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Abstract

:

The aboveground biomass of dry knotweed was administered daily to large groups of young (1- to 3-year-old) stallions of the Czech Warmblood, Czech-Moravian Coldblood and Silesian Norik breeds, fed individually for 4 and 6 months in two successive winter experiments. Their fitness was compared with control groups consisting of equally numerous subgroups comparable in age, breed, body mass and initial blood parameters. The effects of knotweed on the horses’ fitness were evaluated based on changes in blood characteristics. Even if administered in small amounts, 150 g per day, knotweed could (1) increase the thrombocyte numbers, (2) increase the globulin content (thus improving the horses’ immunity, which is desired in large groups of animals), (3) stimulate lipid metabolism in cold-blooded horses and (4) decrease the concentration of cholesterol. The long-lasting effect of knotweed on both the urea and triglyceride–cholesterol ratio presumably reflected, between the two experiments, the temporary protein starvation of horses on pastures with poor quality of grass in a dry summer.
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1. Introduction


Many countries have been trying to eradicate knotweed due to its invasiveness, although it has many practical uses, including improving the health of animals through feed supplementation. This report suggests that it could be used as a feed supplement for horses, thereby improving their fitness. This study was part of a larger project in which knotweed had been administered to several animal species, the health of which improved.



Japanese knotweed (Reynoutria japonica, syn. Polygonum cuspidatum), including its hybrid (R. × bohemica), has been thoroughly studied from a range of perspectives, both as an “enemy” of native flora due to its invasiveness and as a plant with many beneficial uses, including positive health effects [1,2,3,4]. As a source of resveratrol and other substances with anti-ageing and other positive effects on both animals and humans, the entire knotweed plant can also be expected to have positive effects on the health of horses. Resveratrol has already been used in horses with positive results. Resveratrol is, however, extracted mainly from roots and rhizomes; the aboveground portions of knotweed, which contain equally powerful antioxidants, deserve more thorough investigation [5]. Neochlorogenic acid was identified as an efficient antioxidant in the aboveground knotweed biomass [6]. High amounts of carotenoids in knotweed leaves are comparable to those in spinach [7]. In addition, knotweed plants produce a significant number of bioactive constituents, namely, phenolic substances derived from resveratrol, such as piceid, piceatannol, astringin and emodin, which are also found in aboveground biomass albeit in smaller quantities than in rhizomes and roots.



Among the bioactive components of knotweed, resveratrol and, more recently, piceid (also called polydatin) have been thoroughly studied. Resveratrol was found to modulate many different pathways, as it binds to numerous cell signalling molecules, modulates cell regulatory genes, activates transcription factors, suppresses pro-inflammatory genes’ expression and inflammatory biomarkers, induces antioxidant enzymes and inhibits protein kinases and the expression of angiogenic and metastatic gene products. It thus has strong potential as a treatment for inflammatory, cardiovascular, pulmonary and age-related diseases such as cancer, diabetes and even Alzheimer’s disease. These chronic illnesses and neurological and autoimmune diseases are accompanied by the dysregulation of multiple cell regulating pathways and are connected with inflammation. Resveratrol targets sirtuin, adenosine monophosphate kinase, nuclear factor-κB, inflammatory cytokines, anti-oxidant enzymes along with cellular processes such as gluconeogenesis, lipid metabolism, mitochondrial biogenesis, angiogenesis and apoptosis. Immunity is regulated by its interfering with immune cell regulation, pro-inflammatory cytokines’ synthesis and gene expression [8]. Similarly, piceid regulates lipid metabolism, helps treat cardiovascular diseases [9] and diabetic cardiomyopathy via its anti-inflammatory and anti-oxidative effects [10], preserves mitochondrial function in the central nervous system, offers a therapeutic option for Spinal cord ischemia/reperfusion injury [11], decreases the levels of reactive oxygen species in neurons from the ischemic cortex, ameliorates oxidative stress and mitochondria-dependent apoptosis [12], fights neurodegenerative diseases including Alzheimer’s, Parkinson’s, cognition/memory dysfunction, brain/spinal cord injuries, ischemic stroke and miscellaneous neuronal dysfunctionalities [13], promotes a radiosensitising effect on osteosarcoma cancer cells, reduces clonogenic survival of tumor cells and induces osteogenic differentiation, alone and in the presence of ionising therapy [14]. Emodin has recently garnered increased interest, with refs. [15,16] reporting its antiviral and anti-inflammatory activities against SARS-CoV-2, for the reason that it is one of the components of the Chinese medicine LQF, the Lianhua-Qingwen formula based on 11 herbs with 61 compounds that is used for the prevention and treatment of viral diseases, including coronavirus disease 2019 (COVID-19).



Three resveratrol analogue glucosides, namely, piceid, piceatannol glucoside and resveratroloside, were found to have antibacterial effects [11], and their bioactivity was comparable to that of resveratrol, which is released in the gut due to glucoside hydrolysis. Piceid exhibited more powerful effects than resveratrol against hepatitis B virus [17,18]. Piceatannol had even more efficient anti-inflammatory, immunomodulatory, anti-proliferative, anti-leishmanial, and anti-leukaemic activities than resveratrol. Resveratroloside competitively inhibited α-glucosidase, thus alleviating postprandial hyperglycemia in diabetic mice [19]. Crude extract from knotweed roots and rhizomes inhibited such troublesome bacteria as Staphylococus aureus, Pseudomonas aeruginosa, Acinetobacter baumannii, Bacillus cereus, Escherichia coli, Listeria monocytogenes and Salmonella anatum [20,21].



