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Abstract
Hempseeds are rich in bioactive phytochemicals,yet little is known about their bioavailability in tissues and excreta of animals 
fed hemp seed cake. The study evaluated the bioactive phytochemicals and their antioxidant activity in the blood, liver, meat, 
feces, and urine from goats fed finishing diets containing graded inclusions of hempseed cake (HSC). Twenty-five wether 
goats (26.8 ± 2.9 kg) of 4–5 months were randomly allocated to five experimental diets containing increasing levels of HSC 
(0, 25, 50, 75, 100 g/kg DM) substituted for soybean meal (SBM) as the main protein source. Goats were allowed for period 
of 21 days for adaptation, and blood, fecal, and urine samples were collected on the 28th day of the experiment. The liver 
and right longissimus thoracis et lumborum were respectively collected at 60 min and 24 h after slaughter. Linear increases 
(P ≤ 0.05) in blood, liver, and urine magnesium; fecal manganese; and fecal copper were observed with increasing HSC 
inclusion in the diet. Liver and fecal selenium exhibited a decreasing linear trend (P ≤ 0.05) with HSC increment in diets. 
Diet did not affect (P > 0.05) meat and urine mineral contents, except urine magnesium. The 2,2-diphenyl-1-picrylhydrazyl, 
and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) of the blood, liver, and meat linearly increased (P ≤ 0.05) with 
dietary inclusion of HSC. Blood and liver ferric reducing antioxidant power quadratically increased (P ≤ 0.05) with HSC 
inclusion reaching a maximum at 50 g/kg dry matter. Current results suggest that inclusion of HSC up to 100 g/kg substitut-
ing SBM in goat diets can improve bioavailability of bioactive phytochemicals in the blood, liver, and meat.
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Introduction

The concept of feeding livestock with hemp (Cannabis 
sativa L.) by-products (i.e., cake, oil, hulls and leaves) is 
gaining momentum (Klir et al. 2019; Bailoni et al. 2021). 
This is largely driven by the legalization of hemp cultivation 
(Russo 2019; Leonard et al. 2020) and escalating prices for 
cereal and legume grains including soybean meal (SBM), 
which is the primary protein feedstuff in ruminant diets (Klir 

et al. 2019; Šalavardić et al. 2021). Among the hemp by-
products, hempseed cake (HSC) has been the most utilized 
in livestock diets (Antunović et al. 2020; Bailoni et al. 2021; 
Šalavardić et al. 2021). This is due to its comparable com-
position of nutrients, specifically crude protein (34 ± 2.1 g/
kg DM) to SBM (39.2 ± 5.4 g/kg DM) (Abrahamsen et al. 
2021; Bailoni et al. 2021). Numerous studies have reported 
similar or improved performance of ruminants fed HSC rela-
tive to SBM (Turner et al. 2012; Abrahamsen et al. 2021; 
Šalavardić et al. 2021). More so, hempseed contains several 
bioactive phytochemicals with the major ones being can-
nabinoids, tocopherols, terpenes, polyphenols, and micro-
minerals (Andre et al. 2016; Small 2017).

The contents of tocopherols, terpenes, and macro 
and microminerals in HSC have been widely researched 
(Mierliță 2018; Mierliţă 2019; Siano et al. 2019). However, 
there are few reports (Addo 2022; Smith et al. 2023) on the 
cannabinoids, which are unique to cannabis species, that 
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are retained in HSC after oil extraction. Hempseed cake 
contains several cannabinoids with cannabidiol (CBD, 
3–170 µg/g) and cannabidiolic acid (4.4–8.8 µg/g) being 
the major ones, and no or negligible amounts of delta-
9-tetrahydrocannabinol (Stastnik et al. 2020; Addo 2022; 
Smith et al. 2023). Studies on feeding diets containing HSC 
to cows (Addo 2022; Smith et al. 2023) and hemp stubble 
to sheep (Krebs et al. 2021) reported little or no CBD in 
the blood, liver, kidney, muscle, adipose tissue, urine, and 
feces. However, even at low concentrations, minor cannabi-
noids are able to exert antioxidant effects through synergis-
tic interactions with other bioactive phytochemicals, a phe-
nomenon known as the entourage effect (Andre et al. 2016; 
Russo 2019; della Rocca and Di Salvo 2020). The bioactive 
phytochemicals in HSC have shown both antioxidant and 
antimicrobial potential under in vitro conditions (Ali et al. 
2012; Chen et al. 2012; Irakli et al. 2019). Nevertheless, 
little is known about the bioavailability of these bioactive 
phytochemicals in tissues from goats fed HSC-containing 
diets, and this warrants investigation.

