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Abstract. Herd health programs for the maintenance of welfare and productivity in cattle need efficient tools for
monitoring the health of individual animals. Recent reports demonstrate that the oxidative status is related to various
stress conditions in dairy cows. Biomarkers, among other carotenoids, could serve as indicators of stress originating
from the environment (e.g., heat stress or sun radiation) or from the animal itself (e.g., disease). To date, only inva-
sive in vitro tests are available to assess the oxidative status in cattle. The present study compares the results of
optical noninvasive in vivo measurements of dermal carotenoids in cattle udder skin using an LED-based minia-
turized spectroscopic system (MSS) with those obtained by photometric analysis of beta carotene in whole blood
samples using a portable device. Correlations between the concentrations of dermal and blood carotenoids were
calculated under consideration of the nutritional status of the animals. Significant correlation (R = 0.86) was found
for cattle with a moderate to obese body condition. Thus, the blood and skin concentrations of the marker substance
beta carotene are comparable under stable stress conditions of the cattle. This demonstrates that the MSS is suitable
for noninvasive assessment of dermal carotenoid concentrations in cattle. © 2072 Society of Photo-Optical Instrumentation
Engineers (SPIE). [DOI: 10.1117/1.JBO.18.6.061219]
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the kinetics of carotenoid antioxidants, as well as their accumu-
lation in the skin.?>~%¢

A new technology using an LED-based miniaturized spectro-
scopic system (MSS) has been adapted for use in cattle, which
allows the determination of dermal carotenoid concentrations
based on reflection spectroscopy.?’

The antioxidative status of cattle is influenced by different
internal and external factors, such as birth, beginning of lacta-
tion,”®% and illness.>! At present, it is unknown whether a
reduction in the antioxidative status is one of the reasons for
illness, or whether it occurs as a result of illness. Various dis-
orders of cattle were associated with low plasma carotenoid
concentrations.’>** The influence of external factors like stress

1 Introduction

Noninvasive spectroscopic technologies are gaining more and
more importance for in vivo assessment of different compounds.
Various studies in human and animal skin have proven the fea-
sibility of noninvasive real-time measurements of carotenoids as
possible biomarkers for the dermal antioxidant defense status.'™
Among all carotenoids, only beta carotene is found at high con-
centration in bovine tissue and milk.>”’

Carotenoids are powerful antioxidants that are able to neu-
tralize free radicals before they can damage cells and cell com-
partments,> ' as well as possible marker substances for the
whole antioxidative status of human skin.!! All antioxidants
form a protection chain in the human organism, acting as a safe-

guard against the destructive action of the free radicals,'>™'* if caused by heat has also been discussed in the literature.™
they are applied at an appropriate mixture and concentra- Up to now, the determination of the antioxidant status, and

tion, 1518 especially of the beta carotene concentration, has relied on the

Innovative technologies for the in vivo determination of der-
mal carotenoid concentrations include reflection®!* and Raman
spectroscopy.2®?! Both technologies are suitable for the non-
invasive monitoring of alterations in dermal carotenoid concen-
trations with time. Measurement procedures are easy and fast to
perform and do not cause any pain. Using the latter technolo-
gies, a higher number of test persons could be examined to
explore the effects of nutritional intake and subsequently follow
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examination of blood samples. These techniques are costly and
labor-intensive; and for this reason, they do not allow sampling
of a greater number of animals, or even repeated sampling of the
same animals with time. An “ancient” method for estimation of
the whole blood beta carotene status in cattle included visual
inspection of serum samples based on a given color range.*
The validity of the latter approach, however, is under considera-
tion.*® Today, high-pressure liquid chromatography (HPLC) is
regarded as the gold standard for the determination of carote-
noids in blood samples or tissue biopsy materials.”’*® A recently
developed cow-side test is available for the determination of beta
carotene from whole blood samples in the field.*
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The aim of the present study was to compare the results of
spectroscopic, noninvasive, in vivo measurements of the dermal
carotenoid concentrations with the concentration of beta caro-
tene, which was obtained invasively in vitro by a photometric
method for whole blood.

2 Materials and Methods

2.1 Animals

In this study, 20 clinically healthy female cattle, aged between
2 and 11 years, were included. Of these animals, 4 were owned
by the clinic for Ruminants and Swine (Faculty of Veterinary
Medicine, Freie Universitidt Berlin, Germany), and 16 cows
were kept on a commercial dairy farm. The breeds were as
follows: 15 German Holstein, 4 Red Holstein, and 1 Jersey.

