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Alternative tannin sources in post-weaning piglets:
impact of Lythrum salicaria and Bistorta officinalis
on health and performance
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KEY WORDS: animal nutrition, digestibility, ABSTRACT. Tannins have attracted increasing interest as dietary components
feed formulation, histology, pigs, tannins for the prevention of post-weaning diarrhoea in piglets. The objective of this
study was to investigate the effects of dietary supplementation with an extract
or plant material derived from Lythrum salicaria L. and Bistorta officinalis. Eighty
weaned piglets (40 males and 40 females) were randomly divided into five
treatment groups: control (CON), L. salicaria extract (LSE), B. officinalis extract
(BOE), L. salicaria plant material (LSP), and B. officinalis plant material (BOP).

Received: 13 January 2026 Treatment diets were formulated to provide an equal tannin supplementation
Revised: 11 February 2026 level (2 g/kg feed). Animals were slaughtered on days 13 and 14 of the trial.
Accepted: 16 February 2026 Intestinal digesta, faeces and tissue samples (duodenum, mid jejunum) were

collected to analyse pH, ileal and total tract apparent nutrient digestibility (AID
and ATTD), and histomorphological parameters. No significant differences were
observed in performance and most histomorphological traits. Inclusion of LSP
and BOP lowered AID of proline in comparison to CON (P = 0.044). The LSP
group had the lowest arginine (P = 0.003) and histidine ATTD (P = 0.004). Both
the LSP and BOP groups had reduced ATTD of glutamic acid (P = 0.003) and
proline (P < 0.001), while BOP additionally showed the lowest proline ATTD.
In conclusion, L. salicaria and B. officinalis supplementation did not adversely
affect piglet performance, although reductions in the digestibility of several
amino acids were recorded. These moderate effects suggest that tannins from

* Corresponding author: L. salicaria and B. officinalis can be considered safe for piglet diets at the tested
e-mail: philip.kruesselmann@fu-berlin.de inclusion levels.
Introduction Tannins have received increasing attention in recent

years as a potential strategy to prevent post-weaning

Weaning represents a critical phase in the life diarrhoea (Girard and Bee, 2020), particularly since

of a piglet and is frequently associated with dys- antimicrobial growth promoters have been banned
biosis, gastrointestinal disorders, and diarrhoea in the European Union under Regulation (EC)
due to stress and the abrupt transition from milk to No. 1831/2003. Tannins are specialised plant me-
solid feed (Lallés et al., 2007; Gresse et al., 2017). tabolites with documented antiviral, antifungal,
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antibacterial and antioxidant properties (Girard and
Bee, 2020) and are classified into two major groups:
hydrolysable tannins and condensed tannins, which
differ in chemical structure, stability, and biological
behaviour (Scalbert, 1991). Hydrolysable tannins are
esters of a polyol, usually glucose, with phenolic
acids such as gallic acid (gallotannins) or hexahy-
droxydiphenic acid (ellagitannins) (Scalbert, 1991).
In contrast, condensed tannins, commonly termed
proanthocyanidins, are polymers of flavan3ol units
like catechin and epicatechin. Unlike hydrolysable
tannins, they are linked by carbon—carbon bonds and
are therefore resistant to hydrolysis (Hagermann,
2002). Extracts from the European chestnut (Casta-
nea sativa Mill.) and American quebracho (Schinop-
sis spp.) trees are frequently used tannin sources in
swine nutrition. Chestnut extract contains hydrolys-
able tannins, while quebracho extract provides con-
densed tannins (Caprarulo et al., 2021). The aerial
parts of Lythrum salicaria L. have long been utilised
in European traditional medicine to treat diarrhoea
in humans and animals and contain a wide range
of chemical compounds, with hydrolysable tannins
as the dominant group (Piwowarski et al., 2015).
Another tannin-rich plant material, the rhizome of Bis-
torta officinalis (synonym: Polygonum bistorta (L.))
has been traditionally applied in similar gastrointesti-
nal conditions; however, it contains different type of
tannins-namely condensed tannins (Pawlowska et al.,
2020). To our knowledge, no in vivo trials have exam-
ined the effects of extracts obtained from these plants,
or the corresponding plant material, in diets for post-
weaning piglets. Previous experiments with other
tannins sources supplemented with diets for weaned
piglets have shown that, despite health benefits, they
can negatively affect nutrient digestibility. Tannins
are considered to exert antinutritive effects by form-
ing complexes, particularly with feed proteins in the
digesta or with digestive enzymes (Ma et al., 2024).
Condensed tannins can reduce the digestibility of
proteins, starch, and fats by interfering with the activ-
ity of amylase, lipase, proteases and other enzymes
(Hassan et al., 2020). In addition to proteins, tannins
can also bind directly to polysaccharides (Girard and
Bee, 2020). These phenolic compounds also exert an
antinutritive effect by reducing feed palatability (Has-
san et al., 2020), which is related to their interaction
with bitter taste receptors and with proteins in saliva
(Girard and Bee, 2020).

