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ABSTRACT

Hazel leaves (Corylus avellana) fed to sheep resulted in decreased methane emissions
without negatively affecting feed intake, and were found to have antioxidant properties in
vitro. The objective of this study was to evaluate effects of hazel leaves, rich in tannins, on
blood antioxidant activity, cellular immune response and heart beat parameters in sheep. Four
experimental pellets were produced by mixing alfalfa and hazel leaves in different proportions,
including alfalfa alone as a control, 30% and 60% of hazel leaves, the latter also with 3.8%
polyethylene glycol (PEG). Six adult, non-pregnant, non-lactating female sheep (71 + 5.7 kg
of body weight) were allocated to four treatments in a 6 x 4 crossover design with four 18 d
periods. The diet consisted of experimental pellets and ryegrass-dominated hay (ratio 80% to
20% in dry matter), resulting in hazel leaf proportions of approximately 0, 25 and 50% in the
total diet. Blood samples were collected at the end of each period to determine plasma total
phenol concentration and markers of oxidative status as well as peripheral blood mononuclear
cells (PBMC) activation and proliferation response in vitro. Heart rate (HR) and HR
variability parameters were measured for two consecutive days in each period, during
different activities (i.e., eating pellets or hay, or lying). Treatments were compared with
multiple comparisons and contrast analysis was used to test for linear and quadratic relations.
Compared to control, feeding a high dosage of hazel leaves enhanced (P = 0.006) the plasma
total antioxidant capacity, which linearly (P = 0.016) increased with increasing level of hazel
leaves in the diet. The total phenol concentration and activities of the antioxidant enzymes
superoxide dismutase, catalase and glutathione reductase in the plasma were not different (P

> 0.23) among the treatments; however, the latter slightly increased linearly (P = 0.047) with

increasing hazel leaves proportion. No differences were observed in the activation and

proliferation of PBMC among treatments. The HR decreased linearly (P < 0.009) during

pellet eating and lying and the root mean square of successive differences of interbeat
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intervals (RMSSD) increased linearly (P = 0.037) when lying with increasing level of hazel
leaves in the diet. In conclusion, our findings indicate that hazel leaves are a promising
supplement to improve oxidative status with no effect on cellular immune response and
cardiac stress level of sheep.

Key words: heart rate variability, oxygen consumption, peripheral blood mononuclear cells,

proliferation, tannins, total antioxidant capacity.

INTRODUCTION

Ruminants undergo oxidative stress when the amount of reactive oxygen species in the
animal organism exceeds the capacity of antioxidant defenses (Sies, 1997), which increases
the susceptibility of animals to health problems, such as mastitis and metritis (Sordillo and
Aitken, 2009; Potawska et al., 2012). Plants rich in secondary compounds can enhance the
oxidative and immune status when supplemented to ruminant diets as reviewed by Oh et al.
(2017). Tannins can act as natural antioxidants due to the presence of several aromatic rings
with one or more hydroxyl groups, which is associated with strong antioxidant capacity by
reacting with free radicals to form resonance-stabilized phenoxyl radicals (Rice-Evans et al.,
1996). Besides, tannins can enhance directly or indirectly the immune system in ruminants
through activating T cells (Holderness et al., 2008), favorably modifying the populations of
gastrointestinal bacteria and increasing the availability of feed proteins (Provenza and
Villalba, 2010). However, tannin-rich feeds can negatively affect palatability, feed intake and
could thus be a stressor for animals. Changes in heart rate (HR) and HR variability (HRV)
could be suitable indicators for acute and chronic stress of animals subjected to different
environmental challenges (von Borell et al., 2007). Up to now, studies with ruminants
reporting the effect of tannins on cardiac activity are rare (Puchala et al., 2005) and the study

reporting the effect of hazel tannins on cardiac activity are not available.
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Also, no information is available on the effects of hazel leaves on in vivo antioxidant
activity and the immune response. Therefore, we hypothesized that 1) supplementing hazel
leaves to the diet improves the antioxidant status and immune response in sheep without
negative effects on cardiac activity, and 2) that the active compounds responsible are mainly

the tannins.

MATERIALS AND METHODS

Animals, experimental design and diets

The experimental protocol complied with the Swiss legislation for Animal Welfare and
was approved by the Committee on Animal Experimentation of the Cantonal Veterinary
office Zurich (license no. ZH 25/16). The experimental design and diets are described in
detail by Wang et al. (2018b) with contents of secondary plant compounds and feed intake
reprinted in Supplementary Table S1 and S2, respectively. Briefly, six female non-pregnant
and non-lactating Swiss Black-Brown Mountain sheep (71 £ 5.7 kg of body weight) at the age
of 18 =+ 1.7 months were housed in a naturally ventilated and illuminated building at the
experimental station AgroVet-Strickhof (Eschikon, Lindau, Canton of Zurich, Switzerland).
In addition, there was also diurnal artificial lighting (lights on in the morning, lights off in the
evening). The size of individual pens was 1.25 m x 2.5 m, and the floor was covered with
sawdust. All sheep were free from worms determined by fecal egg count. The experiment was
conducted as a 6 x 4 crossover design with different sequences of the four experimental diets
in four 18 d periods where the six animals were kept individually, with 2 d of feeding alfalfa-
only (Medicago sativa) pellets and hay between the periods where the animals were kept
together in a group and no measurements were performed. Thus, each sheep received the four
dietary treatments once, and each dietary treatment was replicated six times. The animals
were fed 1.6 the maintenance requirements of adult non-performing sheep (Arrigo and Frioud,