Evaluation of the bioavailability of bioactive phytochemi-
cals involves assessing their digestion, absorption, circulation, 
assimilation, and excretion (Karaś et al. 2017; Santos et al. 
2019). This can be achieved by measuring their concentration 
in feed and antioxidant activity in selected animal tissues and 
excreta (Karaś et al. 2017; Selby-Pham et al. 2020; Wise et al. 
2020). In this regard, the antioxidant activity of the blood, liver, 
and meat can be used as a proxy for bioavailability of HSC 
bioactive phytochemicals in ruminants. Assessing the bioavail-
ability of bioactive phytochemicals is critical in determining 
the minimum threshold required to improve animal health 
by reducing oxidative stress, protect animal products (i.e., 
meat and milk) against oxidation and microbial spoilage, and 
enhance the healthfulness of the fatty acid profile of animal 
products for human consumption (Gladine et al. 2007; Wise 
et al. 2020). The present study aimed to determine the bioavail-
ability of cannabinoids, tocopherols, polyphenols, and bioactive 
minerals in selected tissues and excreta from goats fed diets 
containing increasing levels of HSC substituted for SBM.

Materials and methods

Study site

The experiment was conducted at Welgevallen Experimental 
Farm (33° 56′ 33″ S 18° 51′ 59″ E; Stellenbosch University, 
Stellenbosch, South Africa) in winter between June and July 
2021. The experimental site experiences a Mediterranean 
climate and was characterized by an average temperature of 
12 °C, rainfall of 141 mm, and humidity of 77% during the 
experimental period.

Diets, experimental design, and animal 
management

HSC (Cannabis Sativa L. Fedora 17) was sourced from 
a local hemp oilseed processing company. Five pelleted 
(5 mm × 30 mm) total mixed diets were formulated and 
manufactured by a local commercial company by substi-
tuting SBM with HSC at 0, 25, 50, 75, and 100% inter-
vals to produce diets containing 0, 25, 50, 75, and 100 g 
HSC per kg diet, respectively (Semwogerere et al. 2022, 
2023). The diets met the nutritional requirements for grow-
ing goats (National Research Council 2007). Twenty-five 
Kalahari Red wether goats (26.8 ± 2.9 kg) of 4–5 months 
were sourced from a commercial goat farmer and housed 
in individual pens with a wooden slatted floor. Five goats 
were allocated to each dietary treatment using a completely 
randomized design. On arrival, goats were drenched with 
2 mg/kg body weight Derquantel and 0.2 mg/kg body 
weight Abamectin (Startect®, Zoetis, South Africa) to 
control internal parasites. Goats were also dosed with 
5 mL of vitamins A, D, and E (Embavit™®, Prima Vet-
care Private Limited, India), then 2 mL of a combined 
clostridial and pasteurellosis vaccine (Multivax P Plus®, 
MSD, South Africa) was administered subcutaneously on 
the upper inner thigh to prevent pulpy kidney, tetanus, and 
pasteurellosis. Animals were adapted to the experimental 
diets for 21 days and data collection done on the 28th 
day of experiment. The animals were offered clean water 
ad libitum and fresh feed every morning at 0800 h.

Sample collection

The goats were fitted with a strap-on canvas fecal col-
lection bag and a funnel-shaped latex bag connected to a 
urinary tube 5 days before data collection. Samples of the 
feed provided, feces, and spot urine were collected and 
kept at − 20 °C pending their analysis. Feed (72 h of dry-
ing in a forced air-oven at 60 °C) and freeze-dried fecal 
samples were milled (Hammer mill; Scientec RSA Ham-
mer mill ser Nr 372, Centrotec) through a 1.5-mm sieve.