The inclusion of chestnut extract at 4.5 g/kg
significantly improved the feed conversion ratio
(FCR) in weaner piglets, whereas lower doses re-
sulted in values comparable to the control group

(Biagi et al., 2010). Weaner piglets fed diets with
0, 0.2, or 0.3% condensed tannins from the que-
bracho tree showed no significant differences in
growth performance between treatment groups;
diarrhoea was not observed in the 0.3% group,
while the other groups had an incidence of 12.5%
(Ma et al., 2021). Dietary inclusion of tannic acid
from gallnut at 1.5 and 3 g/kg resulted in final body
weight (BW), average daily gain (ADG), average
daily feed intake (ADFI), and feed conversion ratio
(FCR) values comparable to those of the control
group. In the group receiving 3 g/kg, duodenal and
jejunal villus height were significantly increased,
whereas jejunal and ileal crypt depths were re-
duced compared to the control (Deng et al., 2024).

Based on this evidence, it was hypothesised that
extracts and plant material from L. salicaria (aerial
parts) and B. officinalis (rhizomes) could support
intestinal function in the early post-weaning period
in piglets.

The objective of the study was to assess the ef-
fects of these extracts and the respective plant mate-
rials on post-weaning piglets with respect to perfor-
mance, histomorphological parameters, digesta pH,
and apparent ileal and total tract nutrient digestibility.

Material and methods

Plant materials and extract preparation

Lythrum salicaria L. was purchased from NAN-
GA Przemystaw Figura (Ztotéw, Poland), and rhi-
zomes of Bistorta officinalis were obtained from
Zaktad Konfekcjonowania Ziot FLOS (Mokrsko,
Poland). The plant materials were validated by mi-
croscopic evaluation of dried samples, according
to the relevant procedures described in a European
Pharmacopoeia monograph (European Pharmaco-
poeia, 2019) Voucher specimens (No. LSHU2022
for Lythrum salicaria and No. BRU2022 for Bis-
torta officinalis) were deposited in the Department
of Pharmaceutical Biology, Medical University of
Warsaw, Poland.

The extract from L. salicaria was prepared ac-
cording to the method described by Piwowarski and
Kiss (2013). Briefly, dried, cut plant material (ap-
prox. 4 kg) was extracted threefold with water over
30 min in an ultrasonic bath (40 °C). The combined
extracts were subsequently freeze-dried, yielding
550 g of dry L. salicaria extract.

The B. officinalis extract was prepared accord-
ing to the method described by Pawlowska et al.
(2020). Briefly, dried, cut plant material (~3.5 kg)
was extracted four time with water in an ultrasonic
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bath at room temperature. The resulting extract was
freeze-dried, yielding 700 g of dry B. officinalis ex-
tract. Both extracts were prepared at the Department
of Pharmaceutical Biology, Medical University of
Warsaw (Warsaw, Poland).

Phytochemical standardisation of plant
materials and extracts

Quantitative analysis — total polyphenol,
and total tannin content

Total polyphenol content (TPC) was deter-
mined using the colorimetric Folin-Ciocalteu assay
(McDonald et al., 2001). Extracts were dissolved
in methanol:water (1:1, v/v) to a final concentration
of 1 mg/ml. An aliquot of 40 ul from each extract
was transferred to a 96-well microplate and added
to 105 pul of 10% Folin—Ciocalteu (Sigma, USA) re-
agent and 85 pul of 1 M sodium carbonate solution.
The mixtures were incubated at 45 °C for 15 min.
Absorbance was measured at 765 nm using a mi-
croplate spectrophotometer (Agilent BioTek Syn-
ergy H4, USA). Gallic acid was used as the stan-
dard for calibration, and results were expressed
as mg of gallic acid equivalents per gram of dry
sample (mg GAE/g dry weight). Data are reported
as means + standard deviation from three indepen-
dent replicates.

A modified Folin—Ciocalteu assay with poly-
vinylpolypyrrolidone (PVPP) was employed to
quantify total tannin content (TTC) by removing
free polyphenols (Makkar et al., 1993). Samples
were prepared in deionised water at a concentration
of 2 mg/ml and mixed with a 10% PVPP solution.
After vortexing, the mixtures were cooled at 4 °C
for 15 min and centrifuged at 3000 x g for 10 min
at 4 °C. The resulting pellet contained polyphenols
bound to PVPP, while unbound tannins remained in
the supernatant. The supernatants were subsequent-
ly diluted with methanol (1:1, v/v), and the TPC
content was determined according to the procedure
described above.

