentration change of GSH from (-72) to 72 h
indicated the differences non-significantly (p > 0.05) compared
OF-treated group with the control group
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0.8

CAT (U/mL)

0.2

Time (h)

Fig. 5. Concentration (U/mL) Change of CAT from (-72) to
72 h

Explanations: Concentration change of CAT from (—72) to 72 h
indicated the differences non-significantly (p > 0.05) compared
OF-treated group with the control group
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Fig. 6. Concentration (nmol/mL) Change of MDA from (-72)
to72 h

Explanations: *indicated the differences were significantly
(p < 0.05) compared OF-treated group with the control group;
**indicated the differences were significantly (p <0.01) compared
OF-treated group with the control group

were similar in OF-treated and control dairy heifers
(p>0.05).

Lipid peroxidation. A serum MDA activity of the
control and OF-treated heifers with acute laminitis are
listed in Fig. 6. MDA is a marker of oxidative stress, and
we found significantly higher MDA levels (p < 0.01)
in OF-treated heifers compared with the control group.
The mean MDA levels were significantly higher
(p <0.05) at 12 h-18 h compared to the control group,
and significantly higher (p <0.01) from 24 hto 72 h in
OF-treated heifers. Therefore oxidative stress is likely
involved in the etiopathogenesis of acute laminitis, and
deficient levels of antioxidants (enzymatic and non-
enzymatic) may be correlated to oxidative stress status
in ill heifers. When MDA enzyme activity was exam-
ined, the relationship between OF-treated group and
control groups were statistically significant (p <0.05).
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The increased production of excessive free radicals
caused by the animal’s interaction with various stress-
inducing factors and the failure of the antioxidant
defense system to remove these free radicals leads
to oxidative stress (4, 47). Oxidative stress plays an
important role in the pathogenesis of various diseases,
such as respiratory, joint and foot diseases, sepsis,
mastitis, acidosis, ketosis, enteritis and endoparasitic
diseases in livestock (5, 24, 37).

A previous study (16) described a number of protec-
tion mechanisms against ROS in animals. Antioxidant
enzymes include SOD, which catalyzes the breakdown
of superoxide radicals to water and hydrogen peroxide,
and CAT, which catalyzes the dismutation of hydrogen
peroxide to water and oxygen. An important co-factor
and antioxidant for various antioxidant enzymes is
GSH, which is a tri-peptide thiol (20). We found sig-
nificant changes in SOD levels, but not in CAT activity
in heifers with laminitis. This may be because SOD
is the central defense mechanism against ROS, and is
involved in detoxification of superoxide radicals (12).
The hydrogen peroxide that is generated from the reac-
tion that SOD catalyses is then converted to water by
CAT. It may be that the oxidative effects of laminitis
are not extensive enough to affect CAT. SOD levels
decrease in heifers with lameness (49), and in dairy
heifers that have foot-and-mouth disease (19, 26).

An indicator of oxidative stress in cells is lipid per-
oxidation. Polyunsaturated fatty acids produce lipid
peroxides that are unstable that are then disintegrated
to MDA. The quantification of MDA is a proxy for
lipid peroxidation (35). MDA is one of the main
biochemical markers used to determine the degree of
cellular damage in tissues (29, 33). MDA levels were
significantly higher (p <0.01) in heifers with lameness
(49). Previous studies have found that MDA increases
calves with inflammatory diseases, such as arthritis
and omphalitis (2, 46), in the dairy cows with foot-
and-mouth disease (19, 26) dogs with renal diseases
(18) and sheep infected with Dicrocoelium dendriticum
(35). Superoxide radical and hydrogen peroxide also
accumulate as a result of brain injury (21).

In the present study, MDA levels were significantly
higher in OF-treated heifers, highlighting that laminitis
increases the presence of lipid peroxidation products.
Polyunsaturated fatty acids are the principal targets of
oxygen radicals, and disruption of fatty acids can lead
to disorganization of cell structure (31).

The increased serum MDA level in lame heifers
further verified that acute laminitis in dairy heifers
caused oxidative stress. Significantly decreased levels
of SOD observed in heifers with laminitis also provide
support that oxidative impairment is a likely part of the
pathogenesis of acute laminitis in heifers.

CAT and GSH are important antioxidants that inhibit
free radicals (27), catalyzing reactions that reduce lipid
peroxides and hydrogen in cells (48). GSH is a non-
enzymatic antioxidant that defends the body against



294

oxidative stress, and is involved in inactivation of free
radicals (25).

CAT levels showed a non-significant decrease
(p > 0.05) in OF-treated heifers compared to the con-
trol group. This nonsignificant decrease in the serum
CAT levels may be interpreted as the excessive usage
of CAT activity as a result of hoof leaf inflammation.
A previous study also found non-significant differences
in CAT activity in heifers with lameness (49).

Moreover, we found that serum GSH levels showed
anon-significant decrease (p > 0.05) in the OF-treated
group compared to the control group. This is consistent
with a previous study that showed that GSH activity
does not change in heifers with lameness (49).

ROS include superoxide radicals, hydrogen peroxide
and hydroxyl radical. ROS affect the normal function
of' biomolecules such as proteins, nucleic acids, and cell
membrane phospholipids. Free radicals are produced
through the stepwise reduction of molecular oxygen
(36). Normal cellular function does produce free radi-
cals; however, excessive production and insufficient
elimination of free radicals can lead to irreversible
damages to the cell (23).

In conclusion, we found a relationship between
acute laminitis and oxidative stress and found that
SOD, GSH, CAT, and MDA levels may play a role in
the etiopathogenesis of acute laminitis in dairy heifers.
However, more research is needed to describe these
responses and to develop strategies to control acute
laminitis in heifers.
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