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Summary. The aim of this study was to find a correlation between iz vivo NIR scan patterns, oxidative
status, and blood serum metabolites in rabbits fed diets protected or unprotected against oxidation. Rabbits
does in groups of eight were fed for 9 weeks with diets containing linseed, rich in polyunsaturated fatty ac-
ids (LS), or linseed plus hazelnut skins, with antioxidant function (LS+HS), and palm oil, rich in saturated
fatty acids (PO). The animals were examined at days 1, 31, and 63 using a smart SCIO™ molecular sensor,
a new miniaturized web-based wireless device, applied to the internal ear flap (NIR range 740-1070 nm).
The hazelnut peels integrated diet protected the rabbits from the oxidative stress induced by the addition of
unprotected polyunsaturated fats. NIR tomoscopy was variously correlated with serum parameters, lysozyme
(R*=0.71), ROMs (0.47), cholesterol (0.49), triglycerides (0.40), and a multivariate Index of Oxidative Risk
(0.67 (IOR)). The correlations suggested a close connection between the clustering of the diets according to
the laboratory variables and the NIRS scan pattern clustering at the ending trial day, as shown by the highly
significant odds ratios. Advantageous use of this simple, painless technique was evident in the planning phase,
with no difference among the groups at the beginning of the study, but an effect size that evolved differently
over time until the end of the study. In a practical validation of the SCIO™ model in 92 commercial rabbit
does, the average spread of the predicted IOR was 33% in lactating does (2.54+0.05) vs. dry does (1.91+0.07).
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ameliorate regulation of blood pressure, cholesterol,
and triglyceride levels in animals and humans (4).

Health benefits in humans have been associated While the effect of modifications to dietary feed

with the consumption of certain functional foods, par-
ticularly as regards animal products (1). One of the
easiest and most interesting ways to obtain functional
properties in foods of animal origin is by modifying
the animal’s diet, which results in an increase of wel-
fare for animals and a higher content of the desirable
nutrients in their meat. Rabbit diet manipulation is
very effective in increasing the level of fatty acids (2)
and nutraceutical substances in body tissues (3). Lin-
seed, a potential commercial source of -linolenic acid,
can be added in rabbit feed to obtain n-3 PUFA-en-
riched meat. Its addition has been shown to positively
influence immune and cardiovascular function and to

on rabbit meat quality has been extensively studied,
few reports describe the effects of diets on param-
eters related to animal welfare during breeding and
monitoring of nutritional status and oxidative stress
in vivo. Serum lipid profile and immune response can
be evaluated as reliable indicators of animal welfare in
vivo during rabbit farming. Furthermore, changes in
oxidative status are also known to reflect physiological
status (5-7) and correlate with an animal’s ability to
cope with dietary changes and stressful environmental
stimuli. For these reasons, determination of oxidation
and redox burden in live animals is gaining attention
(6,8). However, the main issue associated with iz vive
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screening of these markers, which require prolonged
handling and restraint of farmed animals, is activa-
tion of the hypothalamic-pituitary-adrenal axis, which
leads to chronic stress with implications for production
(9). Furthermore, collection of blood samples can be
time consuming, costly, and painful for the animal.

Given the above, live near-infrared reflectance
spectroscopy (NIRS) applied to the inside aspect of
the ear — as true NIR tomoscopy - could provide an ef-
fective, easy-to-use and non-invasive, painless solution
to monitor animal health and welfare during farming.
NIRS has been classically used in rabbit research to
predict the nutritional parameters of feedstuffs (10,11)
and the composition of hind-leg meat (12,13), to de-
termine the intramuscular fat content in rabbit selec-
tion programs (14), and the composition of the fatty
acids (FA) related to an organic production system
(15). A discriminating approach has been adopted in
the experimental use of NIRS to ascertain technologi-
cal or nutritional factors (16-21).