Qualitative LC-MS

Chromatographic and mass spectrometric analy-
ses were performed using an ultra-high-performance
liquid chromatography system (Dionex, Leipzig,
Germany) equipped with a diode array detector and
coupled to an AmaZon SL ion trap mass spectrom-
eter (UHPLC-DAD-MSn) via an electrospray ioni-
sation interface (Bruker Daltonik GmbH, Bremen,
Germany). UV-Vis spectra were recorded in the
range of 200450 nm. The mass spectrometer was
operated under the following conditions: nebuliser

pressure of 40 psi, drying gas flow rate of 9 I/min,

nitrogen gas temperature of 134 °C, and capillary

voltage of 4.5 kV. Mass spectra were acquired over

a scan range of 70-2200 m/z. The mobile phase con-

sisted of solvent A (H,O/formic acid (100:0.1; v/v)

and solvent B (acetonitrile/formic acid (100:0.1;

v/v). Separation was carried out on a reversed-phase

column (Kinetex XB-C18 Phenomex, Torrance,

California, USA; 150 mm x 3.0 mm, 2.6 um particle

size) maintained at 25 °C. The gradient elution

programme, with a constant flow rate of 0.3 ml/min,
was as follows:

— or L. salicaria: 0-20 min, 1-10% B; 20-30 min,
10-20% B; 30-35 min, 25% B; 35-60 min 60% B
(Piwowarski and Kiss, 2013)

— for B. officinalis: 0-30 min, 1-20% B; 30—40 min,
20-50% B; 40-50 min, 50-75% B; 50-60 min,
75-100% B (Pawlowska et al., 2020)

Dry extracts of L. salicaria and B. officina-
lis were prepared at a concentration of 10 mg/ml.
The L. salicaria extract was dissolved in deionised
water, and B. officinalis extract was dissolved in
methanol:water (1:1 v/v). Both solutions were fil-
tered through a 0.45 pm PVDF or PET syringe filter
prior to analysis. The injection volume was 5 pl.

Ethical approval

The animal trial was conducted at the Institute
of Animal Nutrition, Freie Universitit Berlin, in ac-
cordance with national animal protection law. The
study was authorised by the State Office for Health
and Social Affairs (LaGeSo, STN 022/23 and STN
035/23) in Berlin, Germany. Health checks were
performed twice daily by qualified staff. Animals
were housed and managed in compliance with Eu-
ropean Union Directive (2010/63/EU) on the pro-
tection of animals used for scientific purposes.

Animals, housing and husbandry

For the trial, 80 piglets of the German Landrace
breed were randomly assigned to five feeding groups:
control (CON; 7 males and 9 females), L. salicaria
extract (LSE; 8 males and 8 females), B. officinalis
extract (BOE; 9 males and 7 females), L. salicaria
plant material (LSP; 7 males and 9 females), and
B. officinalis plant material (BOP; 9 males and 7 fe-
males). The allocation ensured similar body weight
in each pen. The suckling period before weaning
lasted 24 + 2 days. At the start of the trial, piglets
had an average body weight of 7.74 + 0.98 kg.
Piglets were housed in pairs in eight pens per treat-
ment with slatted floors. During the trial, the tem-
perature in the pig facility was gradually reduced
from 32 to 24.4 °C. The lighting regimen consisted
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of 16 h of light followed by 8 h of darkness. CON
diet was formulated to meet or exceed the nutrient
requirements of weaned piglets (GfE, 2006). Ex-
perimental groups received the basal diet supple-
mented with tannin-rich extracts or plant materials.
Specifically, the LSE group was fed a diet contain-
ing 0.75% dried extract of L. salicaria (aerial parts),
while the BOE group received 0.95% dried extract
of B. officinalis (rhizomes). The LSP group was fed
a diet with 4.98% dried L. salicaria (aerial parts),
and the BOP group received 4.74% dried B. offici-
nalis (rhizomes). The plant material in LSP and BOP
were milled (MOD.EMC50 Magico, AMA S.p.A.,
San Martino in Rio, Italy) to a particle size of 1 mm,
prior to inclusion in the diets. The additional tannin
content in the experimental diets was 2 g per kg of
feed. Diets were isocaloric, provided as mash, and
offered ad libitum (Table 1). Celite was included
as an indigestible marker for digestibility analysis.
Piglets had ad libitum access to water.