On day 28, blood was collected into 10-mL purple 
(ethylenediaminetetraacetic acid (EDTA)) and yellow 
(serum-separating tube (SST)) cap vacutainer tubes from 
the jugular vein 4 h after feeding and transported on ice. 
The purple tubes were centrifuged at 2500 × g for 15 min 
at 4 °C to obtain plasma which was decanted and stored in 
cryotubes at − 80 °C. Goats were transported to the abat-
toir 70 km away from the experimental farm and waited 
in the lairage for 16 h. The goats were stunned for 3 s with 
220 V and 1.4 amp before being slaughtered following the 
procedure of South African Meat Safety Act (No. 40 of 
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2000). After dressing the carcass, the liver was removed 
60 min after the animal was slaughtered. Twenty-four 
hours after slaughter, a sample of the right longissimus 
thoracis et lumborum muscle between the 9th and 13th 
ribs was removed and stored at − 80 °C for mineral and 
phytochemical analyses.

Chemical analyses and computations

Proximate, fiber, and polyphenolic composition of the feed 
ingredients and diets

The feed dry matter (DM), ash, and ether extract were evalu-
ated using AOAC procedures 934.01, 942.05, and 920.39, 
respectively (AOAC 2002). The total nitrogen content of 
the feed was determined using a macro-Nitrogen analyzer 
(LECO® FP828, LECO Corporation, Miami, USA) with a 
Dumas method of AOAC (2002) and a factor of 6.25 was 
used to obtain the crude protein content. A commercial 
starch assay (Total Starch Megazyme kit KTSTA, Mega-
zyme International Ireland Ltd., Wicklow, Ireland) was uti-
lized to analyze the sample total starch content (Hall 2009). 
The neutral detergent fiber (aNDFom), acid detergent fiber 
(ADFom), and lignin (sa.) were assayed using Ankom F57 
filter bags and fiber analyzer 2000 (ANKOM Technology, 
New York, USA) (Ryan et al. 1990). The NDFom, ADFom, 
and lignin (sa.) were determined without ash and feed total 
phenols and tannins were measured using the Folin-Ciocal-
teu colorimetric method described by Makkar (2003). The 
results were expressed as gram gallic acid equivalents per 
kilogram of DM of feed. Five replicates of each sample were 
used and all chemical analyses executed in duplicates.

Cannabinoids, tocopherols, and bioactive minerals

Cannabinoids and tocopherols were determined as described 
by Semwogerere et al. (2023). For bioactive minerals, 5 g of 
feed, liver, meat, urine, and fecal samples was weighed into 
microwave digester Teflon vessels, followed by the addition 
of 6 mL ultra-pure HNO3 + 1 mL H2O2, prior to digestion 
using MARS microwave digester (CEM, Germany). The 
analysis was conducted using inductively coupled plasma-
atomic emission spectrometry (Sah and Miller 1992). The 
microwave was powered at 1600 W at 100%, with 25-min 
ramp time and pressurized at 800 psi held for 10 min. The 
instrument radio frequency was 1600 W, argon was the car-
rier gas at 0.83 L/min, 10 mm sample depth, 0.15 L/min 
make-up gas, helium flow at 5 mL/min, hydrogen flow at 
6 mL/min, and 0.4 mL/min micro mist of nebulizer.

Blood samples (SST) were vortexed, then diluted 
20 × in an alkaline medium of NH4OH, EDTA, and Tri-
ton-X before being analyzed with an Agilent 8800 QQQ 
Inductively Coupled Plasma-Mass Spectrometry (Agilent, 

USA). A blood reference material, Seronorm Trace Ele-
ments Whole Blood L-2 (SERO AS Stasjonsveien 44, 
NO-1396 Billingstad, Norway), was prepared in the same 
way and analyzed as quality control standard to verify the 
accuracy. Results for all analyzed elements were within 
5% of the certified values and the analysis was done in 
duplicate with five replicates.

Antioxidant assays

Feed ingredients and diets extracts were obtained by 
adding 40 mL of 80% aqueous methanol (v/v) to 5 g of 
the sample, vortexed and extracted twice with ultrasonic 
extraction (Branson B-220H, SmithKline Co., USA). 
The extracts were stored at − 80  °C pending analysis. 
The antioxidant activities of feed ingredients and diets 
were determined using ferric reducing antioxidant power 
(FRAP), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic 
acid) (ABTS), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
assays described by Thaipong et al. (2006). For FRAP, 10 
µL of the extract was mixed with 190 µL of FRAP rea-
gent, incubated for 10 min at 37 °C and absorbance read 
at 593 nm using microplate reader (SPECTROstar Nano, 
BMG LABTECH, Germany). The results were expressed 
as µM Fe2+ (Fe2SO4·7H2O, Sigma-Aldrich, Germany) 
equivalents (Fe2+ eq)/g DM. For DPPH, 25 µL of the 
extract was mixed with 200 µL of 0.1 mM DPPH solu-
tion, incubated for 30 min at room temperature in the dark 
and absorbance read at 517 nm using a microplate reader. 
The results were expressed as mM Trolox equivalent (TEq; 
Sigma-Aldrich, Germany)/g DM. For ABTS, 20 µL of the 
extract was mixed with 200 µL of ABTS working solution 
of 7.4 mM ABTS with 2.6 mM K2O8S2 diluted to obtain a 
1.1 ± 0.02 optical density (OD) at 734 nm, incubated 7 min 
at room temperature in the dark and absorbance read at 
734 nm using a microplate reader. The assay results were 
reported in mM TEq/g DM using Trolox standard curve.