It might therefore be expected that there are even greater health effects of knotweed plants than there are of their individual components.



In horses, resveratrol has already been used with positive results. Inflammation is accompanied by increased enzymatic activity of the granulocytic enzyme myeloperoxidase (MPO), resulting in the production of the highly oxidative acid HOCl [22,23]. Resveratrol was shown [24] to substantially decrease HOCl production and mitigate inflammation in horses. Inhibitory effects of resveratrol on equine neutrophil myeloperoxidase were described [25,26]. It was found that four weeks of supplementation with 1 g/day resveratrol in old horses decreased the inflammation-induced production of cytokinin both in vitro and in vivo, indicating that resveratrol has substantial potential for the treatment of acute and chronic inflammatory horse diseases [27]. Resveratrol was also reported to reduce the gene expression of inflammatory mediators, thus allowing even old horses to move freely in training and competitions [28,29]. Resveratrol has been administered to performance horses in a number of food supplements, such as Equithrive Joint® and Resverasyn®, with the aims of reducing the effects of laminitis and slowing ageing.



Metabolic efficiency in animals decreases with age, leading to increased levels of creatine kinase and glucose. A decrease in both creatine kinase and glucose levels in horses receiving resveratrol and hyaluronic acid (EquithriveJoint®) was found [30]. EquithriveJoint® was administered to old, lame horses and a decreased serum malondialdehyde (MDA) concentration and modulated serum levels of glutathionperoxidase (GPx), catalase and superoxiddismutase (SOD) were found, indicating protective effects of EquithriveJoint® against oxidative stress and ageing [31]. A beneficial effect of EquithriveJoint® on the performance of horses with hindlimb lameness treated with triamcinolone was also demonstrated [32]. Supplementation with these plant-derived phenolics in old horses was suggested [33] to lower the doses of nonsteroidal anti-inflammatory drugs and thus reduce their side effects. Since laminitis and other diseases impair older horses, the effects of resveratrol on the health of young horses are unclear.



Based on the above evidence, there is good reason to assume that knotweed would help treat horse health issues in a similar way to resveratrol. Although the diseases occur mainly in older horses, the aim of this project was to find out whether knotweed can also improve the fitness of young horses. Reports on the health effects of supplementation with knotweed herbs in animals are scarce; a drug containing knotweed (Praziver®) helped cure equine helminthiasis [34].



Knotweed is not only one of the best sources of resveratrol, its derivatives, carotenoids [7] and neochlorogenic acid [6], but it also contains other substances, the effects of which are still not well known. A conservative approach to the use of knotweed as a dietary supplement in animals thus persists, although there have been many reports of various animal species grazing on it without problems. It is also on the list of safe plants for fodder, as it was introduced to Europe for use as feed for domesticated animals. Aboveground parts of knotweed are consumed by humans in some areas, e.g., in Japan and North America [6].



This study thus aimed to fill the knowledge gap regarding the effects of knotweed on the health status of young horses. We performed two consecutive experiments, during which the dry aboveground knotweed biomass was administered as a dietary supplement to a large number of young stallions.




2. Materials and Methods


2.1. Horses and Husbandry


Most of the horses involved in the two experiments belonged to the warmblood breed known as the Czech Warmblood, while the minority of coldblood horses belonged to two breeds, the Czech-Moravian Belgian Horse, a breed constituted from the Czech Coldblood and Moravian Coldblood, and the Silesian Norik. These horses were kept at the Regional Stud Farm Tlumačov, Czech Republic, which provides breeding services, rears foals and young stallions and performs early testing and training of stallions. Most of the stallions are sold at the age of 2–3 years, and only the selected ones are further kept for breeding and training. In October 2021, i.e., 2 years after the experiments, those warmblood horses that had been involved in the experiments and later sold to the horse keepers in the Czech Republic who got them involved in sport activities, were tracked in the records of the Czech Equestrian Federation: https://www.jezdectvi.org/kone (accessed on 25 October 2021).



In winter, the horses were kept in individual boxes on a deep straw bed and fed individually with hay, with a feed supplement and with an experimental mixture, which were always consumed without leftovers. From May to October/November they stayed on pastures at grass only. In boxes, only the 3-year-old stallions were under training, receiving 30 min of daily exercise. All of the horses were healthy and under veterinary control.




2.2. Experimental Design


Two feeding experiments in two successive winters were run with 74 and 62 young stallions. Experiment 1 lasted from 10 January 2018 to 10 May 2018, Experiment 2 from 12 November 2018 to 14 May 2019. In Experiment 1, there were 15 horses born in 2015, 24 horses born in 2016 and 35 horses born in 2017. From those 24 horses born in 2016 and 35 horses born in 2017, 11 and 27 horses, respectively, were also included in Experiment 2, according to the rule that the knotweed-fed horses from Experiment 1 were also knotweed-fed in Experiment 2 to avoid affecting the control horses with recent treatment. In addition, 24 new horses born in 2018 were included in Experiment 2. Each group of 1–3 years old stallions (foals) was divided in both seasons into two subgroups based on age, body weight and blood test values. The resulting experimental groups were not significantly different before the experiments in any of the baseline parameters, including weight, blood test results, age, breed and/or parentage. The health status of the stallions was monitored by testing blood samples.




2.3. Feed and Feeding Regimen


All stallions were fed individually in boxes, receiving hay ad libitum, a regular feed supplement and the experimental mixture, which were always consumed without leftovers. As they were kept on a deep straw bed, straw also became an occasional component of their diet.