Table 1. Ingredient composition of experimental diets (% as-fed basis)

ADG, and FCR were calculated for each week. At
the end of the trial, eight piglets per group were eu-
thanised after anaesthesia with 20 mg ketamine-hy-
drochloride/kg BW (100 mg/ml; Ursotamin®, Serum-
werk Bernburg AG, Germany) and 2 mg azaperon/kg
BW (40 mg/ml; Stresnil®, Elanco GmbH, Germany),
followed by intracardial injection of 4 ml T61 (tetra-
caine hydrochloride, 5 mg/ml, mebezonium iodide,
50 mg/ml, and embutramide, 200 mg/ml; Hoechst
Veterinédr, Germany) on two consecutive days. The
pH values of digesta was measured in the stomach
(proximal, distal, and mixed digesta), duodenum,
proximal jejunum, distal jejunum, ileum, caecum, co-
lon and in faeces using an electronic pH meter (Sev-
enExcellence, Mettler-Toledo GmbH, Greifensee,
Switzerland). The stomach was separated into three
sections using two brackets and the pH electrode was
inserted via the cardia or the pylorus (Table S1). For
nutrient digestibility analysis, ileal and faecal sam-
ples were stored at —20 °C. Tissue samples from the

CON LSE BOE LSP BOP
Ingredients

wheat 335 33.6 33.6 30.2 34.2
corn 32.0 32.0 32.0 34.2 30.4
HP Soybean meal 1.4 1.4 1.4 10.9 10.4
skim milk powder 10.0 10.0 10.0 10.0 10.0
rapeseed oil 3.34 3.34 3.34 3.40 2.56
calcium carbonate 1.30 1.30 1.30 1.18 115
monocalcium phosphate 1.00 1.00 1.00 1.00 1.00
vitamin-mineral premix’ 1.20 1.20 1.20 1.20 1.20
cellulose 227 2.25 2.30 0.08 1.16
L-lysine 0.77 0.77 0.77 0.79 0.80
D-/L-methionine 0.40 0.40 0.40 0.40 0.41
threonine 0.49 0.49 0.49 0.50 0.51
tryptophane 0.20 0.20 0.20 0.20 0.20
Lythrum salicaria extract 0.75
Bistorta officinalis extract 0.95
Lythrum salicaria plant material 4.98
Bistorta officinalis plant material 4.74
tixosil 1.10 0.35 0.09 0.03 0.22
celite 1.00 1.00 1.00 1.00 1.00

CON - control group, LSE - Lythrum salicaria extract group, BOE - Bistorta officinalis extract group, LSP — Lythrum salicaria plant group,
BOP - Bistorta officinalis plant group; *contained per kg of premix: IU: vit. A 600 000, vit. D, 120 000; mg: vit. E (tocopherol acetate) 8 000,
vit. K, 300, vit. B, 250, vit. B, (riboflavin) 250, vit. B, (pyridoxin-HCI) 400, niacinamide 2500, folic acid 100, pantothenic acid (Ca d-pantothenate)
1000, choline (chloride) 80 000, mg iron (iron- (Il)-sulfate monohydrate) 5 000, zinc (zinc sulfate) 5 000, manganese (manganese-(1l)-oxide) 6 000,
copper (copper-(Il)-sulfate pentahydrate) 1 000, iodine (calcium-iodate) 45, selenium (sodium selenite) 35; g: sodium (NaCl) 130, magnesium
(magnesium sulfate) 55; pg: vit. B,, (cyanocobalamin) 2 000, biotin 25 000

Performance and sampling

Piglets were fed the experimental diets for 13—14
days (dissection on days 13 and 14 of the trial). Dur-
ing this period, BW was recorded weekly, and ADFI,

duodenum and mid-jejunum were carefully rinsed
with a 0.9% NaCl solution and then fixed in buff-
ered formaldehyde (ROTI® Histofix 4.5%, Carl Roth
GmbH + Co.KG, Karlsruhe, Germany).
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Analytical methods