The effect of diet on the entire animal, as well as
on the muscle tissue in rabbit, can be evaluated earlier
from analysis of blood parameters related to the nutri-
tional state and to the oxidative state (6). In a previ-
ous companion paper (7), we evaluated the effects of
linseed (LS) and hazelnut (Corylus avellana L.) skins
supplementation (HS) on serum biochemical param-
eters (alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), triglycerides and cholesterol),
oxidative plasma status (as measured by the d-ROMs
test and the OXI test (Diacron s.r.l., Grosseto, Italy),
and immune function (lysozyme) in young rabbits, as
in vivo parameters in relation to animal welfare. We
found that redox imbalance was greatest in the rabbits
fed the LS diet without additional antioxidant protec-
tion, with a significant increase in oxidative stress and
decrease in antioxidant defenses. Furthermore, at the
end of 9 weeks, lysozyme, an immune parameter linked
to inflammatory phenomena, was higher in the group
fed the LS diet than the groups fed the LS+HS or the
palm oil (PO) diet. ALT remained unchanged in all
three groups, while a significant increase in AST, tri-
glycerides, and cholesterol was noted in the group fed
the PO diet as compared with the other two groups.
The aim of the present study was to find a correlation
between iz vivo NIR scan patterns, oxidative status,

and blood serum metabolites in rabbits fed diets pro-
tected or unprotected against oxidation. Rabbit does
in groups of eight were fed for 9 weeks diets contain-
ing LS, rich in polyunsaturated fatty acids, or LS+HS,
with antioxidant function, or PO, rich in saturated

fatty acids.

Material and Methods

Animals and Feeding

The study was carried out as described in our
previous study (7). The healthy rabbits were handled
according to the principles stated in EC Directive
2010/63/EU regarding the protection of animals used
for experimental and other scientific purposes. Proto-
cols adhered to these guidelines and were approved
by the local Ethics Committee. A total of 24 young
grey Carmagnola rabbit does (6 months of age) with
a mean body weight of 3901+9 g at the start (day 1)
and of 3907+14 g at the end of the study period (day
63) were randomly assigned to one of three groups of
eight rabbits per group. The rabbits were fed ad libitum
with diets enriched with: linseed at 5% (LS) or LS at
5% and hazelnut peels at 1.5% (LS+HS), or palm oil at
1.8% (PO), respectively.

The animals were examined at day 1 (T-0), day 31
(T-1), and day 63 (T-2) by means of a smart sciom™
molecular sensor (Consumer Physics Inc., Tel Aviv, Is-
rael), a new miniaturized web-based wireless device to
examine the internal ear flap (Figure 1) (NIR range
740-1070 nm); three spectra were replicated in each
rabbit.

> 42 3 -
Figure 1. Rabbit examined with a pocket SCIO™ molecular

sensor
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Biological Variables and a multivariate Index

Eight biochemical variables (Table 1), which
were described in detail in the previous paper (7),
were measured. A synthetic Index of the Oxidative
Risk (IOR) was computed from the eight serum vari-
ables for each animal. The index was formulated from
a partial least square function using StatBox software
(Grimmer Logiciels, Paris France), with two latent
variables that fitted the numeric dummy values 1.0,
for the PO and LS+HS diets, and 2.0 for the LS oxi-
dized diet. The IOR values were then calibrated by
the SCIO™ software, yielding a partial least squares
(PLS) model that could predict from the NIR spec-
tra the results of oxidative risk. This prediction was
then applied to the spectra taken in the intermediate
assessment at Time-1, when no blood sampling was
performed.

Statistics

The chemometric analyses of the 331-point spec-
tra were performed in two ways. First, qualitative dis-
crimination of the three diets was realized using the
proprietary software SCIO™-lab, based on AKA
(Also Known As) confusion matrix, i.e., a reclassifica-
tion similarity table of percentage occurrences, based
on a random forest algorithm. Within the AKAs, the
odds ratios (true positive/false negative) / (false posi-
tive/true negative) for each diet were computed using
the online test provided by Medcalc software (Med-
calc, Mariakerke, Belgium) to assess the probability of

the NIRS in correctly discriminating for each single
spectra the pertinent diet at each of the three time
points. In order to signify the relationships among the
three diets, for each time point, the AKAs matrices
were clustered by the similarity cluster hierarchical
analysis (CHA) method, as a Pearson correlation, us-
ing StatBox v. 6,5 software (Grimmer Logiciel, Paris,
France).

A similar global representation of the three diets
based on the laboratory variables was created by means
of CHA of the standardized means of the three diets,
calculated as Euclidean distance, by the software pro-
cedure.