Each horse was fed daily with:




	(1)

	
Local grass hay. The real consumption of hay per day, per horse by the 1-year-old, 2-year-old and 3-year-old warmbloods was 4, 5.5 and 8 kg hay, respectively; by the 1-year-old and 2-year-old coldbloods, it was 6 and 10 kg hay, respectively. For the nutrient content, see Table 1;




	(2)

	
A regular feed supplement for foals and stallions in amounts covering their nutrient requirements with respect to their age and breed, i.e., 1.5 and 2.0 kg for 1-year old, 2.0 and 2.5 kg for 2-year old and 2.5 and 3.0 kg for 3-year old warm- and cold-blooded horses, supplied by a regional feed producer RenoFarmy (Troubky, Czech Republic), specially prepared for the horse breeding farm Tlumačov to meet the feeding requirements of the young, 1–3-year-old stallions kept there. The feed supplement was fed to them, together with grain oats. For the composition and amounts of the individual components of the feed supplement and grain oats, see Table 1;




	(3)

	
0.5 kg of the experimental mixture prepared and supplied by Dibaq (Helvíkovice, Czech Republic). For the composition and nutrient contents, see Table 1.









The amounts of the feed supplement and composition of the experimental mixture for individual horses respecting their breed, age, weight and condition were determined according to the nutrient requirements recommended by the NRC (National Research Council, 2007), based on experience with the development of similar feeds for horses enriched with bioactive compounds of plant origin, such as Fitmin herbs Regeneration, Fitmin herbs Calmer, or Fitmin Bronchial, see https://www.fitmin.cz (accessed on 30 October 2021).



The control group of horses (not fed knotweed) received 500 g/day/individual barley pellets with soya oil and beet sugar; horses from the treatment group (fed knotweed) received a mixture of dry aboveground knotweed biomass and barley with soya oil and beet sugar (500 g/day/individual). Each horse from the treatment group received daily 150 g of dry knotweed biomass containing 0.087 g of emodin, 0.028 g of resveratrol, 0.554 g of oxyresveratrol and 0.139 g of piceid. Oxyresveratrol, which is resveratrol with an additional -OH group, and piceid, which is resveratrol glucoside, split into glucose and resveratrol in the gut, thus contributing to the overall amount of available resveratrol administered daily to each individual horse, which ultimately amounted to 0.63 g. As some of these horses had been involved in both experiments, the stallions that had already received knotweed in Experiment 1 continued receiving it in Experiment 2.



There was a warm and dry season between the two experiments, from May to November 2018, during which the horses only fed on grass from pastures.




2.4. Measured Characteristics


2.4.1. Analysis of Resveratrol, Piceid, Astringin and Piceatannol in Knotweed Biomass


Finely ground (10 mm sieve) samples (500 mg) of dry aboveground biomass were extracted with 10 mL 60% ethanol, as it was the most efficient extractant for both resveratrol and its glucosides. Prior to analysis, the samples were filtered with syringes (NY, 0.2 µm). The extracts were analysed by a validated HPLC-UV method. Instrument: Shimadzu NEXERA with PDA detection 306 nm; column: Phenomenex synergi Hydro-RP 80A, 250 mm × 4.6 mm, 4µm (30 °C); flow rate: 1.5 mL.min−1; mobile phases: A–10 mM ammonium acetate at pH 4.15 using acetic acid, B-acetonitrile, concentration gradient from 7 to 90%. Standards: Sigma-Aldrich, Piceid: 98%, Resveratrol: 99%, Emodin: 98%, Astringin: 99%, Piceatannol: 99%. Mixed calibration was used for quantification. Validation report called Determination of selected biologically active substances present in knotweed by HPLC/UV method for AKP, has been deposited in the Library of VUOS in Pardubice Rybitví as SOP 568, VU 4661, 2007.




2.4.2. Blood Testing: Haematology and Biochemistry


At the beginning and end of each experiment, before the horses were released into pastures, they were weighed, and blood samples were drawn on the stud farm in the early morning for biochemical and haematological tests. Blood was drawn from the jugular vein and collected in a vacuum tube. One millilitre of blood was collected in a tube with EDTAK3 and was used for haematological tests, and 10 mL was collected in a tube with pro-coagulation gel and used for biochemical tests. The samples were kept cool during their rapid transport to the laboratory. Blood samples from Experiment 1 were analysed at the veterinary clinic in Brno, where they were analysed with a BC-2800 Vet haematological analyser (Mindray, Shenzhen, China) in horse mode. White blood cells were counted under a microscope in blood smears stained according to Pappenheim (May-Grünwald, Giemsa-Romanowski) in 200-cell subsamples. Blood samples from Experiment 2 were analysed in the Medila laboratory for biochemical parameters, and the haematological samples were analysed in the veterinary laboratory of the veterinary clinic Štrossovka s.r.o., Pardubice, using an automated haematological counter. The blood smears were simultaneously fixed and stained with Hemacolor®. The cellular elements (neutrophils, eosinophils, basophils, monocytes, lymphocytes and activated lymphocytes) were counted with the LeukoCounter system, and the individual populations of leukocytes were expressed as percentages of 200-cell subsamples. The following parameters were measured: total protein, albumin, urea, creatinine, cholesterol, glucose and triglyceride levels; AST, ALT and ALP activity; haemoglobin content (as the mean corpuscular haemoglobin (MCH), which is calculated by dividing the total weight of the haemoglobin by the total number of red blood cells in a particular volume of the blood sample and gives an average concentration of haemoglobin in each red blood cell throughout the sample); plateletcrit (PCT); and leucocyte, erythrocyte, thrombocyte, lymphocyte, neutrophil and monocyte counts. The albumin results could not be compared between the two experiments because different methods were used to determine the levels in Experiment 1 (photometry) and Experiment 2 (electrophoresis). As all biochemical laboratories in the Czech Republic use the same methods, maximum divergence should not exceed 20% and low bias due to lab change is to be expected.