The antioxidant activities of liver and meat were deter-
mined using FRAP, ABTS (Descalzo et  al. 2007), and 
DPPH assays (Thaipong et al. 2006). For blood bioactivity, 
plasma (EDTA tubes) was used directly for FRAP, ABTS, 
and DPPH assays (Cecchini and Fazio 2020). Results for 
FRAP, ABTS, and DPPH were expressed as µM Fe2+ 
eq/g tissue or µM Fe2+ eq/mL blood, mM TEq/g tissue or 
mM TEq/mL blood, and TEq/g tissue or TEq/mL blood 
respectively. The assay results were reported in mM TEq/g 
DM using Trolox standard curve. The antioxidant potency 
composite index (APC) was calculated as antioxidant index 
score = [(sample score/best score) × 100] (Seeram et al. 
2008). The scores were calculated for each assay then aver-
aged per sample. All antioxidant assays were evaluated in 
duplicate with five replicates.
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Statistical analysis

All the data was analyzed using the GLIMMIX procedure 
of SAS (version 9.4; SAS Institute Inc. Cary, NC, USA) 
with animal and diet as a random and fixed factor, respec-
tively. Orthogonal polynomials of SAS Institute and Inc. 
(2012) were used to test the linear and quadratic effects of 
the treatment diet inclusion levels. Tukey’s test was exe-
cuted to test for significant differences among least square 
means, which were considered different at P ≤ 0.05 and 
tendency at 0.05 < P ≤ 0.10.

Results

Bioactive phytochemical composition 
and bioactivity of feed ingredients and diets

The feed ingredients and experimental diet’s proximate 
and fiber profiles were published in companion papers by 
Semwogerere et al. (2022, 2023). All the tested bioactive 
phytochemicals were higher (P ≤ 0.05) in HSC than SBM 
except for copper and selenium (Table 1). Linear increases 
(P ≤ 0.05) in dietary bioactive mineral contents (except 
selenium), phenolics, tocopherols, and cannabinoids were 
observed with addition of HSC to the diet (Table 1). Die-
tary selenium linearly decreased (P ≤ 0.05) with increasing 
dietary inclusion of HSC. The ABTS, DPPH, and APC 
exhibited a positive linear (P ≤ 0.05) pattern with HSC 
addition to the diet (Table 1). However, FRAP values were 
not affected (P > 0.05) by diet (Table 1).

Micromineral composition of selected tissues 
and excreta from goats

Table 2 shows the bioavailability of bioactive minerals 
in selected tissues and excreta of goats fed increasing 
levels of hempseed cake diets. The contents of bioactive 
minerals in selected tissues and excreta of goats fed HSC 
were not influenced (P > 0.05) by diet. However, linear 
increases (P ≤ 0.05) in the blood, liver, and urine mag-
nesium were observed with the addition of HSC to the 
diet. Blood manganese tended to increase (P = 0.084) lin-
early with increasing levels of HSC in the diet. Liver and 
fecal selenium declined (P ≤ 0.05) in a linear fashion with 
increasing dietary levels of HSC. The addition of HSC in 
the diet tended to increase (P = 0.065) the contents of zinc 
in meat. Fecal manganese and copper exhibited a positive 
linear trend (P ≤ 0.05) with addition of HSC to the diet.