Second, quantitative prediction of the analytes
was performed on the spectra downloaded from the
collection of the SCIO™ repository; WinISI v. 1.04
software was then utilized, with standardization and
first derivation math pretreatment. The Modified PLS
calibration-cross-validation procedure was fitted to
the laboratory variables, with filtering out of the outli-
ers identified once when t>2.0.

Extension trial

In corollary, a practical prediction of the SCIO™
models was applied to the spectra obtained in a com-
mercial rabbitry by rapid ear examination of 92 healthy
does, divided in two groups, according to whether lac-
tating (n=32) or not (n=60).

Table 1. Pearson correlations matrix of the biological variables at day 1 (Time-0, below the diagonal) and at day 63 (Time-2, above

the diagonal) with significant coeflicients given in bold (P<0.05)

Items ROMs' OXI? Ratio Lysozyme ALT? Cholesterol Triglycerides AST* IORs
Time-2
ROMs 1 -0.76 0.99 0.85 -0.05 -0.52 -0.59 -0.51 0.98
OXI 0.42 1 -0.86 -0.56 0.08 0.03 0.12 0.03 -0.82
Ratio 0.67 -0.40 1 0.84 -0.06 -0.44 -0.51 -0.42 0.99
Lysoz. -0.23 -0.21 -0.07 1 -0.03 -0.73 -0.75 -0.57 0.90
ALT -0.06 0.12 -0.16 0.51 1 -0.02 0.02 0.27 -0.05
Chol. -0.15 -0.02 -0.13 0.12 0.34 1 0.94 0.76 -0.54
Tryel. 0.08 0.52 -0.33 -0.35 0.18 0.34 1 0.77 -0.61
AST 0 0.07 -0.05 0.19 -0.32 0.04 -0.12 1 -0.48
Time-0

'ROMs = reactive oxygen metabolites. 2OXI = serum antioxidants by the OXI test. *ALT = alanine aminotransferase. ‘AST = aspartate

aminotransferase. *IOR = index of oxidative risk
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Results and Discussion

Biological variables

Table 1 presents the Pearson correlations matrix
of the eight biological variables determined at days
1 and 63. Only four out of twenty-eight coefficients
differed from zero at Time-0. Remarkably, the ROMs
— OXTI correlation was mild and positive (0.42), but
at Time-2 it became highly negative (-0.76). Simi-
larly, the OXI - triglycerides and the ALT - lysozyme
were 0.52 and -0.51 at Time-0, respectively, but both
disappeared at Time-2. The key variable was the
ROMs, which resulted strongly concordant with the
lysozyme level (0.85), but discordant with the satu-
rated fatty indicators, i.e., cholesterol (-0.52), triglyc-
erides (-0.59), and liver functionality (AST: -0.51).
Even more discordant were these last parameters vs.
the lysozyme level (-0.73, -0.75, and -0.57). Obvi-
ously, the three lipid variables were highly inter-cor-
related (from +0.94 to +0.76), but, interestingly, the
OXI were independent, the ROMs appeared slightly
opposite (-0.51 to -0.56), while the lysozyme level
was in strong opposition to cholesterol (-0.73) and
triglycerides (-0.75).

However, the patterns were clearly driven by the
effects of diet. The last column in the Table 1 shows
how highly relevant the oxidant/antioxidant indicators
were for the IOR. The ALT level was not modified by
time nor by diet, and it appeared independent of the
other seven parameters at Time-2 assessment.

Table 2 presents the patterns of the normalized
means of the diets. The the diets had a considerable
impact on the biological variables. The LS diet boosted
the ROMs to +5.4 units of standard deviation (SD)
and the lysozyme level to +3.2. The fatty acid saturated
PO diet boosted the cholesterol and the triglycerides
more than 4 units over baseline at T-0.

As to the variability, time affected also the inner
variance, which appeared steadily multiplied by 4 in
OXIT up to 14-fold in the ROMs/OXI ratio at T-2.
The increase in variance was combined in parallel with
that of the means; thus, the variation coeflicient for the
eight variables was, on average, 5+2% and 12+8% at
T-0 and T-2, respectively, but never appeared excessive
as compared with published data (22-24).