2016). The diets consisted of three forage ingredients, i.e. ryegrass-dominated (late cut) hay,
4



100 alfalfa and hazel leaves. The alfalfa and the hazel leaf material were purchased from Landi
101 Sense-Dudingen (Heitenried, Switzerland) and Alfred Galke GmbH (Bad Grund, Germany),
102  respectively. Four types of experimental pellets were produced by thoroughly mixing alfalfa
103  and hazel leaves in different proportions, including alfalfa alone as a control, 30% and 60% of
104  hazel leaves. The diet with the highest hazel leaf proportion was also tested with the addition
105  of 3.8% polyethylene glycol (PEG; molecular weight of 6000; Sigma, St. Louis, MO, USA)
106  on a dry matter (DM) basis by replacing the respective proportion of alfalfa in the pellets. The
107  corresponding total tannins content in each experimental pellet was 0.76, 2.82, 4.80 and 4.36%
108  of DM, respectively (Wang et al. 2018b, Supplemental Table S1, see the online version of the
109 article). The complete diets consisted of experimental pellets and hay at a ratio of 80%:20% in
110 DM, resulting in hazel leaf proportions of approximately 0, 25 and 50% in the total diet
111 (realized: 0, 23.4 and 46.8%). The pellets were offered in equal amounts twice daily at 0800 h
112 and 1500 h, and 30 min later the corresponding proportion of hay was offered. Animals did
113 not differ in intake of pellets and hay (Wang et al. 2018b, Supplemental Table S2). The
114  animals had free access to water.

115

116  Heart rate and heart rate variability measurements

117 The continuous measurement of the heart beat parameters of each sheep started before
118  morning feeding and stopped after afternoon feeding on d 10 and 11 of each period, resulting
119 in 7 to 10 h of recordings per day, by using Polar Team2 (Polar® Electro Oy, Kempele,
120  Finland). In order to increase the electrode-skin contact, the electrodes were positioned on
121 shaved skin. Ultrasound gel (Henry Schein, NY, USA) was used to improve conductivity
122 between electrodes and the sheep body. The device was set to record every heartbeat of the
123 animals. The data recorded in the transmitter was sent to a laptop computer by using an

124  interface (base station) and Polar Team?2 software (version 1.4.5).
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Using the program Polar ProTrainer 5 Equine Edition (version 5.42.007), the HR (beat per
minute), the time domain-related parameters of RMSSD (root mean square of successive
differences of inter-beat intervals; ms) and SDNN (standard deviation of all inter-beat
intervals; ms) were extracted. The RMSSD/SDNN ratio was calculated in Microsoft Excel
(Microsoft Office Professional Plus 2016) based on the extracted RMSSD and SDNN values.

The exact start and end time for three focal activities of the sheep during the measurement
period, i.e. the consumption of pellets, of hay and resting while lying was recorded by a
camera recorder (HDR-CX240E and HDR-PJ240E, Sony, Shanghai, China) positioned in a
way that all six sheep and the respective activities could be fully recorded. The first and last
minute of each activity period (i.e., eating pellets, eating hay and lying) of the cardiac dataset
were excluded in order to avoid a potential bias by previous and subsequent activities. In each
dataset, the first two segments with 3 min and less than 5% errors were taken into account,
and then the correction of the tachograms within the Polar software was carried out by using
the correction routines to correct for any artefacts prior to analysis. If the segment (e.g. minute
2 to 4) could not be used, it was moved one minute forward (e.g. minute 3 to 5) and examined
as described above. For the pellet and hay eating activities, the values from the first two
segments recorded in the respective morning (2 x 3 min) and afternoon feeding (2 x 3 min)
were averaged per animal and per day. For lying activity, the first lying period that lasted at
least 30 min after the morning feeding was included in the analysis, which resulted in 24
samples including three lasting only 20, 26 and 26 min. From the beginning, middle and end
of each lying period, one segment fitting to the aforementioned criteria was extracted
respectively, and the resulting three segments (3 x 3 min) of each lying bout were averaged
per animal and per day. Finally, the average of two days measurement was used for data

analysis. This resulted in n = 6 for each dietary treatment.