2.2 In Vivo Measurements Using the Miniaturized
Spectroscopic System

For noninvasive determination of the dermal carotenoid concen-
trations, the skin of the bovine udder was chosen. Measurements
were performed in triplicate using an LED-based MSS whose
working principle is based on reflection spectroscopy.?’ The pat-
tern of the reflection spectrum is determined by the presence of
chromophores in the skin, which contain a high amount of car-
otenoids that absorb the emitted light at a distinct wavelength
range. As the absorption spectrum of carotenoids lies in the
blue-green range of the optical spectrum, the blue LED-emitting
light in the range between 440 nm and 490 nm was used as
a source of carotenoid excitation. The magnitude of the small
dip in the reflected spectrum, measured in the range between
458 nm and 472 nm, is associated with the light absorption
by dermal carotenoids. Thus, the light reflected from the skin
contains information about the carotenoid concentrations. The
carotenoid concentrations are expressed in arbitrary units that
correlate with the carotenoid concentrations as determined
during calibration of the system, using resonance Raman spec-
troscopy as the gold standard in earlier noninvasive experiments,
including bovine skin samples obtained from the slaughter-
house.?”’” A strong correlation (R = 0.81) was achieved. The
reproducibility of these measurements on the same skin sites
using the MSS exceeded 90%.

Measurements were performed on three distinct sites on the
surface of the bovine udder of the left body site, each located
about 10 cm from the teats on the dorsal side. Two sites were
located right above the teats, and the third site was located half-
way between the two sites mentioned earlier. The udder skin
remained untreated and was carefully shaved without influen-
cing the stratum corneum using a single-use razor shortly before
the measurements were performed. Subsequently, the homoge-
neously pigmented skin sites of approx. 0.8 cm? were
marked. Measurements were performed in triplicate on each
site, and between the different measurements, the MSS was
removed from the skin and was replaced for each subsequent
measurement. This procedure was described in detail pre-
viously.””*" Figure 1 shows the measurement procedure.

2.3 Examination of Blood Samples

Following the measurements with the LED-based MSS, blood
samples were obtained from the Vena/Arteria coccygea mediana
into evacuated heparin-containing tubes (Vacutainer®, Becton
Dickinson, Franklin Lakes, New Jersey). The samples were
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Fig. 1 Measurement of dermal carotenoid concentrations on the bovine
udder skin using a portable LED skin scanner system.

examined at the University of Potsdam Institute for Nutritional
Science using the iEx™/iCheck™-Testkit (BioAnalyt GmbH,
Teltow, Germany). The portable system, which allows the deter-
mination of the beta carotene concentrations from whole blood
samples in the field, uses spectrophotometry (iCheck™) as the
principal test method. It has been shown to produce reliable
results when compared to those obtained by HPLC.*

2.4 Determination of Backfat Thickness

As the lipophilic carotenoids are known to be accumulated in fat
tissue, the backfat thickness of the animals was used as a mea-
sure for the body condition. Measurements were performed by
ultrasound, as described by Schroder et al.*! Based on the results
of the latter measurements, the 20 cattle were assigned to either
the group of “lean” cows or the group of “adipose” cows
(Table 1), as proposed by Staufenbiel.**

Table 1 Assessment of body condition by description, body condition
score (BCS), backfat thickness (BFT) and total body fat (TBF) content.*?

BFT® TBF© Classification in the
Description BCS® (mm) (kg) study
Emaciated 1.0 <5 <50 Lean
Very poor 1.5 5 50 Lean
Poor 2.0 10 76 Lean
Moderate 2.5 15 98 Moderate to obese
Good 3.0 20 122 Moderate to obese
Very good 3.5 25 146 Moderate to obese
Fat 4.0 30 170 Moderate to obese
Adipose 4.5 35 194 Moderate to obese
Obese 5.0 <35 <194 Moderate to obese

“Body condition score.
PBackfat thickness.
“Total body fat content.
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2.5 Statistical Analysis

For statistical evaluation, SPSS 18.00 for Windows (IBM,
Armonk, New York) was used. Differences were judged statis-
tically significant at P < 0.05. As data were not normally
distributed, the Spearman’s Rank test was used. The Kruskal-
Wallis test was applied when comparing more than two different
groups.