2.5. Statistical Data Evaluation


The data were statistically evaluated with ANOVA (STATISTICA v.12, Dell Inc., Tulsa, OK, USA). One-way ANOVA (factor: experimental treatment—control or knotweed-fed) or two-way ANOVA (factors: experimental treatment, horse age or horse type) was applied. The mean differences between the control and knotweed-fed horses were measured. If homoscedasticity was not met, the Kruskal-Wallis test was used. Multivariate redundancy analysis (RDA) was performed using Canoco 5.0 (Biometris, Plant Research International, Wageningen, The Netherlands) [35]. Biochemical and haematological characteristics and their differences between the beginning and the end of the experiments were used as response data. Experimental treatment (control or knotweed-fed) was used as the explanatory variable.





3. Results


3.1. Blood Characteristics—Overview


Since body weight was not affected by knotweed in either experiment, only blood characteristics are dealt with here. Biochemical and haematological characteristics measured at the end of the two experiments are presented in Table 2. Besides the blood characteristics of significance described below, there were also a higher number of monocytes in knotweed-fed horses but only in Experiment 1.



The parameters shown in Figure 1 are the biochemical (Figure 1a) and haematological (Figure 1b) characteristics measured in the blood samples drawn at the end of Experiment 1, explaining the variability due to treatment—the closer a vector of a certain characteristic towards “Fed knotweed”, the more significantly would “feeding with knotweed” influence this characteristic. The similar direction of vectors indicates correlation among characteristics.



Additional variability is explained by the horse type and age, revealed in more detailed analyses of the individual characteristics described below. Only significantly different blood parameters are reported in the following section.




3.2. Blood Characteristics of Significance


3.2.1. Total Protein


The stallions fed knotweed had a significantly larger decrease in the amount of total protein in the oldest age group (born in 2016) than the control stallions (Experiment 2, Figure 2).




3.2.2. Globulin and Albumin/Globulin Ratio


Blood tests also revealed a statistically significant effect of knotweed on the globulin level in Experiment 1. Stallions fed knotweed had a higher level of globulin than horses in the control group (p = 0.05), and the difference was more distinct among warm-blooded horses (Figure 3).



Additionally, the albumin/globulin ratio was significantly affected by knotweed supplementation (p = 0.04); the effect of knotweed was significant in warm-blooded horses (Figure 4).




3.2.3. Thrombocytes, Plateletcrit (PCT) and Mean Cell Hemoglobin (MCH)


In Experiment 2, the stallions fed knotweed also produced more thrombocytes (p = 0.006) and PCT (p = 0.002) than the control stallions. The MCH increase in the stallions in the control group during Experiment 2 was more pronounced than that in the stallions fed knotweed (p = 0.02).




3.2.4. Activity of ALP


ALP activity decreased more in the blood of knotweed-fed horses than in the blood of the control horses (p = 0.05). If the warm-blooded and cold-blooded breeds were compared, the decrease was significant only in cold-blooded stallions (Figure 5).



This effect was significant in Experiment 1 but not in Experiment 2, in which a number of ALP values were missing.




3.2.5. Triglycerides


The level of triglycerides was higher in the cold-blooded horses fed knotweed than in the control ones (Figure 6).




3.2.6. Cholesterol


Both 2- and 3-year-old stallions fed knotweed showed a decrease in blood cholesterol levels during Experiment 2 while those not fed knotweed experienced an increase. The statistical difference between these two groups was significant at p = 0.022. However, when the warm-blooded and cold-blooded were compared separately, the effect of knotweed on cholesterol was only significant in the cold-blooded horses (Figure 7).




3.2.7. Urea


There was no difference in the urea blood levels between the knotweed-fed and control horses at the end of either of the two experiments. However, urea measured before the start of Experiment 2 was significantly higher (5.96 mmol L−1) in the 2- and 3-year-old horses, i.e., those who had been receiving knotweed in the previous winter and spring in Experiment 1, compared with the respective control horses (5.51 mmol L−1).





3.3. Sports Carrier of the Experimental Horses


Owing to a delay between the experiments and this report, it was possible to find out which warm-blooded horses were already in use in sports and what their first sport results were. By 20 October 2021, roughly equal numbers of control (14) and knotweed-fed (13) horses out of 26 in each category had already been registered for horse jumping and dressage competitions, and the control and knotweed-fed horses jumped over 104 and 109 cm high obstacles (in average; p = 0.3) and had been involved in 7 and 13 competitions (p = 0.15), respectively. These data are only of limited informative value as many other factors are involved, including socioeconomic ones. However, it is obvious that knotweed intake in feed restricted neither the fitness nor the performance of horses but rather supported it.





4. Discussion


4.1. Biochemistry and Haematology


Among the effects of knotweed on horse health, the following aspects are worth noting.



4.1.1. Total Protein, Globulins and Albumin/Globulin Ratio


The concentration of total protein represents the sum of the protein fractions in plasma: of albumin and all the fractions of globulins. Compensations occur between proteins in plasma because decreases or increases in their concentrations are common [36,37], which means that the concentration of total protein is totally dependent on the concentrations of these two groups of proteins.