Blood sampling



151 Blood samples were collected from the jugular vein with lithium- and sodium-heparinized
152  and EDTA vacutainers (BD, Polymouth, UK) 1 h after morning feeding on d 19 of each
153  period. The lithium-heparinized and EDTA blood samples were centrifuged at 1300 x g for
154 20 min. The plasma was collected and stored at -80°C until analysis of phenol concentration
155  and antioxidant status. The sodium-heparinized blood samples were transferred on ice to the
156 laboratory for peripheral blood mononuclear cells (PBMC) isolation. The blood of one sheep
157  was hemolytic in all periods and was thus excluded from analysis, resulting in n = 5.

158

159  PBMC activation and proliferation

160 The PBMC were isolated by density-gradient centrifugation. Briefly, the ice-cold blood was
161  diluted (1:1 with RPMI 1640 medium) and transferred gently on top of the separating Biocoll
162  (1.077 g/mL; Biochrom GmbH, Berlin, Germany). After centrifugation, the middle layer
163  containing PBMC was collected and suspended in RPMI 1640 medium supplemented with 10%
164  fetal bovine serum superior and 2 mmol/L L-glutamine (Biochrom) and 10 mmol/L HEPES
165 (PAN Biotech, Aidenbach, Germany). The remaining erythrocytes were hypotonically lysed
166 by sterile pure water (PAN Biotech) and isotonicity was restored with sodium chloride
167  solution. Finally, PBMC were resuspended in complete RPMI 1640 medium, and the cell
168  number and viability were determined using an automatic cell counter (Eve, NanoEnTek,
169  Secol, Korea). The cell number of each sample was adjusted to 1 x 108/mL. Cells were seeded
170  in quadruplicate with and without phytohaemagglutinin (PHA) at the concentration of 4
171 pg/mL (Bioswisstec AG, Schaffhausen, Switzerland) each for the activation and proliferation
172 assay.

173 Cell activation was assessed using the oxygen consumption rate (OCR) of PBMC at 24 h
174  of incubation (Schwarm et al., 2013; Wang et al., 2018a). The PHA was added to cell
175  suspensions after equilibration for 1 h in an atmosphere of humidified air-5% CO. at 39°C in

176  fluorophore-coated 96-well round-bottom OxoPlates (PreSens Precision Sensing GmbH,
7
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Regensburg, Germany). After incubation for 24 h, the fluorescence was measured from the
bottom with a plate reader (BioTek, Luzern, Switzerland) in the dual kinetic mode using two
different filter pairs (540/650 nm and 540/590 nm). Fluorescence units were converted to
oxygen consumption rate following the manufacturer’s instructions and Schwarm et al. (2013)
using 0.35 cm? surface area and 0.71 cm diffusion path length. Counting of cells from parallel
plates incubated for 24 h in the presence and absence of PHA enabled the scaling of oxygen
consumed per number of cells. The activation index was calculated as the ratio of oxygen
consumption rate [nmol/min/(107 cells)] of PBMC in the presence and absence of PHA.

Cell proliferation was measured using the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT) assay at 72 h of incubation (Tuchscherer et al., 1998). Incubation
was performed in standard 96-well round-bottom microplates in an atmosphere of humidified
air-5% CO; at 39°C. After 72 h, the plates were centrifuged at 220 x g and 20°C for 10 min
and then 100 pL of supernatant per well were removed. Incubation was resumed for 4 h after
quick application of 10 pL MTT solution (5 mg/mL of phosphate-buffered saline) and
accomplished overnight after addition of 100 pL of preheated 10% sodium dodecyl sulphate.
The optical densities at 550 and 690 nm (test and reference wavelength, respectively) were
measured from the top with a plate reader (BioTek). The proliferation index was calculated as

the ratio of optical density of PBMC in the presence and absence of PHA.

Chemical analysis of plasma

The phenol concentration in EDTA plasma was determined based on Serafini et al. (1998).
Briefly, a modified Folin-Ciocalteu method was applied for total phenols and calculations
were done as gallic acid equivalents (Sigma, St. Louis, MO, USA). Commercial kits
(OxiSelectTM, Cell Biolabs, San Diego, CA, USA) were used to determine total antioxidant
capacity (TAC, STA-360), which represents the non-enzymatic antioxidant substances, and

antioxidant enzyme activity including superoxide dismutase (SOD, STA-340), catalase (CAT,
8



203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

STA-341) and glutathione reductase (GR, STA-812), in lithium-heparinized plasma according

to the corresponding manufacturer’s instructions.

Statistical analysis

All data were subjected to ANOVA with the Mixed procedure of SAS (version 9.4, SAS
Institute, Cary, NC) with treatment and period as fixed effects and animal as random effect.
Multiple comparisons among means were performed by Tukey’s method. Linear and
quadratic effects of the level of hazel leaves (0%, 25% and 50%) without the treatment with
50%+PEG were evaluated by orthogonal polynomial contrasts. Effects were declared as

statistically significant at P < 0.05 and as trends at 0.05 <P < 0.10.