Feed and plant material were milled (ZM 200,
Retsch GmbH, Haan, Germany) to a particle size of
0.5 mm. Feed, plant material and dried extracts were
analysed according to the official standard methods
of the Association of German Agricultural Analytics
and Research Institutes (VDLUFA, 1976): 3.1 dry
matter (DM), 8.1 crude ash, 5.1.1 ether extract, 7.2.1
starch (Tables 2, S2). The crude protein (CP) con-
tent was determined according to the Dumas method
with regard to the Makro N-determination (VDLU-
FA, 1976; 4.1.2, Vario Max CN V7.3.9, Elementar
Analysensysteme GmbH, Hanau, Germany). Fibre
fractions — amylasetreated organic neutral detergent
fibre, acid detergent organic fibre, and lignin, were
analysed using an Ankom 2000 automated Fibre
Analyzer (NY, USA) according to VDLUFA (1976;
6.5.1, 6.5.2, and 6.5.3). Crude fibre was determined
according to AOCS method Ba 6a-05 (AOCS, 2017)
using the Ankom 2000 system with ash correction.
Total dietary fibre was analysed with a commercial
enzymatic assay kit (Megazyme, K-TDF, Megazyme,
Ireland) to determine total, insoluble, and soluble di-
etary fibre fractions. Sugar content in the extracts was
analysed according to Commission Regulation (EC)
No 152/2009 (Annex III J: 2009-01) by AGROLAB
LUFA GmbH (Kiel, Germany). Moreover, the sugar
profile was determined by an ion exchange chroma-
tography with pulsed amperometric detection (gra-
dient pump GP 40 and electrochemical detector ED
40; Dionex GmbH, Idstein Germany; Thermo Fisher
Scientific Inc., Waltham, MA, USA) using a Dionex
CarboPac™ PA-100 guard column and analytical
column.

Calcium (Ca), sodium (Na) and potassium (K)
were determined by an atomic absorption spec-
trometry (ContrAA 800, Analytic Jena AG, Jena,
Germany) after dry ashing and acidification with
HCI. Samples were diluted with a caesium chlo-
ride-lanthanum chloride buffer solution (Merck
KGaA, Darmstadt, Germany). Phosphorus content
in the feed was determined with the Vanadate-mo-
lybdate method (Gericke and Kurmies, 1952) using
spectrophotometric (Ultospec 2100 pro, Amersham
Biosciences Europe GmbH, Germany) measure-
ments at 436 nm.

Celite, which was used as an indigestible marker,
was analysed according to the VDLUFA method 8.2.

Amino acids were determined by ion-exchange
chromatography using an amino acid analyser (Bio-
chrom 30 Plus AA Analyzer, Biochrom Ltd., UK)
with a lithium precolumn (5.503.601; Laborservice
Onken, Griindau, Germany) and a lithium separation
column (5.503.600; Laborservice Onken, Griindau,

5
Table 2. Analysed nutrient composition of the experimental diets
CON LSE BOE LSP BOP
Dry matter (DM), g/kkg 904 896 894 895 891
Nutrient content, g/lkg DM
crude ash 728 638 611 601 621
crude protein 199 193 197 188 192
ether extract 521 513 495 548 437
crude fibre 404 440 425 435 380
starch 445 485 474 AT4 478
neutral detergent fibre 138 128 129 127 139
acid detergent fibre 564 525 545 615 604
acid detergent lignin 133 103 103 1.8 156
total dietary fibre 149 130 133 133 142
insoluble dietary fibre 137 115 105 121 125
soluble dietary fibre 701 146 279 19 167
Ca 892 779 882 935 898
total phosphorus 666 606 615 595 6.20
K 636 634 665 657 6.39
Na 218 210 189 193 210
Indispensable amino acids
lysine 142 149 148 154 150
methionine 786 752 734 744 749
threonine 109 106 109 112 112
tryptophane 321 347 328 314 329
arginine 933 919 960 832 954
histidine 394 418 415 400 441
isoleucine 699 705 701 683 712
leucine 133 140 139 139 142
phenylalanine 776 761 782 780 791
valine 848 827 861 853 873
Dispensable amino acids
alanine 671 701 716 733 728
aspartic acid 388 371 362 401 371
cysteine 322 312 323 347 342
glutamic acid 351 363 367 342 360
glycine 586 582 594 590 6.13
proline 15 132 M7 15 124
serine 816 825 833 817 833
tyrosine 520 532 484 525 550
Metabolizable energy, 152 152 153 153 155

calculated, MJ/ kg DM
CON - control group, LSE - Lythrum salicaria extract group,
BOE - Bistorta officinalis extract group, LSP — Lythrum salicaria plant
group, BOP - Bistorta officinalis plant group; metabolizable energy
was calculated according to GfE (2008): ME (MJ/ kg DM) = 0.021503
x crude protein + 0.032497 x ether extract — 0.021071 x crude fibre +
0.016309 x starch + 0.014701 organic residue

Germany). The samples were processed accord-
ing to VDLUFA (1976) as briefly described below.
For the determination of methionine and cysteine,
samples were pre-treated for 24 h with H,O, and
formic acid to protect amino acids from oxidation.
The oxidation reaction was stopped with sodium di-
sulphide. Samples were then hydrolysed with 6 M
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HCI at 110 °C for 24 h. For the full amino acid pro-
file (except tryptophan), samples were hydrolysed in
the same manner; for tryptophan determination, 6 M
NaOH was used at 110 °C for 24 h. Glucosamine and
galactosamine in ileum digesta and faeces were de-
tected with the same method (Table S3).