Antioxidant activities of selected goat tissues

The inclusion of HSC in goat diets only influenced 
(P ≤ 0.05) blood FRAP, DPPH, and APC; liver FRAP and 
APC; and meat APC (Table 3). Linear (P ≤ 0.05) increases 
in DPPH, ABTS, and APC in the blood, liver, and meat 
were also observed with increasing levels of HSC in the 
diet (Table 3). Inclusion of HSC in goat diets quadratically 
increased (P ≤ 0.05) FRAP values in blood and liver peak-
ing at 50 g/kg DM (Table 3). Moreover, meat FRAP values 
tended to increase (P = 0.083) in a linear manner when HSC 
was added to the diet (Table 3).

Discussion

The linear increase in blood magnesium corresponded with 
an increase in dietary magnesium. This was expected as ani-
mals lack a readily available magnesium store for homeosta-
sis (Goff, 2018). The increase in blood magnesium has also 
been reported in lambs fed 120 g/kg DM HSC compared to 
SBM (Antunović et al. 2020). However, no difference was 
observed in blood magnesium of dairy goats fed 120 g/kg 
DM replacing SBM (Šalavardić et al. 2021). The disparities 
among these studies could be ascribed to differences in basal 
diet composition, animal species, sex, and age.

Linear increase in liver and urine magnesium with 
a dietary increase in HSC inclusion levels corresponds 
with blood magnesium. This was expected because large 
blood volumes are stored in the liver and excess magne-
sium is excreted in urine (Orden et al. 1999; Goff 2018). 
The excretion of magnesium could be used as a proxy for 
magnesium absorption; however, this phenomenon might 
not be accurate for goats as they tend to minimize the rate 
of urinary mineral excretion (Haenlein and Fontenot 1981; 
Spears 2003). The mineral contents of the blood in the 
present study are within values reported in literature for 
goats (Orden et al. 1999; CSIRO 2007; Goff 2018). The 
increase in blood and fecal manganese could be related to 
its dietary content. The majority of the absorbed manganese 
is retained by the liver and excreted via feces while the lit-
tle that remains combines with transferrin protein and is 
temporarily stored in the blood circulatory system (CSIRO 
2007; Goff 2018).

The linear decrease in liver and fecal selenium of goats 
with increasing levels of HSC in the diet might be attrib-
uted to a similar trend in the diet. The diets supplied above 
required dietary selenium (0.03–0.05 mg/kg DM) but below 
the critical level (< 0.3 mg/kg DM) for toxicity (CSIRO 
2007; Goff 2018). The accumulation of selenium in the 
liver compared to feed and other tissues could be explained 
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by its role in temporarily storing selenium and removing 
its derivatives (i.e., selenomethionine and selenocysteine) 
from the circulation (Spears 2003; Goff 2018). Although 
selenium is excreted in both urine and feces, goats can limit 
selenium excretion via urine (Spears 2003; CSIRO 2007; 
Goff 2018). This could explain the lack of difference in the 
urinary selenium and the decrease in fecal selenium with 
dietary HSC inclusion.

The lack of difference in the mineral composition of 
meat derived from goats fed HSC (except for zinc, which 
is the main micromineral of goat meat) could be explained 

by the fact that the muscle stores low amounts of minerals 
per unit weight compared to the other tissues (Webb et al. 
2005; Osman and Mahgoub 2012; Pereira and Vicente 
2017). It was anticipated that zinc in meat tended to lin-
early decrease with HSC inclusion in the diet because its 
absorption declines with increased dietary intake (Spears 
2003; CSIRO 2007). The homeostasis of zinc is primarily 
regulated by the amount excreted and an increase in dietary 
zinc without a similar trend in feces has been reported to 
reduce absorption (CSIRO 2007). The contents of zinc in 
chevon in the present study are lower than the range of 35 

Table 2   Bioavailability of bioactive minerals in selected tissues and excreta of goats fed graded levels of hempseed cake diets

SEM standard error of means. (n = 5)

Bioactive minerals Dietary inclusion level of hempseed cake (g/kg DM) SEM P-value

0 25 50 75 100 Diet Linear Quadratic

Blood (mg/L)
  Magnesium 26.7 27.9 28.1 29.3 31.4 1.29 0.146 0.015 0.532
  Manganese (µg/L) 14.9 15.4 15.5 18.1 20.5 2.39 0.441 0.084 0.469
  Iron 350.4 349.5 341.5 363.8 382.2 167.66 0.478 0.157 0.285
  Copper 1.31 1.34 1.39 1.41 1.41 0.07 0.749 0.196 0.747
  Zinc 3.41 3.19 4.12 3.17 3.43 0.38 0.416 0.993 0.526
  Selenium 0.21 0.21 0.22 0.21 0.21 0.01 0.984 0.931 0.851