Globulins are mainly involved in the immune response, transport of substances and coagulation [38]. In equine plasma, globulins account for a large proportion of the total protein. Five different groups of globulins are recognized: alpha 1 and alpha 2 globulins, beta 1 and beta 2 globulins, and gamma globulins. Altogether they account for 40–50% of the serum protein content, the remaining 50–60% of the plasma protein content is albumin. The albumin/globulin ratio is a convenient means of comparing values among horses.



In this study, concentrations of globulins in the blood of knotweed-fed horses were higher and the A/G ratio was lower than in the blood of control horses. All the values were within physiological limits and no pathology was observed in any of these experimental horses. Increased levels of globulins are often accompanied by decreased levels of albumins. Low levels of albumin may result from the decreased production of albumin or the increased loss of albumin via the kidneys, gastrointestinal tract, skin or extravascular space, or from increased catabolism of albumin [31]. Here, non-significantly lower level of albumin could indicate decreased absorption of proteins in the gut in the presence of knotweed, resulting in globulin increase, as globulins take over some of the functions of albumin. The increase of globulins suggests that the immunity of the horses was under non-specific pressure; the immunity of control horses was reduced, and their antibody levels decreased. On the contrary, the antibody levels in the stallions fed knotweed did not decline.



Increasing the plasma globulin concentration is desirable but difficult, as there are only a few means of doing so. Knotweed supplementation thus represents a suitable method.




4.1.2. Thrombocytes


Thrombocytes are non-nuclear blood elements that are crucial in the onset of blood clotting. Their number in the blood depends on their production in the bone marrow, consumption and losses. They account for the smallest proportion of blood cells. As their average lifespan in horse blood is 4–6 days [39], their population size sensitively reflects both their production and their destruction. They contain many substances involved in inflammatory reactions, blood coagulation and other specific reactions. It is impossible to assess immune function based on the thrombocyte count, as their absolute numbers do not correlate with thrombocyte function. Therefore, although stallions fed knotweed produced more thrombocytes than the control stallions in Experiment 2, the informative value of such a finding is limited with regard to the effect of knotweed supplementation on immunity. On the contrary, the number of thrombocytes decreased in the blood of knotweed-fed pigs in our previous study [40]. The different types of knotweed biomass in the feed supplements, i.e., stems and leaves in the supplement for horses, and rhizomes and roots in the supplement for the pigs (varying in their contents of bioactive substances, namely carotenoids, resveratrol, piceid and emodin), might help explain this difference and serve as a hint for further research. The decrease in thrombocyte numbers in pigs could be explained by high resveratrol content in knotweed roots [41,42] while the increase in thrombocyte numbers in horses could be due to other bioactive compounds in knotweed leaves and stems, such as carotenoids. It was reported that tomato puree rich in carotenoids improved mice health and increased their thrombocyte numbers in mice exposed to toxic fluorides [43]. The cellular membranes of thrombocytes in the carotene-deficient blood of people infected with the dengue virus suffered from dryness, which led to the death of these cells [44]. Carotenoids were not targeted in this study, however; their considerable content in knotweed leaves has been reported [7] and they deserve further study.



PCT, plateletcrit, is a number describing ratio between the volume of thrombocytes and plasma. A higher thrombocytes number means a higher PCT [42]. In this study, PCT was higher in the blood of knotweed-fed horses than in the blood of control ones.




4.1.3. Activity of Alkaline Phosphatase (ALP)


ALP is a non-specific metallo-enzyme (Mg, Zn), a hydrolase removing phosphate group from various proteins and nucleotides and hydrolyzing inorganic phosphate, produced in liver, bones, intestines, kidneys and placenta. Only activities of ALP isoenzymes from liver and bones, both coded by the same gene, could be detected here because the other ALP isoenzymes survive in the blood only for a short amount of time. ALP from bones is typical for young individuals whose bones are growing. When the growth slows down the activity of ALP physiologically decreases, being associated with mineralisation of bones [45]. The ALP, which was lower in the blood of knotweed-fed horses than in the blood of control horses in this study, was probably not produced in the liver but in the bones as there are no statistically significant changes in any other parameters connected with the liver (AST, GMT, bilirubin). It means that the decrease in ALP activity was associated with the physiological process of adolescence. In this study, the ALP decrease was enhanced by knotweed and correlated positively with urea (r = 0.411, p = 0.01) in knotweed-fed horses in Experiment 1, indicating a positive effect of knotweed on nitrogen use from the feed, as discussed below in Section 4.1.6. The ALP values from all the horses were within physiological limits [46].




4.1.4. Triglycerides


Triglycerides are another group of lipids involved in lipid metabolism that accounts for the majority of the lipids found in adipose tissue. They are synthesised primarily in adipose tissue, the liver, small intestine, and mammary glands. Circulating concentrations of triglycerides in normal animals reflect the balance in triglyceride absorption by the small intestine, synthesis/secretion by the hepatocytes and uptake by the adipose tissue. This balance is affected by the concentration of fat in the diet and by the production of hormones such as insulin and glucagon [47]. The triglyceride levels were significantly elevated in cold-blooded stallions to such an extent that the levels in cold-blooded and warm-blooded stallions were equal (Figure 6), which indicates that knotweed stimulated lipid metabolism in cold-blooded stallions but not in warm-blooded horses whose metabolic activities were already high.