RESULTS

There was no effect (P = 0.23) of dietary hazel leaves on the concentration of total
phenols in the plasma (Table 1). Feeding the high level of hazel leaves resulted in an increase
(P = 0.006) in the plasma TAC, which was linearly (P = 0.016) increased along with

increasing the proportion of hazel leaves. No effect (P > 0.72) of dietary hazel leaves on the

activities of antioxidant enzymes, namely SOD and CAT among the treatments was observed.
The GR activity was slightly linearly enhanced (P = 0.047) with increasing hazel leaf
proportions.

The viability of isolated PBMC before incubation was 85 + 1% (mean £ SE, not shown in

Figure). The in vitro activation and proliferation index of PBMC was not affected (P > 0.42)

by the partial replacement of alfalfa by hazel leaves in sheep (Figure 1).
The sheep fed with 50% hazel leaves with or without PEG had a lower HR while eating

pellets and lying than the sheep fed without hazel leaves (P < 0.005; P = 0.076 for eating hay,

Table 2). In addition, the decrease was in a linear (P < 0.009) manner for eating pellets and



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

lying, and at linear tendency (P = 0.055) while eating hay. When lying down, the RMSSD and

the ratio of RMSSD to SDNN of sheep consuming the diet with hazel leaves linearly (P <

0.011) increased. This effect was alleviated by adding PEG. The RMSSD was higher (P =
0.049) during the lying period than during the time spent feeding (both on pellets and hay),
and no differences regarding the HR and HR variability were observed between the sheep

when ingesting pure alfalfa pellets or when ingesting hay (data not shown).

DISCUSSION

To our knowledge, the present study is the first to investigate the effect of
supplementation of hazel leaves on the plasma phenol concentration, antioxidant status,
cellular immune function and heart beat parameters in the sheep. So far, antioxidant effects of
hazel leaves extracts have been demonstrated in vitro, by showing a great reducing power,
scavenging of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals and bleaching [-carotene
(Oliveira et al., 2007). These effects may be attributed to the hazel leaves' richness of phenolic
compounds, thus making them a potential candidate for a natural antioxidant (Oliveira et al.,
2007). In line with this, the present in vivo study revealed that the consumption of hazel
leaves by sheep had an enhancing effect on TAC and GR activity in blood, although the
enzyme activities of SOD and CAT were not affected. The antioxidants in the animal can be
classified into two categories, i.e. enzymatic antioxidants such as SOD, CAT and GR, and
non-enzymatic antioxidants represented by e.g. tocopherols, ascorbic acid, glutathione and
lipoic acid (Sordillo and Aitken, 2009). The overall antioxidant capacity of the non-enzymatic
antioxidant substances in the present study determined by TAC analysis was better than the
enzymatic ones, indicating different responses towards dietary hazel leaf supplementation.
Although the metabolic fate of tannins in ruminants is not entirely understood, the following
two explanations for the observed improvement in antioxidant defense caused by tannins are

likely. First, ingested tannins might be degraded and absorbed from ruminant gastrointestinal
10
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tract into the blood stream and serve as exogenous antioxidants. Second, tannins serve as
antioxidants in the lumen of the gastrointestinal tract by removing or chelating pro-oxidant
compounds and thereby decreasing their uptake into the blood stream (Lopez-Andrés et al.,
2013). The latter potential mechanism seems to be plausible for the observed increased
plasma TAC, as no change of total phenol concentrations in the blood was observed. The
greater plasma TAC in sheep fed the high level of hazel leaves compared to those fed only
alfalfa or lower levels of hazel leaves indicates that the hazel leaves improved the antioxidant
status of sheep in a dose-dependent manner. The plasma TAC results for the treatments with
or without PEG were not different, suggesting that the improved antioxidant status caused by
hazel leaves was not solely due to tannins, which is in line with an earlier study showing
comparable TAC levels in the serum of lambs fed with purple prairie clover (Dalea purpurea
Vent.) hay with and without polyethylene glycol (Peng et al., 2016). Thus, it is assumed that
other bioactive ingredients, such as non-tannin phenols that made up 28% of dietary total
phenols in our study (published previously by Wang et al. 2018b, Supplemental Table S1) are
likely to contribute to the increasing effect on the antioxidant defense in sheep. However, the
PEG-to-total tannin ratio was only 0.8:1, what might not have been high enough to
completely inhibit the bioactivity of the tannins. Moreover, the complexation of tannins with
PEG or protein may have affected but not eliminated their antioxidant activities (Riedl and
Hagerman, 2001). Glutathione reductase is a homodimeric enzyme that indirectly prevents
oxidative damage in cells by supporting the maintenance of the intracellular reduced
glutathione, which is another non-enzymatic antioxidant. The present study revealed that the
consumption of hazel leaves by sheep could linearly increase GR activity, possibly leading to
an increased glutathione level as an explanation for the enhanced TAC in the plasma, which
was also reported in a study with humans (Ahmadpoor et al., 2009). However, there was no
effect observed on enzyme activities of SOD and CAT, although inclusion of tannins from

chestnut and purple prairie clover has been reported to enhance SOD and CAT activities in
11
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serum of lambs (Liu et al., 2016; Peng et al., 2016). The difference between the present and
previous studies may be explained by the source, dosage and structure of the tannins. In the
study of Peng et al. (2016), the lambs were provided with two times the amount of condensed
tannins than in the present study (3.8 vs. 1.9% of DM). Although low concentrations of
condensed tannins (0.5 and 1.0% of DM) were supplied in the study of Liu et al. (2016), the
lambs used were subject to heat-stress, which may have enhanced the antioxidant effect of
tannins.