Liver (mg/kg DM)
  Magnesium (g/kg DM) 0.17 0.21 0.21 0.21 0.23 0.011 0.082 0.007 0.992
  Manganese 5.16 5.76 5.94 5.98 6.01 0.414 0.578 0.158 0.417
  Iron 64.2 59.4 56.1 55.4 52.1 6.275 0.713 0.171 0.811
  Copper 86.7 96.4 98.9 97.8 63.9 12.68 0.173 0.285 0.051
  Zinc 42.9 42.9 45.4 45.5 45.6 2.811 0.913 0.397 0.843
  Selenium 0.53 0.53 0.51 0.42 0.41 0.041 0.100 0.011 0.665

Meat (mg/kg DM)
  Magnesium (g/kg DM) 0.28 0.26 0.26 0.26 0.26 0.011 0.808 0.377 0.414
  Manganese 0.16 0.14 0.16 0.13 0.14 0.013 0.256 0.244 0.724
  Iron 12.8 12.9 11.9 11.3 12.4 0.908 0.705 0.408 0.513

Copper 0.89 0.87 0.81 0.86 0.86 0.075 0.947 0.777 0.557
  Zinc 24.1 24.4 21.3 22.4 20.9 1.301 0.266 0.065 0.887
  Selenium 0.07 0.07 0.07 0.08 0.07 0.006 0.868 0.983 0.817

Fecal (mg/kg DM)
  Magnesium (g/kg DM) 1.56 1.62 1.63 1.64 1.74 0.09 0.732 0.209 0.779
  Manganese 22.7 22.4 25.4 26.9 28.1 1.59 0.129 0.011 0.965
  Iron 408.2 395.2 405.9 397.2 409.2 27.18 0.994 0.964 0.768
  Copper 22.7 23.4 25.4 26.9 28.0 1.60 0.129 0.011 0.965
  Zinc 176.1 183.4 233.2 231.1 232.9 29.77 0.456 0.102 0.578
  Selenium 0.31 0.26 0.24 0.23 0.21 0.023 0.092 0.008 0.553

Urine (mg/L)
  Magnesium 1446.5 1734.6 1835.7 1779.1 2005.8 168.99 0.252 0.039 0.640
  Manganese 0.1 0.1 0.1 0.1 0.1 0.03 0.986 0.937 0.589
  Iron 7.0 5.5 4.0 4.9 4.8 2.12 0.885 0.467 0.511
  Copper 10.1 17.5 11.0 10.0 17.9 4.51 0.539 0.577 0.701
  Zinc 8.4 9.2 9.1 9.9 14.1 2.65 0.578 0.166 0.440
  Selenium 0.1 0.1 0.1 0.1 0.1 0.02 0.915 0.526 0.516
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to 45 mg/kg DM in literature (Webb et al. 2005; Osman and 
Mahgoub 2012). The linear increase in fecal copper with 
increase in dietary copper was expected. The dietary undi-
gested copper and the excess of its digested and absorbed 
portion are excreted by the bile route and ends up in the 
feces (CSIRO 2007; Goff 2018).

The current study is the first to document the antioxi-
dant activity of bioactive phytochemicals as a proxy of their 
bioavailability in ruminants fed HSC diets. The quadratic 
increase of FRAP for blood and liver without significant 
changes in the meat might be attributed to the dietary toco-
pherols and copper levels in these tissues. This is because 
tocopherol binding transfer proteins are predominantly found 
in the blood and liver (Herrera and Barbas 2001; Rizvi et al. 
2014). Tocopherols mainly donate electrons to neutralize 
free radicals; thus, their antioxidant potential is more related 
to electron transfer mechanisms (FRAP) (Herrera and Bar-
bas 2001; Apak et al. 2013, 2016; Rizvi et al. 2014). The 
observed decline in FRAP values from 5 to 10% HSC might 
be related to alpha-tocopherol which exhibits pro-oxidant 
properties in the presence of copper (Yamashita et al. 1998; 
Herrera and Barbas 2001). Alpha-tocopherol reduces copper 
(II) to copper (I) and form a less stable alpha-tocopheroxyl 
radical that reacts with PUFA (Proudfoot et al. 1997; Herrera 

and Barbas 2001). Additionally, the decline in liver FRAP 
could be related to a linear decrease in selenium. Selenium 
regulates glutathione peroxidase enzyme activity, which has 
a positive relationship with FRAP (Castillo et al. 2013). The 
antioxidant activities of selenium and tocopherols have also 
been reported to be interchangeable (Barciela et al. 2008; 
Goff 2018).