Many studies ascribed the lowered concentration of triglycerides in the blood of different species to different active compounds from knotweed [48,49,50,51,52]. This study found the opposite: an increase of triglyceride concentration in the blood of knotweed-fed cold-blooded horses. The mechanism behind the increased triglycerides is not clear. This increase could be due to the different physiologies of horses or to specific active compounds from knotweed, or a combination of both. The anatomy and physiology of digestion is partly different in horses than in all of the others species, including humans, that have been tested in previous studies. A horse has no gallbladder. It means that bile is constantly passing from the liver directly to the intestine through bile duct. Pancreatic juice also constantly flows directly into the intestine. The production or release of gall and pancreatic juice in horses is not dependent on the food in the intestine or on the amount of lipids in feed like in other mammals [53]. If some active compounds from knotweed, such as piceatannol, could change the amount of bile acids in the gall, different amounts of lipids from food could be absorbed. Epicatechin-3-O-gallate from knotweed could increase the concentration of triglycerides in the blood by blocking lipase [48,54]. The horses in this study were fed a common diet without higher amounts of lipids and statistically significant results were within physiological ranges. We cannot say whether the triglyceride levels were increased due to the absorption from food or the release from adipose tissues. Answers to these questions are beyond the scope of this study. However, it shows an interesting potential of knotweed supplementation to support the breeding and performance of cold-blooded horses.




4.1.5. Cholesterol


Cholesterol is a fatty substance either obtained from food in the gut or produced in the liver when needed. It is a necessary component of all cell membranes and a fundamental component of many molecules, such as steroid hormones; it is also involved in the transport of lipids between different tissues in the body and the blood [47]. This study revealed more considerable reductions in the concentrations of blood cholesterol in the cold-blooded knotweed-fed horses. There are many studies describing different mechanisms by which resveratrol decreased the cholesterol concentration in blood, e.g., by reducing the basal and insulin-induced glucose conversion to total lipids in white adipose tissue [55]. There are also studies which found no effect of resveratrol on cholesterol concentration in horse blood [30]. Again, it seems that different active compounds are behind these diverse effects of knotweed. Another study [50] reported that a piceatannol-enriched diet decreased the cholesterol concentration in blood due to lowering its absorption in the intestine resulting from higher excretion of bile acids to the intestine. Piceid is also known for decreasing cholesterol concentrations [49].



All of the animals involved in the experiments reported here were healthy; no lipid metabolism disorders were noted. Nevertheless, their metabolisms were improved due to the reduction in cholesterol concentration. Knotweed, owing to its content of resveratrol possessing hepatoprotective effects, can help prevent steatosis, which is an abnormal retention of fat in an organ, usually the liver [56,57].




4.1.6. Urea


The urea measured in the blood of horses that had received knotweed in the previous winter and spring was higher than the urea in the blood of the control horses. All of these horses spent the extremely hot and dry summer between the two successive experiments on pastures and only fed on grass. It was reported [58] that changes in grass quality in the growth season and its protein (nitrogen) content correlate with blood urea level but do not affect the blood protein in horses on grass. The decreased grass quality resulted in lower blood urea content by up to half of its normal level [59]. In this study, the higher urea level in earlier knotweed-fed horses could indicate their better protein availability as all of the horses were on the same grass.




4.1.7. Urea, ALP, Triglycerides and Cholesterol Interactions


Urea was also positively correlated with ALP decreasing with horse weight, the decrease being enhanced by knotweed in Experiment 1. In Experiment 2, ALP was negatively correlated with cholesterol (r = −0.435, p = 0.03) in the control horses but not in the knotweed-fed horses, revealing the role of ALP in the metabolism of phosphorus associated with cholesterol presumably as phospholipids, i.e., amphiphatic molecules enabling the water-solubility of cholesterol. Similarly, the cholesterol and triglycerides showed a non-significant correlation in the horses fed knotweed compared to the horses not fed knotweed, where a highly significant correlation was found (p = 0.001).



When all of the age categories were evaluated together, the same knotweed effect was noted at the end of both experiments: the control horses not fed knotweed had a highly significant correlation between triglycerides and cholesterol (p = 0.01 in Experiment 1 and p = 0.001 in Experiment 2), but in the blood of all of the knotweed-fed horses, there was a non-significant correlation between triglycerides and cholesterol in either experiment. When only 1- and 2-year-old horses from Experiment 1 were taken into account, reappearing as 2- and 3-year-old horses in Experiment 2, a significant correlation was found only in the horses not fed knotweed before the start of Experiment 2. This reveals a strong influence on this ratio of 3-year-old horses, i.e., the heaviest ones.



These urea, ALP, cholesterol and triglyceride interrelations indicate the effect of knotweed on the protein and lipidic (lipoprotein, phospholipid) metabolism of horses. Several authors [59,60] have reported largely increased triglyceride content due to the seasonal food deprivation of only grass-fed equines. Others [61,62] have discerned three major classes of lipoproteins in equine plasma: very low density lipoproteins (VLDL, 24 per cent of the total plasma lipoprotein mass) rich in triglycerides and cholesterol and poor in protein (apolipoprotein B-100 and apoB-48), cholesterol-rich low density lipoproteins (LDL, 15 per cent) with three discrete subfractions, and protein-rich HDL with the dominant protein apoA-I (HDL, 61 per cent), all composed of lipids and apoliproteins in different proportions. Mass spectrometry revealed that the apolipoproteins contain etw. 400–500 amino acids. These might serve for protein synthesis as one of the means of lipoprotein utilisation.