3 Results

3.1 Dermal Carotenoid Concentrations Versus Beta
Carotene Concentrations in Plasma

Dermal carotenoid concentrations, as expressed in arbitrary
units, varied from 0.39 au to 1.53 au in 20 female dairy cattle.
The carotenoid concentrations of the same skin areas showed
highly significant differences between individual animals (p <
0.001). The median (n = 20) of the relative dermal caroten-
oid concentration was 0.80 £ 0.32 au, while beta carotene

*TR=023
Table 2 Median and standard deviation of dermal carotenoid concen- 5 17
trations and plasma beta carotene concentrations measured on the 3 1‘8'_
udders of 20 cattle in triplicate. 8 164
g 1 .
% 1.4
Dermal carotenoid ~ Dermal carotenoid  Beta carotene S ., . "
Number concentration concentration standard  in plasma s
of cows median (au) deviation (au) (mg/L) % 1.0 = =
© 4 |
1 0.88 0.16 3.99 5 084 m — - .
g g ] - l. "
2 0.7 0.14 3.49 s %67
5 o4l -
3 0.44 0.14 2.81 e |
o
O 024
4 1.04 0.22 2.38 1
0.0 T T T T T T T T T
5 0.77 0.17 2.26 ! 2 8 4 °
Plasma beta carotene (mg/L)
6 0.83 0.16 4.87
Fig. 2 Correlation between the dermal carotenoid concentration as
7 0.74 0.16 3.32 expressed in arbitrary units and plasma beta carotene concentration
for all investigated cattle (n = 20).
8 0.76 0.17 2.88
9 1.50 0.14 5.22 20
| R=-0.23
10 1.30 0.42 241 EIREE
1 0.80 0.14 275 g 164
S 14
12 0.70 0.16 1.50 ° | -
8 120 =
13 1.06 0.34 2.72 g
5 1.0 4
14 1.24 0.19 1.57 2 1
S 0.8
C 4
15 0.71 0.07 1.01 -% 064
16 0.90 0.17 2.84 g 04 .
g |
17 0.63 0.07 1.57 O 029
0.0 T T T T T T T T T T T T T T T
18 0.91 0.11 1.60 15 20 25 30 35 40 45 50
19 0.80 018 0.92 Plasma beta carotene (mg/L)
20 0.64 0.08 1.24 Fig. 3 Correlation between dermal carotenoid concentrations and beta
carotene levels in plasma of cattle (n = 8) with a lean body condition.
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concentration in plasma ranged between 0.92 mg/L and
5.22 mg/L. These results are summarized in Table 2.

The correlation between both values dermal carotenoid
concentrations and beta carotene levels in plasma of 20 female
cattle was weak (R = 0.23). Figure 2 represents the obtained
correlation.

As subcutaneous fat can influence the accumulation and
storage of dermal carotenoid concentrations due to the lipophilic
character of carotenoid molecules, the dermal fat content as
determined by ultrasonography was included in the following
considerations.

In 8 female cattle that were classified as poor, the correlation
coefficient between the dermal carotenoid concentrations and
beta carotene concentrations in plasma was calculated R =
—0.23 (Fig. 3). However, in 12 female cattle that were classified
from moderate to obese, the obtained correlation coefficient was
R = 0.86, with p <0.05 (Fig. 4).

The average dermal carotenoid concentration of the cows
belonging to the Red Holstein breed was found to be
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Fig. 4 Correlation between dermal carotenoid concentrations and beta
carotene concentrations in plasma of cattle (n = 12) with a moderate-
to-obese body condition.

significantly higher (p <0.05) compared to the cows of the
German Holstein breed. Nevertheless, due to the low number
of investigated animals, the dependence of the dermal caroten-
oid concentration on the breed should be investigated as well.

4 Discussion

The measurements carried out with the MSS demonstrated that
the individual dermal carotenoid concentrations of the 20 cattle
investigated in the present study were significantly different.
Similar results were reported by Klein et al. in cattle** and
by Darvin et al. in humans.** The main reason for these differ-
ences could be a result of lifestyle and especially nutritional
status. ™4

The absolute values of the beta carotene concentration in the
blood of cattle show a strong variation. Herdt et al. found that a
beta carotene concentration of blood in 3 mg/L in the serum is
optimal.*® Rosenberger reported a beta carotene concentration
between 1.5 and 5 mg/L in the blood plasma of the cattle during
the winter and spring periods. A subclinical deficit of beta
carotene was determined between 0.6 and 1.5 mg/L.*’ In this
study, the beta carotene values of the cattle were determined
in the winter months. A higher beta carotene deficit was seen
in 3 of the 20 cattle.