Apparent ileal digestibility and apparent
total tract digestibility

Samples of ileal digesta and faeces were lyophi-
lised and subsequently ground to pass through
a 0.5 mm sieve. Crude protein, amino acids, celite and
minerals were analysed as described for feed samples.
Apparent ileal digestibility (AID) and apparent total
tract digestibility (ATTD) were calculated using the
following formula:

AID resp. ATTD (%) =100 - 100 x
(marker in diet x nutrient in digesta)
(marker in digesta x nutrient in diet)

Histology of duodenum and jejunum tissues

After 24-48 h, formaldehyde was replaced
with 70% ethanol. Following dehydration, samples
were embedded in paraffin and sectioned using
a slide microtome (SM2000R, Leica Microsystems
GmbH, Nussloch Germany) at 3 um thickness.
They were then mounted on glass slides, deparaf-
finised, hydrated and stained with alcian blue-PAS
(ABPAS; 1.01646.0001, Merck KGaA, Darmstadt,
Germany). Tissue morphometry of the duodenum
and mid-jejunum and quantification of goblet cells
in the mid-jejunum were performed using a pho-
tomicroscope (BX43F, Olympus, Tokyo, Japan)
with a digital camera (Olympus DP72, Tokyo,
Japan). Image analysis was conducted with cellSens
imaging software (v.1.4, Olympus). Ten well-ori-
ented villi were randomly selected and measured
at 4x magnification, from the tip of the villus to
the crypt mouth, to determine villus height. Crypt
depth was measured at 10x magnification from
the crypt mouth to the crypt base, along with the
crypt area (ten crypt per animal). For the analysis
of villus height, crypt depth, and crypt area, mean
values per animal were calculated from ten mea-
surements (Figure S1). Using this data, the vil-
lus height to crypt depth ratio was calculated (Liu
et al., 2014). Goblet cells were counted in ten villi
and ten crypts of the mid-jejunum and expressed as
the number of cells per 10 000 um?. Cells stained
in magenta or blue were considered goblet cells ac-
cording to Liu et al. (2014). Mucin types were not
differentiated. Cell counting was performed using
QuPath software (version: v0.5.1) (Bankhead et al.,
2017).

Jejunal tissue samples from the midsection
were stained for eosinophils according to the proto-
col described by Tanaka et al. (2020). The staining
solution was prepared by dissolving 0.8 g of Direct
Red 23 (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) in 200 ml of 50% isopropyl alcohol, fol-
lowed by the addition of 3.2 g of sodium sulphate.
Eosinophil cells in the lamina propria were counted
using the same microscope and camera system as de-
scribed above (Figure S2).

Statistical analyses

Statistical analyses of performance parameters,
pH values, AID, ATTD, and histological data were
conducted using IBM® SPSS®™ Statistics (Version
28.0.1.0, Armonk, NY, USA). Outliers in the pH,
AID and ATTD, galactosamine and glucosamine da-
tasets, defined as values located more than 2.5 times
below the first quartile or above the third quartile,
were excluded from the analysis. Normal distribu-
tion was assessed using the Shapiro-Wilk test. Differ-
ences between feeding groups were determined using
one-way analysis of variance (ANOVA), followed by
Tukey’s post hoc test. Results are presented as mean
values with the standard error of the mean (SEM).
Differences were considered significant at P < 0.05.

Results

Phytochemical standardisation

Quantitative analysis of dry plant extracts.
To standardise tannin content in extracts and plant
materials, TPC and TTC were expressed per g of
dry extract (Table 3). The L. salicaria extract con-
tained a higher concentration of total polyphenols
(275 png/mg) compared to the B. officinalis ex-
tract (228 pg/mg). Tannin content followed the
samepattern, with higher values recorded in
L. salicaria (268 pg/mg) than in B. officinalis
(211 pg/mg) (Table 3). The extraction yield of
L. salicaria was approxi-mately 15%, correspond-
ing to 6.70 g of plant material per 1 g of extract.

Table 3. Comparison of polyphenol and tannin content in extracts of
Lythrum salicaria and Bistorta officinalis

Lythrum Bistorta
Parameter salicaria officinalis
Total polyphenols, pg/mg extract 275 228
Total tannins, pg/mg extract 268 21

Extract yield, % 15 20

Conversion ratio, g plant/g extract 6.70 5.00
Polyphenols per 100 g plant, g 412 4.56
Tannins per 100 g plant, g 4.02 4.22
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For B. officinalis, the yield was 20%, correspond-
ing to 5.00 g of plant material per 1 g of extract.
Based on these ratios, 100 g of L. salicaria plant
material provided approximately 4.12 g of poly-
phenols and 4.02 g of tannins, while 100 g of
B. officinalis rhizomes provided 4.56 g of poly-
phenols and 4.22 g of tannins. These results in-
dicate that both L. salicaria and B. officinalis
are rich sources of phenolic compounds, including
tannins.