With regard to the immune system, tannins can have protective, health-promoting effects
with an improved immune response (Provenza and Villalba, 2010). The mechanism of this
immune modulation by tannins or their metabolites may involve direct stimulating effects on
immune cells (Holderness et al., 2008) and indirect effects such as changes in populations of
commensal bacteria by the bactericidal action and the improvement of protein degradation in
ruminants (Provenza and Villalba, 2010). In the latter case, the immune response may be
supported by the high-quality protein bypass from the rumen to the small intestine attributed
to the presence of tannins, as the availability of specific amino acids like arginine, glutamine
and cysteine can enhance lymphocyte activity (Li et al., 2007). However, those effects vary
depending on the source, structure and supplemented levels of tannins. In fact, the observation
that apparent N digestibility in sheep was not increasing with increasing proportions of hazel
leaves in the diet (Wang et al., 2018b), is in line with the unchanged PBMC response in the
present study. In addition, tannins, especially hydrolysable tannins could be degraded in the
lumen of the gastrointestinal tract (Goel et al., 2005) and the resulting metabolites may exert
their function by passing the intestinal barrier and entering the blood system. Thus, systemic
effects on immune cells may occur, affecting the potential of immune cells to be activated and
to proliferate. Both activation and proliferation of PBMC were comparable when feeding
different amounts of hazel leaves to sheep. This is in line with the lack in changes of total

phenol concentrations in the blood. Thus, the consumption of hazel leaves by sheep did not
12
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enhance the immune response of PBMC. However, hazel leaves had also no inhibiting effect
on PBMC response. Besides the source, structure and dosage of the tannins, other factors such
as the physiological status of the animal and the animal species can influence the potential of
tannins to modulate the immune response. For example, Tibe et al. (2012) reported that
condensed tannins could in vitro activate gamma-delta T lymphocytes from young goats, but
not from lambs and calves, which suggested that the response of lymphocytes to tannins
varies among animal species. In addition, the observed high variation in immune response
among individuals, especially in PBMC proliferation in the present study makes it difficult to
demonstrate an effect of dietary tannins on immune cells of animals. Indeed, it is quite
difficult to specify the reason for this variation in immune response due to the quite limited
research regarding the effect of feeding supplements high in phenols to ruminants on their
cellular immune function. More research is therefore needed in this area.

The measurements of HR and HR variability (i.e. RMSSD, SDNN and RMSSD/SDNN)
that have been introduced from human to farm animals over the past decades can be realized
with a non-invasive approach to investigate the dynamic functioning of the autonomic
nervous system (ANS), especially the sympathovagal balance (von Borell et al., 2007). When
animals suffer from stress, the RMSSD (reflecting only short-term heart variability), and the
SDNN (reflecting short-term and long-term heart variability) decrease, reflecting alterations
in the sympathovagal balance that is sympathetically mediated. In the present study, when the
sheep were fed with hazel leaves, the decrease in HR and the increased RMSSD and
RMSSD/SDNN ratio when animals were lying indicated a shift towards more dominant vagal
activity and less stress for the sheep. Since this is the first paper studying differences in ANS
function of sheep fed with different proportions of hazel leaves and phenols thereof, it is
impossible to compare our results to earlier findings in this field. However, it is known that
the HR is correlated with energy expenditure or heat production as was shown in cattle (Brosh,

2007) and yaks (Han et al., 2002). The decreased HR observed in the current study may partly
13
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be attributed to the lower heat production as the energy used for heat production in the
animals was numerically decreased from 10.6 to 9.9 MJ/d along with the increase of hazel
leaves in the diet from 0 to approximately 50% (Wang et al., 2018b). In addition, the
increased concentration of dietary phenols may exert an influence on the ANS. It has been
reported that the tannin-containing extracts from Terminalia arjuna could decrease the blood
pressure and HR in rat (Takahashi et al., 1997). Based on the present results, the lowering
effect of hazel leaves on HR was alleviated to some extent by adding PEG that can counteract
the biological function caused by tannins. No differences were found with the other
parameters reflecting HR variability across concentrations of hazel leaves applied in the
present study. Overall, the supplementation of sheep diets with hazel leaves caused no cardiac
stress to animals but enhanced the cardiovascular functions to some extent. The HR, RMSSD
and SDNN did not differ between eating alfalfa pellets and eating hay, which again suggested

that the ingestion of hazel leaves did not cause cardiac stress for the sheep.