The average concentration of the 16 cattle at the commercial
agricultural farm investigated in the present study was
2.78 mg/L, which was higher than the beta carotene concentra-
tion (1.41 mg/L) determined for the 4 cattle at the University
Faculty of Veterinary Medicine. The feeding conditions of both
groups of cattle, as well as the proficiency level of the milk
production of all cattle investigated in the present study, were
different. All 20 cattle were kept in tie-stalls without access
to grazing land.

In bovine tissues, among all carotenoids, only beta carotene
was found at higher concentrations.’ Therefore, it was possible
to determine the correlation between concentrations of the der-
mal carotenoids and beta carotene circulating in the blood.

The results of the present study show that beta carotene
concentrations measured in the blood correlate (R = 0.86) with
dermal carotenoid concentrations in a reproducible fashion in
dairy cattle with a moderate to obese body condition (n = 12).
A nutritional status below moderate is not desired, however,
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and may be an indicator of pathological events. In the group
of “adipose” dairy cattle, however, a closer correlation was
found between dermal carotenoid concentrations and blood beta
carotene concentrations, which were demonstrated to be sig-
nificant. More animals should be investigated in the future,
especially animals containing high carotenoid concentration in
their skin or blood, in order to make the obtained correlation
more exact.

In humans, carotenoid concentrations in blood and skin are
lower**8 but were shown to be influenced by the site where mea-
surements were performed,49 as the number of chromophores
differ in the various regions of the body. The udder skin was
chosen in the present study, as this part of the body in cattle
can easily be approached and light-colored hair is sparse in
this region compared to the rest of the body. Thus, hairs could
be removed carefully without influencing the structure of epi-
dermis. Results of measurements of dermal carotenoid concen-
trations in humans have been demonstrated to depend on skin
thickness, fat deposition, and the vascularization in the various
tissues, such as hemoglobin, have been shown to influence the
carotenoid measurements by reflection spectrometry as used in
the present study.?’ In humans, the accumulation of dermal car-
otenoids depends on the body mass index (BMI).** This finding
is in accordance with reports by Noziere et al., which proposed
that the percentage of fatty tissue in the cattle provides a signif-
icant storage location for beta carotene.’® The latter pool is
assumed to fulfill a buffer function, which guarantees the avail-
ability of antioxidants whenever the organism is exposed to oxi-
dative stress. The thickness of the epidermis of cow udder skin
does usually not exceed 200 #m.”” Considering the penetration
depth of blue light into the skin, which is approximately 150 to
200 um, the influence of dermal chromophores such as melanin,
hemoglobin, and bilirubin is negligible.?’ In the present study,
however, it was shown that the lean and cachectic cows underlie
constant changes in dermal carotenoid concentrations.

The accumulation of carotenoids in the skin depends on the
nutritional carotenoid intake and only shows alterations after
some delay with respect to the increase/decrease in blood levels.
To this end, skin in contrast to blood serves as a reservoir for
carotenoids.”®>! The latter findings could explain the fact that
even in adipose cattle, no close correlation was observed be-
tween dermal carotenoid concentrations and blood levels of
beta carotene. This has also been demonstrated in humans.*s3

In addition, one to three days were needed until carotenoid
antioxidants were present in the human skin following their oral
uptake.”* Decreases in the dermal carotenoid concentrations
in humans, however, have been demonstrated as early as one
day following stress exposition, such as UV and IR irradiation,
endurance exercises, illness, fatigue, alcohol consumption, and
smoking.*>334

When the body is exposed to stress conditions (e.g., metab-
olic stress), free radicals are formed, which are neutralized by
various antioxidants, among these the carotenoids of the body.
The nadir in the dermal carotenoid concentration was demon-
strated using repeated measurements with time following stress
exposition.

5 Conclusion

The present study demonstrates only a weak but still significant
correlation between dermal carotenoid concentrations and beta
carotene concentrations in the blood of cows exhibiting sub-
stantial subcutaneous accumulation of fat, which underlines the
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buffer function for fat-soluble carotenoids. To this end, the
LED-based MSS used in this study is suitable for monitoring
the dermal carotenoid concentrations with time and for measure-
ments in dairy cattle with a moderate or above body condition.

In future, MSS could be used for daily milking parlor mea-
surements to monitor the development of the carotenoid
concentration.
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