Qualitative analysis of dry plant extracts

Qualitative analysis using an ultra-high-per-
formance liquid chromatography system equipped
with a diode array detector and ion trap mass
spectrometer (UHPLC-DAD-MS) was conducted
to characterise the phytochemical profiles of L. sali-
caria and B. officinalis extracts. In the L. salicaria
extract, a total of 14 compounds was identified
(Figure S3), including 6 hydrolysable tannins, and
5 flavonoids, indicating a presence of low-mo-
lecular-weight  polyphenolic  compounds, and
3 unidentified compounds (Table S4). Further
characterisation of hydrolysable tannins in L. sali-
caria extract allowed the identification of ves-
calagin, castalagin, salicarinin A, salicarinin B,

Table 4. Growth performance of weaned piglets

1,6-di-O-galloylglucose, and ellagic acid (Piwowarski
and Kiss, 2013). The B. officinalis extract contained
26 distinct compounds (Figure S4), including
9 classified as hydrolysable tannins, and 13 deter-
mined as condensed tannins, indicating a high pro-
portion of polymeric polyphenols. One compound
was classified as phenolic acid, and 3 compounds
remained unidentified based on the available spectral
data (Table S5).

Animal performance

Performance data of piglets are presented in
Table 4. No significant differences in performance pa-
rameters were observed between the treatment groups.

Histological parameters

Morphological and histochemical parameters
of the duodenum and mid-jejunum are presented
in Table 5. Piglets in the BOE group had a higher
crypt area in the jejunum compared to the LSP group
(P =0.022). No differences were observed in the oth-
er parameters.

Apparent ileal nutrient digestibility

The AID of CP, AAs, and minerals is sum-
marised in Table 6. Tannin supplementation had

Performance CON LSE BOE LSP BOP SEM P-value
Body weight day 0, kg’ 7.69 7.79 7.72 7.72 7.77 0.11 0.999
Body weight day 13/14, kg’ 9.45 9.86 9.22 9.52 9.38 0.15 0.757
Average daily gain, g/day’ 131 153 13 133 19 6.82 0.382
Average daily feed intake, g/day* 230 262 226 291 283 10.0 0.125
Feed conversion ratio* 1.86 1.97 2.21 2.29 248 0.1 0.426

CON - control group, LSE - Lythrum salicaria extract group, BOE - Bistorta officinalis extract group, LSP — Lythrum salicaria plant group,
BOP - Bistorta officinalis plant group; " mean calculated per piglet; * mean value calculated per pen; SEM - standard error of the mean; ®— means
with different superscripts in one row indicate significant differences between groups (P < 0.05)

Table 5. Histomorphological parameters in duodenum and jejunum of piglets

Parameter CON LSE BOE LSP BOP SEM P-value

Duodenum
villus height, um 458 469 432 450 449 12.5 0.925
crypt depth, pm 569 565 494 565 505 12.6 0.135
villus height/crypt depth 0.82 0.84 0.88 0.81 0.91 0.03 0.799
crypt area, um? 29439 28122 22515 28946 22854 1130 0.116

Jejunum
villus height [um 473 471 472 474 461 12.7 0.998
crypt depth [um 391 406 408 350 391 7.38 0.084
villus height/crypt depth 1.23 1.18 117 1.37 120 0.04 0.626
crypt area [um? 22137 22026 230292 16536° 213512 705 0.022
total goblet cells in villus per 10000 pm? 1.95 2.49 243 1.98 1.84 0.12 0.319
total goblet cells in crypt per 10000 um? 15.0 17.0 14.8 14.8 14.0 0.48 0.376
total eosinophil cells per 10000 um? 13.2 15.9 15.7 15.6 15.4 0.61 0.655

CON - control group, LSE - Lythrum salicaria extract group, BOE - Bistorta officinalis extract group, LSP — Lythrum salicaria plant group,
BOP - Bistorta officinalis plant group, SEM - standard error of the mean; ®- means with different superscripts in one row indicate significant

differences between groups (P < 0.05)
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Table 6. Apparent ileal digestibility of crude protein, amino acids and minerals, %