The present study showed that hazel leaf supplementation to sheep resulted in an
enhancement in plasma TAC and GR activity, indicating a significant potential of hazel
leaves as forage for ruminants to mitigate oxidative stress. Tannins in hazel leaves were not
the sole active ingredients. In addition, feeding hazel leaves with the current dosages
maintained the response of immune cells and did not cause any cardiac stress to the sheep.
The underlying mechanism of hazel leaves to improve oxidative status in animals needs to be

elucidated in further studies.

Acknowledgments
The authors greatly appreciate the assistance of M. Terranova, C. Kunz, P. Stirnemann,

and M. Mergani (ETH Zurich), H. Renfer, R. Sonderegger, M. Hunziker, and K. Luthiger

14



357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

(Strickhof), S. Amelchanka and R. Stoz (AgroVet-Strickhof), H. R. Wettstein and 1. Widmer

(ETH Research Station Chamau) and J.-L. Bonny and J.-B. Burla (Agroscope).

LITERATURE CITED

Ahmadpoor, P., E. Eftekhar, J. Nourooz-Zadeh, H. Servat, K. Makhdoomi, and A. Ghafari.
2009. Glutathione, Glutathione-Related Enzymes, and Total Antioxidant Capacity in
Patients on Maintenance Dialysis. Iran. J. Kidney Dis. 3:22-27.

Arrigo, Y., and E. Frioud. 2016. Feeding recommendations for sheep in Feeding
recommendations for ruminants (Green Book) (ed. Agroscope, Posieux) (in German).
Chapter 11. Network https://www.agroscope.admin.ch.

Brosh, A. 2007. Heart rate measurements as an index of energy expenditure and energy
balance in ruminants: A review. J. Anim. Sci. 85:1213-1227. doi:10.2527/jas.2006-298
Goel, G., A. K. Puniya, C. N. Aguilar, and K. Singh. 2005. Interaction of gut microflora with

tannins in feeds. Naturwissenschaften 92:497-503. doi:10.1007/s00114-005-0040-7

Han, X.-T., A.-Y. Xie, X.-C. Bi, S.-J. Liu, and L.-H. Hu. 2002. Effects of high altitude and
season on fasting heat production in the yak Bos grunniens or Poephagus grunniens. Br. J.
Nutr. 88:189-197. doi:10.1079/BIJN2002610

Holderness, J., J. F. Hedges, K. Daughenbaugh, E. Kimmel, J. Graff, B. Freedman, and M. A.
Jutila. 2008. Respone of y6 T cells to plant-derived tannins. Crit. Rev. Immunol. 28:377-
402. doi:10.1615/CritRevimmunol.v28.i5.20

Li, P., Y.-L. Yin, D. Li, S. W. Kim, and G. Wu. 2007. Amino acids and immune function. Br.
J. Nutr. 98:237-252. d0i:10.1017/S000711450769936X

Liu, H., K. Li, L. Mingbin, J. Zhao, and B. Xiong. 2016. Effects of chestnut tannins on the
meat quality, welfare, and antioxidant status of heat-stressed lambs. Meat Sci. 116:236-

242. doi:10.1016/j.meatsci.2016.02.024

15



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

Lopez-Andreés, P., G. Luciano, V. Vasta, T. M. Gibson, L. Biondi, A. Priolo, and I. Mueller-
Harvey. 2013. Dietary quebracho tannins are not absorbed, but increase the antioxidant
capacity of liver and plasma in sheep. Br. J. Nutr. 110:632-639.
doi:10.1017/S0007114512005703

Oh, J.,, E. H. Wall, D. M. Bravo, and A. N. Hristov. 2017. Host-mediated effects of
phytonutrients in  ruminants: A review. J. Dairy Sci. 100:5974-5983.
doi:10.3168/jds.2016-12341

Oliveira, 1., A. Sousa, P. Valentdo, P. B. Andrade, I. C. F. R. Ferreira, F. Ferreres, A. Bento, R.
Seabra, L. Estevinho, and J. A. Pereira. 2007. Hazel (Corylus avellana L.) leaves as
source of antimicrobial and antioxidative compounds. Food Chem. 105:1018-1025.
doi:10.1016/j.foodchem.2007.04.059

Peng, K., D. C. Shirley, Z. Xu, Q. Huang, T. A. McAllister, A. V. Chaves, S. Acharya, C. Liu,
S. Wang, and Y. Wang. 2016. Effect of purple prairie clover (Dalea purpurea Vent.) hay
and its condensed tannins on growth performance, wool growth, nutrient digestibility,
blood metabolites and ruminal fermentation in lambs fed total mixed rations. Anim. Feed
Sci. Technol. 222:100-110. doi:10.1016/j.anifeedsci.2016.10.012

Potawska, E., A. W. Bagnicka, K. Niemczuk, and J. O. Lipinska. 2012. Relations between the
oxidative status, mastitis, milk quality and disorders of reproductive functions in dairy
cows—a review. Anim. Sci. Pap.Rep. 30: 297-307.