The higher DPPH and ABTS of the blood and liver com-
pared to diets might be attributed to accumulation of bio-
active phytochemicals in these tissues as observed for the 
bioactive minerals. Except for iron, the rest of the selected 
minerals have antioxidant properties and for the major-
ity of them the blood and liver are the primary storage 
tissues (CSIRO 2007; Osman and Mahgoub 2012; Goff 
2018). This could also explain the lower antioxidant values 
of meat than those of the blood and liver. The observed 
linear increases in DPPH, ABTS, and APC values of the 
blood, liver, and meat were largely related to the increase 
in cannabinoids and bioactive minerals in the diet. Can-
nabinoids and bioactive minerals use both hydrogen dona-
tion and electron transfer (ABTS and DPPH) mechanisms 
(Goff 2018; Atalay et al. 2020). This increase in antioxi-
dant activity was also observed in milk of sheep fed HSC 
or hempseed (Mierliță 2018), but not in the liver and meat 

Table 3   Bioactivity of bioactive phytochemicals in goats fed graded levels of hempseed cake diets

(n = 5)
1 Fe2+ eq: Fe2+ equivalent
2 TEq: Trolox equivalent
3 SEM: Standard error of means
FRAP: Ferric reducing antioxidant power
ABTS: 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
DPPH: 2,2-diphenyl-1-picrylhydrazyl
Antioxidant potency composite index

Antioxidant activity Dietary inclusion level of hempseed cake (g/kg DM) SEM3 P-value

0 25 50 75 100 Diet Linear Quadratic

Blood
  FRAP (µmol Fe2+ eq/mL)1 196.8 272.1 310.5 209.9 237.3 26.21 0.023 0.822 0.021
  DPPH (mM TEq/mL)2 18.3 18.5 18.6 19.2 19.4 0.26 0.021 0.001 0.567
  ABTS (mM TEq/mL)2 4652.9 4705.5 4926.5 5313.3 6808.5 602.66 0.085 0.013 0.183
  APC3 66.8 73.6 78 72.1 81.1 2.95 0.015 0.006 0.589

Liver
  FRAP (µmol Fe2+ eq/g)1 1564.8 1664.5 1924.1 1894.8 1747.4 65.99 0.001 0.007 0.003
  DPPH (mM TEq/g)2 8.9 9.1 9.1 9.2 9.2 0.10 0.174 0.024 0.307
  ABTS (mM TEq/g)2 2055.2 2086.4 2194.4 2269.6 2492.1 175.44 0.422 0.063 0.596
  APC3 72.2 74.6 79.5 80.1 80.1 1.69 0.003 0.001 0.163

Meat
  FRAP (µmol Fe2+ eq/g)1 140.2 147.2 149.7 153.5 154.4 6.16 0.499 0.083 0.637
  DPPH (mM TEq/g)2 0.5 0.5 0.6 0.8 0.8 0.15 0.294 0.033 0.723
  ABTS (mM TEq/g)3 788.1 804.2 809.8 833.6 844.9 19.05 0.232 0.022 0.903
  APC3 61.5 64.4 65.8 70.4 72.6 2.69 0.045 0.002 0.877
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of lambs fed 120 g/kg DM HSC replacing SBM (Antunović 
et al. 2020). The current study confirms that dietary bio-
active phytochemicals (i.e., cannabinoids, tocopherols, 
and phenols and their metabolites) are transferred to and 
retained in ruminant tissues (Karaś et al. 2017; Krebs et al. 
2021; Addo 2022). To that purpose, the ability of these 
HSC bioactive phytochemicals to improve goat production, 
meat health value, and oxidative shelf life warrants further 
exploration.

In conclusion, these findings suggest that replacement 
of SBM with up to 100 g/kg of HSC in goat finisher diets 
enhances the bioavailability of bioactive phytochemicals in 
goat tissues. Further research into the effects of dietary HSC 
bioactive phytochemicals on ruminant oxidative stress and 
physiological responses was recommended.
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