Several papers [59,63] report that in horse serum (plasma), the cleavage of VLDL mainly releases triglycerides, while LDL largely releases cholesterol. In this study, the loss of correlation between triglycerides and cholesterol in knotweed-fed horses as compared with control ones could be explained if different types of lipoproteins were cleaved in knotweed-fed horses than in control horses not fed knotweed.



A similar loss of (negative) correlation in knotweed-fed horses, which was recorded between cholesterol and ALP, would suggest that, besides apolipoproteins, phospholipids as solubilising components and ALP targets are associated with the cholesterol particles.



The low quality of pasture grass later in the summer might be perceived as a period of mild fasting, producing higher blood triglyceride levels [59,60]. However, all of the changes measured in the blood plasma were within normal limits. Ref. [64] states that equine energy metabolism evolved in sparse grassland environments and has been adapted to the intake of a low energy diet with large quantities of roughage rich in cellulose and lignin, and that equids shift between the glucose-oriented metabolic pattern of non-ruminants and a metabolism similar to that of the ruminants when fed with a roughage-based diet. Since the blood glucose level is maintained within a narrow limit, preservation of its supply depends on gluconeogenesis, and protein catabolism increases to provide amin acids as precursors for glucose synthesis. However, more detailed studies are needed to reveal which metabolic processes are affected by knotweed in horse diets.



Meanwhile, we assume that even in earlier knotweed-fed horses, the higher urea levels indicating higher protein availability, together with a change in the ratio of lipidic substances, might have resulted from the long-lasting effects of knotweed on the metabolism of lipoproteins. Different types of lipoproteins would be metabolised with varying intensities, and the apolipoproteins released, together with other internal sources, might help horses overcome the periods of protein starvation on dry pastures lacking high quality grass.






5. Conclusions


The results obtained in this study indicate that knotweed consumption helps (1) improve the immunity of horses by increasing their blood globulin levels, (2) stimulate lipid metabolism in cold-blooded horses and (3) lower cholesterol levels. These effects have been found in young and healthy horses and are expected to be more pronounced in older horses.



Because knotweed has the potential to stimulate the release of fat from hepatic cells and thus speed up liver regeneration processes, it could reduce the risk of adverse health consequences in horses with impaired lipid metabolism.



The sporting success of the horses involved in the experiments was monitored. Half of the foals from both the control and knotweed-fed groups have been in use in sports in the Czech Republic since 2018, i.e., 2 years after the second experiment. The knotweed-fed horses achieved slightly better results than control horses in jumping competitions.




6. Patents


This study is a part of a more extensive project resulting in the registration of the Utility Model “Compound feed containing knotweed for game, domestic and farm animals”.
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Figure 1. (a) Diagram showing the relationship of the biochemical data in Experiment 1. Treatment explained 1% of the variability in the biochemical data. Vectors pointing in the same direction show characteristics with positive correlations; arrows heading towards a type indicate that this type positively affects these characteristics. (b) Diagram showing the relatedness of the haematological data of Experiment 1. Treatment explained 1.5% of the variability in the haematological data. Vectors pointing in the same direction show characteristics with positive correlations; arrows heading towards a type indicate that this type positively affects these characteristics. 
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Figure 2. Differences in the total protein content in equine blood between the beginning and the end of Experiment 2, shown for stallions of the three age groups (born in 2016, 2017 and 2018) fed and not fed knotweed. Means ± SEM. Statistically different values at p ≤ 0.05 are marked with *. N.S. = non-significant difference. 
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Figure 3. Globulin content in the blood of stallions of all ages. The comparison was between warm-blooded and cold-blooded stallions fed with and without knotweed, Experiment 1. Means ± SEM. Statistically different values at p ≤ 0.05 are marked with *; N.S. = non-significant difference. 
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Figure 4. Albumin/globulin ratio in the blood of warm-blooded and cold-blooded stallions fed with and without knotweed, Experiment 1. Means ± SEM. Statistically different values at p ≤ 0.05 are marked with *; N.S. = non-significant difference. 
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Figure 5. Differences in equine ALP activity between the beginning and the end of Experiment 1 among horses fed and not fed knotweed. The warm-blooded and cold-blooded breeds were compared. Statistically different values at p ≤ 0.05 are marked with *. N.S. = non-significant difference. 
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Figure 6. Levels of triglycerides at the end of Experiment 2 in the blood of horses fed and not fed knotweed. Warm-blooded and cold-blooded horses were compared. Statistically different values at p ≤ 0.05 are marked with *. N.S. = non-significant difference. 
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Figure 7. The differences in the blood cholesterol levels of 2- and 3-year-old stallions fed with and without knotweed from the beginning to the end of Experiment 2, comparing warm-blooded and cold-blooded. Statistically different values at p ≤ 0.05 are marked with *. N.S. = non-significant values. 
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Table 1. Amounts, composition and nutrient contents of the feed for 3-year-old warmblood horses.
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Unit