Provenza, F. D., and J. J. Villalba. 2010. The role of natural plant products in modulating the
immune system: an adaptable approach for combating disease in grazing animals. Small
Rumin. Res. 89:131-139. doi:10.1016/j.smallrumres.2009.12.035

Puchala, R., B. R. Min, A. L. Goetsch, and T. Sahlu. 2005. The effect of a condensed tannin-
containing forage on methane emission by goats. J. Anim. Sci. 83:182-186.

doi:10.2527/2005.831182x

16



408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

Rice-Evans, C. A., N. J. Miller, and G. Paganga. 1996. Structure-antioxidant activity
relationships of flavonoids and phenolic acids. Free Radical Bio. Med. 20:933-956.
doi:10.1016/0891-5849(95)02227-9

Riedl, K. M., and A. E. Hagerman. 2001. Tannin-protein complexes as radical scavengers and
radical sinks. J. Agric. Food Chem. 49:4917-4923. doi:10.1021/jf010683h

Schwarm, A., T. Viergutz, B. Kuhla, H. M. Hammon, and M. Schweigel-Rdntgen. 2013. Fuel
feeds function: energy balance and bovine peripheral blood mononuclear cell activation.
Comp. Biochem. Physiol. A Mol Integr. Physiol. 164:101-110.
doi:10.1016/j.cbpa.2012.10.009

Serafini, M., G. Maiani, and A. Ferro-Luzzi. 1998. Alcohol-free red wine enhances plasma
antioxidant capacity in humans. J. Nutr. 128:1003-1007. doi:10.1093/jn/128.6.1003

Sies, H. 1997. Oxidative stress: oxidants and antioxidants. Exp. Physiol. 82:291-295.
doi:10.1113/expphysiol.1997.sp004024

Sordillo, L. M., and S. L. Aitken. 2009. Impact of oxidative stress on the health and immune
function of dairy cattle. Vet. Immunol. Immunopathol.  128:104-109.
doi:10.1016/j.vetimm.2008.10.305

Takahashi, S., H. Tanaka, Y. Hano, K. Ito, T. Nomura, and K. Shigenobu. 1997. Hypotensive

effect in rats of hydrophilic extract from Terminalia arjuna containing tannin- related

compounds. Phytother. Res. 11:424-427. doi:10.1002/(SICI)1099-
1573(199709)11:6<424::AID-PTR117>3.0.CO;2-K

Tibe, O., A. Pernthaner, I. Sutherland, L. Lesperance, and D. R. K. Harding. 2012. Condensed
tannins from Botswanan forage plants are effective priming agents of yd T cells in
ruminants. Vet. Immunol. Immunopathol. 146:237-244.

doi:10.1016/j.vetimm.2012.03.003

17



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

Tuchscherer, M., B. Puppe, A. Tuchscherer, and E. Kanitz. 1998. Effects of social status after
mixing on immune, metabolic, and endocrine responses in pigs. Physiol. Behav. 64:353-
360. doi:10.1016/S0031-9384(98)00084-5

von Borell, E., J. Langbein, G. Després, S. Hansen, C. Leterrier, J. Marchant-Forde, R.
Marchant-Forde, M. Minero, E. Mohr, A. Prunier, D. Valance, and I. Veissier. 2007.
Heart rate variability as a measure of autonomic regulation of cardiac activity for
assessing stress and welfare in farm animals — A review. Physiol. Behav. 92:293-316.
doi:https://doi.org/10.1016/j.physbeh.2007.01.007

Wang, S., S. Meese, S. E. Ulbrich, H. Bollwein, M. Réntgen, U. Gimsa, and A. Schwarm.
2018a. Short communication: Effect of immune modulators on in vitro activation and
proliferation of peripheral blood mononuclear cells from multiparous Holstein cows
peripartum. J. Anim. Physiol. Anim. Nutr. 102: 1515-1520. doi: 10.1111/jpn.12972

Wang, S., M. Terranova, M. Kreuzer, S. Marquardt, L. Eggerschwiler, and A. Schwarm.
2018b. Supplementation of pelleted hazel (Corylus avellana) leaves decreases methane
and urinary nitrogen emissions by sheep at unchanged forage intake. Sci. Rep. 8:5427.

doi:10.1038/s41598-018-23572-3

18



449

450

451

452

453

454

455

Figure caption

Figure 1. Effect of hazel leaf supplementation on the in vitro activation (P > 0.10) and
proliferation index (P > 0.10) of peripheral blood mononuclear cells (PBMC) from sheep (n =
5) after 24 and 72 h of incubation, respectively. The indices were calculated as the ratio of
phytohaemagglutinin-stimulated and untreated PBMC. Dotted lines indicate arithmetic means.

PEG, polyethylene glycol.
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Table 1
Effect of hazel leaves on phenols concentration and oxidative status in plasma of sheep (n =5).