As widely presented and discussed in our previ-
ous study (7), hazelnut peels integration was highly
effective in protecting the rabbits from the oxidative
stress induced by the high level of unprotected poly-
unsaturated fats: the oxidative stress was relatively low
as compared with that measured in the rabbis fed the
LS diet or the LS+HS diet, with a 35% decrease in
ROMs, a 19% increase in OXI, which means a 46%
reduction in the ratio. Also, the lysozyme level was re-
duced by some 38%. The ROMs were not modified
in the rabbits fed the PO diet as compared with the
ROMS measured in the rabbits fed the LS+HS diet,
but the OXI was reduced by 8% and the ratio increased
by 9%. The lipidic footprint of the diets was markedly
apparent, as the variations in the PO diet vs. the oth-

Table 2. Pattern of the normalized means of the diets for biological variables at day 63 (T-2) and standardized partial least squares

(PLS) coefficients
; > S ;

T
ROM:s (CARR U)¢ 5.4° 2.7 2.7 0.255 10
OXI (pmol HCIO/1) -2.8 2.9° -0.1¢ -0.262 4
ROMs/OXI Ratio 6.3 -3.7 -2.6 0.266 14
ALT (TU/1) 0 0 0 0.017 5
Cholesterol (mg/dl) -2.5¢ -2 4.5b -0.049 10
Triglycerides (mg/dl) -2.6 -1.5¢ 4.1° -0.066 5
AST (1U/1y -1.10 -0.8¢ 1.9 -0.028 5
Lysozyme (pg/ml) 3.2¢ -0.7° -2.5¢ 0.195 5

'LS = linseed diet. 2LS+HS = linseed+hazelnut skins diet. ‘PO = palm oil diet. *‘Dummy numerical coefficients assigned to the diets
in the PLS model for the Index of Oxidative Risk; * Multiple of the standard deviation (SD) at T-2 / T-0. ‘(ROMs = reactive oxygen

metabolites. “OXI = serum antioxidants by the OXI test. *ALT = alanine aminotransferase. ’AST = aspartate aminotransferase
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Table 3. Discrimination ability of the eight biological variables and probability (threshold 33%)

Items ROMs! OXT? Ratio Lysozyme ALT? Cholesterol  Triglycerides AST*
Discrimination % 100 88 92 13 79 83 71
P <0.0001 <0.0001 <0.0001 <0.0001 0.037 <0.0001 <0.0001 0.0001

'"ROMs = reactive oxygen metabolites. 2OXI = serum antioxidants by the OXI test. *ALT = alanine aminotransferase. ‘AST = aspartate

aminotransferase

er two diets, not different, were contained +125% in
cholesterol, +101% in triglycerides and +56% in AST
(Table 3).

When we excluded ALT, the linear discrimina-
tion of the dicts based on each variable was very high,
on average 86x9% with a maximum of 100% for the
ROMs. Note that ALT appeared as low-erratic with
13% vs. 33%, showing a significant negative bias.

As synthesized by the cluster of the standardized
means (Figure 2), the three diets were perfectly discrim-
inated at day 63 (T-2), but with less distance between
the LS+HS and the PO diet. This outcome can be clear-
ly highlighted in the IOR values (Figure 3), where the
values are highest for the rabbit does fed the LS diet.

Lab-8 T-2
LS
LS+HS
Pounbvbuwt
= © © =3 S & &
8 838338 38N s8>

Figure 2. Similarity cluster of the three diets (LS = linseed diet;
LS+HS = linseed+hazelnut skins diet; PO = palm oil diet) ac-
cording to the eight means of the biological variables, at day 63
(T-2). Unit: Pearson correlation

The risk of oxidative stress was demonstrated by
Trebugak et al. (25): after 52 days of unprotected di-
etary linseed oil administration at a very high level (9%
w/w), the malondialdehyde (MDA) was increased by
38% in plasma, 132% in liver, and 210% in muscles. In
a second experiment, with 6% dietary linseed oil, af-
ter 22 days of feeding Trebusak et al. (26) observed an
MDA level in plasma that was half that in comparison
with their previous trial and which was not changed
with linseed oil diet, while, again, the MDA content
was increased by 110% in liver and 257% in hindleg
meat. In another study, Tres et al. (27) fed growing
rabbits with 12 dietary treatments and observed that
a LS supplement of 3% increased the lipid hydroper-
oxide values slightly in plasma (+10%) but strongly in
liver (+151%) and meat (+59%).