	
Grass Hay

	
Feed Supplement

	
Experimental Mixture

for Control Horses

	
Experimental Mixture

for Knotweed-Fed Horses

	
Salt

	
Control Horses, Total

	
Knotweed Fed Horses, Total




	
Oat Grain

	
Supplementary Feed

	
KnotWeed

	
Rest of Mixture






	
INTAKE

	
kg/day

	
8.00

	
0.25

	
2.50

	
0.50

	
0.15

	
0.35

	
0.03

	
11.28

	
11.28




	
ENERGY

	
MJ/day

	
56.90

	
3.10

	
28.20

	
6.50

	
1.18

	
4.63

	
0.00

	
94.70

	
94.01




	
Protein

	
g/day

	
752.00

	
29.50

	
432.50

	
51.50

	
18.97

	
35.6

	
0.00

	
1265.50

	
1268.57




	
Lysine

	
g/day

	
24.00

	
1.00

	
17.50

	
1.70

	
0.73

	
1.19

	
0.00

	
44.20

	
44.42




	
Calcium

	
g/day

	
26.40

	
0.20

	
22.50

	
0.22

	
1.2

	
0.15

	
0.00

	
49.32

	
50.45




	
Phosphorus

	
g/day

	
25.60

	
0.80

	
15.00

	
1.97

	
0.37

	
1.37

	
0.00

	
43.37

	
43.14




	
Magnesium

	
g/day

	
12.80

	
0.30

	
5.00

	
0.42

	
0.39

	
0.29

	
0.00

	
18.52

	
18.78




	
Sodium

	
g/day

	
1.60

	
0.10

	
4.00

	
0.04

	
0.07

	
0.03

	
10.00

	
15.74

	
15.80




	
Selenium

	
mg/day

	
0.80

	
0.05

	
0.71

	
0.01

	
0.01

	
0.01

	
0.00

	
1.57

	
1.58




	
Copper

	
mg/day

	
56.00

	
1.50

	
18.30

	
1.78

	
0.77

	
1.25

	
0.00

	
77.58

	
77.82




	
Zinc

	
mg/day

	
206.40

	
8.80

	
255.00

	
10.73

	
5.86

	
7.46

	
0.00

	
480.93

	
483.52
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Table 2. Biochemical and haematological characteristics of horse blood from the end of Experiment 1 and of Experiment 2. Mean ± SEM. Significant differences between control and knotweed-fed horses are marked by different letters in superscript.
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Experiment 1

	
Experiment 2




	
Biochemical Characteristic

	
Unit

	
Control Horses

	
Knotweed-Fed Horses

	
Control Horses

	
Knotweed-Fed Horses






	
Total protein

	
g/L

	
60.696 ± 0.581

	
61.787 ± 0.710

	
61.281 ± 0.754

	
60.743 ± 1.274




	
Albumin

	
g/L

	
36.083 ± 0.313

	
35.405 ± 0.377

	
34.452 ± 0.668

	
33.823 ± 0.605




	
Globulin

	
g/L

	
24.612 ± 0.573

	
26.381 ± 0.744

	
26.829 ± 0.703

	
26.920 ± 1.258




	
Urea

	
mmol/L

	
5.500 ± 0.141

	
5.324 ± 0.169

	
5.171 ± 0.162

	
5.537 ± 0.279




	
Creatinine

	
µmol/L

	
110.482 ± 1.981

	
108.787 ± 2.264

	
87.484 ± 1.734

	
88.467 ± 1.718




	
Cholesterol

	
mmol/L

	
2.307 ± 0.045

	
2.307 ± 0.054

	
2.061 ± 0.053

	
2.110 ± 0.056




	
Glucose

	
mmol/L

	
6.344 ± 0.192

	
6.399 ± 0.226

	
5.842 ± 0.207

	
5.804 ± 0.182




	
Triglyceride

	
mmol/L

	
0.328 ± 0.019

	
0.337 ± 0.018

	
0.274 ± 0.016

	
0.291 ± 0.016




	
AST activity

	
µkat/L

	
5.168 ± 0.062

	
5.053 ± 0.092

	
5.755 ± 0.189

	
5.703 ± 0.319




	
ALT activity

	
µkat/L

	
0.213 ± 0.006

	
0.215 ± 0.011

	
0.202 ± 0.010

	
0.210 ± 0.009




	
ALP activity

	
µkat/L

	
3.042 ± 0.148

	
3.077 ± 0.153

	
3.575 ± 0.219

	
3.774 ± 0.292




	
Haematological Characteristic

	
Unit

	
Control Horses

	
Knotweed-Fed Horses

	
Control Horses

	
Knotweed-Fed Horses




	
Haemoglobin

	
g/L

	
108.500 ± 2.015

	
108.649 ± 2.178

	
113.194 ± 2.940

	
111.233 ± 2.721




	
PCT

	
%

	

	

	
0.084 ± 0.003 b

	
0.100 ± 0.004 a




	
MCH

	
pg

	
13.150 ± 0.139

	
13.095 ± 0.148

	
14.074 ± 0.117

	
13.910 ± 0.148




	
Erythrocyte

	
1012/L

	
10.471 ± 2.278

	
8.267 ± 0.124

	
8.001 ± 0.173

	
7.950 ± 0.152




	
Thrombocyte

	
109/L

	

	

	
161.839 ± 5.665 b

	
189.367 ± 7.769 a




	
Leucocyte

	
109/L

	
8.228 ± 0.227

	
8.749 ± 0.293

	
8.781 ± 0.319

	
9.047 ± 0.351




	
Lymphocyte

	
109/L

	
4.604 ± 0.188

	
4.680 ± 0.186

	
5.591 ± 0.286

	
5.756 ± 0.317




	
Neutrophil

	
109/L

	
3.362 ± 0.130

	
3.771 ± 0.223

	
2.830 ± 0.261

	
2.871 ± 0.223




	
Monocyte

	
109/L

	
0.028 ± 0.007 b

	
0.055 ± 0.007 a

	
0.187 ± 0.022

	
0.157 ± 0.023
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