Experimental diets SEM P-value

Hazel leaves (% of diet) 0 25 50 50+PEG Diet L Q!
Total phenols, pg/mL 229 217 225 230 3.9 0.23 0.67 0.12
Total antioxidant capacity (TAC), 180° 193%* 217% 2132 5.6 0.006 0.016 0.44
pmol/L

Superoxide dismutase (SOD), 38.6 37.0 388 394 0.96 0.75 087 043
inhibition %

Catalase (CAT), U/mL 300 257 242 274 3.03 0.72 048 0.77

Glutathione reductase (GR), mU/mL 265 27.0 29.1 28.7 1.37 0.83 0.047 0.39

PEG, polyethylene glycol; L, linear effect of hazel leaf proportion; Q, quadratic effect of
hazel leaf proportion; SEM, standard error of mean.

Means carrying no common superscript are different at P < 0.05.

!For this analysis, only diets 0, 25 and 50 were compared.
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Table 2

Effect of hazel leaves on heart rate and heart rate variability of sheep with different activities

(n =6).
Experimental diets SEM P-value

Hazel leaves (%) 0 25 50 50+PEG Diet L2 Q2
Eating pellets

Heart rate (HR), bpm? 84.02  79.1%® 73.3>  76.5° 1.55 0.005 0.009 0.65
RMSSD, ms 915 987 104.5 100.6 701 050 024 081
SDNN, ms 848  84.1 943 877 354 030 020 0.16
RMSSD/SDNN 1.08  1.17 1.09 1.14 0.047 0.34 076 0.13
Eating hay

Heart rate (HR), bpm 89.7@ 83.0@  81.8® 829@ 182 0.076 0.055 0.62
RMSSD, ms 92.3 1013 97.8 103.1 6.04 040 056 052
SDNN, ms 831  87.0 86.7 915 365 0.31 053 0.92
RMSSD/SDNN 1.10 117 1.14 113 0.035 0.55 0.64 0.26
Lying

Heart rate (HR), bpm 76.4%  72.3%® 65.1° 68.4* 152 0.002 0.005 0.43
RMSSD, ms 117> 125% 1408 122% 10.5 0.037 0.008 0.41
SDNN, ms 97.6 987 101.0 93.2 598 0.74 041 0.73
RMSSD/SDNN 1.17° 1.28% 1.37%  1.32% 0043 0.044 0.011 0.78

RMSSD, root mean square of successive differences of interbeat intervals; SDNN, standard
deviation of all interbeat intervals; PEG, polyethylene glycol; L, linear effect of hazel leaf
proportion; Q, quadratic effect of hazel leaf proportion; SEM, standard error of mean.
Means carrying no common superscript are different at P < 0.05; superscripts in brackets

indicate a trend of a difference among means, P < 0.10.

The ratio of pellet to hay in total dietary DM was 80%:20%.
2For this analysis, only diets 0, 25 and 50 were compared.

3Beat per min.
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Supplemental Material to Wang et al.

Table S1. Phenol composition in hay, pure hazel leaves and experimental

pellets (% of DM). Source: Wang et al. (2018b)*

Analysed composition (% of dry matter)
Hay? Hazel leaves

Experimental pellets?

0° 30 60 60+PEG
Total phenols 1.43 8.16 1.72 414 6.55 594
Non-tannin phenols  0.82 1.95 096 133 1.75 1.58
Total tannins 0.61 6.21 0.76 2.82 4.80 4.36
Condensed tannins 0.02 3.39 0.01 111 243 136
Hydrolysable tannins 0.59 2.82 0.74 1.71 2.37 3.00

!Data in this table have been published previously by Wang et al. (2018b)

2The ratio of hay to pellet was 20%:80% in total dietary dry matter. Experimental pellets were produced
from alfalfa and hazel leaves containing 0%, 30% or 60% hazel leaves on a dry matter basis.
3Equivalent to the composition of alfalfa

PEG, polyethylene glycol

Table S2. Effect of hazel leaves on intake of the sheep (n =6). Source: Wang et al. (2018b)*

Experimental diets SEM P values
Hazel leaves (% of diet) 0 25 50+PEG Diet L?2 Q2
Dry matter intake (g/day)
Total 2182 2147 2174 2170 455 0.64 0.71 0.56
Pellets 1794 1762 1780 1792  36.4 0.73 052 0.59
Hay 388 385 394 378 145 0.50 0.48 0.88

!Data in this table have been published previously by Wang et al. (2018b)

2For this analysis, only diets 0, 25 and 50 were compared.
PEG, polyethylene glycol; L, linear effect of hazel leaf proportion; Q, quadratic effect of hazel

leaf proportion; SEM, standard error of mean.

Wang, S., M. Terranova, M. Kreuzer, S. Marquardt, L. Eggerschwiler, and A. Schwarm. 2018b.

Supplementation of pelleted hazel (Corylus avellana) leaves decreases methane and urinary

nitrogen emissions by sheep at unchanged forage intake. Sci. Rep. 8:5427. doi:10.1038/s41598-

018-23572-3
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