NIR correlations

Table 4 reports the performance of the NIR spec-
tra collected at day 63 (T-2) in prediction and cross-
validation of the biological variables. NIR tomoscopy
was variously correlated with serum parameters, i.e.,

uLsS
DLS+HS
oPO

Index Oxidative Risk

Figure 3. Histogram comparing the Index of Oxidative Risk
in eight rabbit does fed one of the three diets (LS = linseed
diet; LS+HS = linseed+hazelnut skins diet; PO = palm oil diet),
measured at day 63 (T-2), ordered by ascendant values
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Table 4. Performance of the NIR spectra collected by NIR-SCIO™ at day 63 (T-2) in predicting biological variables

Variables Mean SD! CV% SEC? RSQ? SECV* RSQcv’ RPD¢
ROMs (CARR UY 343.80 71.70 21 49.51 0.52 52.06 0.47 1.4
OXIT (pmol HCIO/)® 390.90 28.90 7 20.73 0.48 24.39 0.28 1.2
ROMs/OXI Ratio 0.90 0.255 28 0.16 0.60 0.17 0.53 1.5
ALT (IU/1y 32.14 6.90 21 6.79 0.03 6.98 0.00 1.0
Cholesterol (mg/dl) 41.01 16.46 40 9.34 0.68 11.67 0.49 1.4
Triglycerides (mg/dl) 70.67 24.06 34 14.09 0.66 18.54 0.40 1.3
AST (IU/n)v 22.98 4.97 22 3.34 0.55 4.17 0.29 1.2
Lysozyme (g/ml) 17.54 6.37 36 3.10 0.76 3.44 0.71 1.9
Index Oxidative Risk 1.32 0.46 35 0.24 0.73 0.26 0.67 1.7

1SD = standard deviation. 2SEC = standard error in calibration. * RSQ = root square coeflicient in calibration. * SECV = standard
error in cross-validation. *RSQcv = root square coefficient in cross-validation. ¢ RPD = ratio-performance deviation (SD/SECV).
’ROMs = reactive oxygen metabolites. *OXI = serum antioxidants by the OXI test. ’ALT = alanine aminotransferase. YAST = aspar-

tate aminotransferase

lysozyme (R?*= 0.71) (Figure 4), ROMs (0.47), cho-
lesterol (0.49), triglycerides (0.40), and IOR (0.67).
The predictability of the biological variables from the
NIR scan was statistically greater than zero for all the
parameters but limited in laboratory utility. In 2008,
a study in Harlan mice treated with streptozotocin
showed that ventral NIR tomoscopy highlighted oxi-
dative stress in normal and highly diabetic animals
in good agreement (r=0.94) with laboratory analyses
(20). In live rabbits, dorsal NIR tomoscopy has been
used to study physiological traits (28-30)

AKA discrimination and clustering

This study provides evidence for the profitability of
live NIRS at the different steps of the experiment. When
starting, after random allocation in groups, the rabbits as-
signed to receive the PO diet looked somewhat different

30
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Figure 4. Performance of NIR tomoscopy in predicting
lysozyme level (pg/ml) in serum at day 63 (T-2)

from the others (Figure 5), but the odds ratio was not
significant (Table 5), thus the groups were homogeneous,
as confirmed by blood sampling and laboratory analyses.
At Time-1 (after 31 days) the pattern was
changed, and the PO and the LS+Hs diets appeared to
be significantly identified (P = 0.004) but not so the LS,
which appeared near the LS+HS. At that intermediate
step, no serum analyses were carried out. But we have
the prediction for the IOR values from the NIR tomo-
scopy; and, in fact, Figure 6 shows that the does fed the
PO diet had lower and homogeneous IOR values, while
those fed the LS diet had the most inhomogeneous val-
ues, with a maximum range and mean, and those fed the
LD+HS diet situated somewhere in between near those
fed the LS diet.
But, 1 month later the situation changed and the
diet LS appeared to differ the most from the other

T-0 7N T T2
PO { PO PO

LS+HS

LS+HS

L_

° ° &
: F S o ¢
° > [

90

Figure 5. Similarity clusters of the three diets (LS = linseed
diet; LS+HS = linseed+hazelnut skins diet; PO = palm oil diet)
according to the confusion matrices from the NIR-SCIO™
spectra at day 1 (T-0), day 31 (T-1), and day 63 (T-2). Unit:

Pearson correlations
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Table 5. Confusion AKA matrix with percentages of classification and odds ratio of the three diets (LS = linseed diet; LS+HS =
linseed+hazelnut skins diet; PO = palm oil diet), according to the NIR-SCIO™ spectra (N=72 spectra) at day 1 (T-0), day 31 (T-1),

and day 63 (T-2)

Time T-0 T-1 T-2
Diets LS LS+HS PO LS LS+HS PO LS LS+HS PO
PO 38 47 27 19 8 62 22 35 27
LS+HS 22 25 39 42 60 16 26 31 43
LS 40 27 33 38 31 20 52 33 29
Odds! 1.73 0.56 0.75 1.32 7.22 7.22 3.98 1.0 0.75
P 0.291 0.292 0.596 0.596 0.0004 0.0004 0.010 1.0 0.596

1Odds = (true positive / false negative) / (false positive / true negative)

2

1.8
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Figure 6. Histogram of the Index of Oxidative Risk, predicted
in the eight rabbit does fed one of the three diets (LS = linseed
diet; LS+HS = linseed+hazelnut skins diet; PO = palm oil diet),
at day 31 (T-1), ordered by ascendant values

two, as shown from the T-2 NIRS cluster (Figure 5)
and from the odds ratio 3.98 (P = 0.01). Importantly,
the NIRS cluster at T-2 was very similar to the Lab-8
cluster in Figure 2, demonstrating a real and concrete
connection between the live NIR ear-spectrum and the
asset of the oxi-antioxidant as well as the lipid status.

NIR-SCIO™ tomoscopy extension in a commercial sample
of rabbit does

In corollary, practical application of the SCIO™
model in 92 commercial rabbit does (Figure 7) showed
an average spread of 33% of the predicted IOR in lactat-
ing does (2.54+0.05) vs. not lactating does (1.91+0.07).
A rare reference (22) reported that the lysozyme level
increased by 66% in primiparous vs. nulliparous does. In
caged, not particularly stressed growing hares, a phenyl-
propanoid glycoside-based natural extract of leaves of
Verbenaceae diminished the ROMs by >30% (31).

Oxidative stress is an active field of research in
veterinary medicine and has been implicated in numer-

mLactating = Not lactating

a

Figure 7. Extension of NIR-SCIO™ tomoscopy in 92 rabbit
does - lactating and not lactating - to predict the Index of Oxi-
dative Risk. Histogram according to ascendant values

= N w
- ] N 4] W »

Predicted index of Oxidative Risk

S
o

Rabbit does

ous disease processes, including sepsis, mastitis, acido-
sis, ketosis, enteritis, pneumonia, respiratory, and joint
diseases (32). After parturition, cholesterol has been
signaled to increase by 5-6 fold (33); in fact, extension
of the experiment to the commercial herd showed pre-
dicted values of 23.3+1.9 mg/dl in the non-lactating
and 25.3+2.9 (+9%) in the lactating does (Figure 8).

35 - mLactating = Not lactating

|

Figure 8. Application of NIR-SCIO™ tomoscopy in 92 rabbit
does — lactating and not lactating - to predict the serum choles-
terol. Histogram according to ascendant values

Cholesterol mg/dl
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Conclusions

Some years ago, Peiretti et al. (21) concluded a
study on NIRS of body and tissues in growing rabbits
fed diets with different fat sources and supplemented
with Curcuma longa with the phrase “New portable
NIRS devices could be profitably used to test discri-
minant dietary effects on rabbit meat”. Availability
of a totally new instrument, the NIR-SCIO™ smart,
cheap and complete, enabled us to reach the far shore.
The device has been successfully proven able to dis-
criminate mountain from plain dairy iced milk (34).
In the fight against commercial fraud, Wilson et al.
(35) found SCIO™ to be useful for identifying au-
thentic artemisinin-based compounds and suggested
that it could enable widespread drug screening at mul-
tiple points in the health network. In a recent review,
Kademi et al. (36) discussed new NIRS devices that
might stand as promising alternatives to large, expen-
sive, benchtop types in food analysis, inspection, and
control. NIR tomoscopy in live animals might eventu-
ally be a viable option.
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