CON LSE BOE LSP BOP SEM P-value
Proteins
crude protein* 79.3 774 74.7 719 73.8 0.92 0.089
Indispensable amino acids*
arginine 84.5% 82.92 81.9° 74.4° 81.12 0.92 0.003
histidine 83.0° 81.3 78.6% 72.3 77.7% 0.99 0.004
isoleucine 75.5 75.5 715 69.3 741 1.07 0.291
leucine 79.2 79.4 75.3 729 76.4 0.97 0.177
lysine 84.3 84.9 83.2 82.6 84.5 0.58 0.735
phenylalanine 79.3 78.6 74.9 729 74.6 0.97 0.182
threonine 84.6 84.3 81.9 81.4 83.3 0.64 0.448
valine 78.4 775 74.9 734 76.5 0.91 0.451
Dispensable amino acids®
alanine 66.9 67.4 63.1 61.9 65.9 1.31 0.639
aspartic acid 76.3 75.0 714 726 744 0.99 0.575
glutamic acid 87.8° 87.0% 85.2abe 81.0° 81.30 0.76 0.003
glycine 70.3 69.2 64.9 62.1 65.9 1.27 0.266
proline 87.12 87.12 79.6° 76.5% 72.0° 1.25 <0.001
serine 81.5 81.3 78.3 744 77.6 0.90 0.066
tyrosine 79.7 79.6 73.4 72.9 75.9 0.99 0.064
Minerals##
Ca 59.9 57.6 66.0 745 7.7 2.37 0.112
P 514 55.9 54.0 60.9 65.1 1.77 0.089
K 734 69.7 70.3 73.8 73.3 1.59 0.901
Na 84.6° 78.7% 82.22 63.3 75.7% 2.06 0.005

CON - control group, LSE - Lythrum salicaria extract group, BOE - Bistorta officinalis extract group, LSP — Lythrum salicaria plant group,
BOP - Bistorta officinalis plant group; * missing data samples: BOE: 2; LSP: 2, BOP: 2; # missing data samples: CON: 2; LSE 2 (except cysteine: 3);
BOE 3 (except methionine, cysteine, glycine: 4); LSP: 4; BOP: 4; #* missing data samples: CON: 0 (except Ca: 1); BOE: 2 (except Ca: 3); LSP: 2;
BOP; SEM - standard error of the mean; ® — means with different superscripts in one row indicate significant differences between groups (P < 0.05)

Table 7. Apparent total tract digestibility [%] of crude protein, amino acids and the minerals

CON LSE BOE LSP BOP SEM P-value
Proteins
crude protein* 79.3 774 74.7 719 73.8 0.92 0.089
Indispensable amino acids*
arginine 84.52 82.9° 81.9° 74.4° 81.1® 0.92 0.003
histidine 83.0° 81.3 78.6% 72.3 77.7% 0.99 0.004
isoleucine 75.5 75.5 71.5 69.3 74.1 1.07 0.291
leucine 79.2 79.4 75.3 72.9 76.4 0.97 0.177
lysine 84.3 84.9 83.2 82.6 84.5 0.58 0.735
phenylalanine 79.3 78.6 749 72.9 74.6 0.97 0.182
threonine 84.6 84.3 81.9 814 83.3 0.64 0.448
valine 784 775 74.9 734 76.5 0.91 0.451
Dispensable amino acids*
alanine 66.9 67.4 63.1 61.9 65.9 1.31 0.639
aspartic acid 76.3 75.0 714 72.6 744 0.99 0.575
glutamic acid 87.8° 87.0% 85.2a0c 81.0° 81.30 0.76 0.003
glycine 70.3 69.2 64.9 62.1 65.9 1.27 0.266
proline 87.12 87.12 79.6° 76.5 72.0° 1.25 <0.001
serine 81.5 81.3 78.3 744 77.6 0.90 0.066
tyrosine 79.7 79.6 734 72.9 75.9 0.99 0.064
Minerals*#
Ca 59.9 57.6 66.0 745 1.7 2.37 0.112
P 514 55.9 54.0 60.9 65.1 1.77 0.089
K 73.4 69.7 70.3 73.8 73.3 1.59 0.901
Na 84.6° 78.7%* 82.2° 63.3° 75.7% 2.06 0.005

CON - control group, LSE - Lythrum salicaria extract group, BOE - Bistorta officinalis extract group, LSP - Lythrum salicaria plant group,
BOP - Bistorta officinalis plant group; # missing data samples: CON 1, LSE 1, LSP 1; #missing data samples: CON 1, LSE 1, BOE 1, LSP 1,
BOP 0; #* missing data samples: CON 1, LSE 1 (except Na 2), BOE 0 (except Na = 1); LSP 1; SEM - standard error of the mean; - means with
different superscripts in one row indicate significant differences between groups (P < 0.05) different superscripts in one row indicate significant
differences between groups (P < 0.05)
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no significant effect on most parameters. However,
a significant difference was observed for proline
(P = 0.044), with the CON group showing higher
digestibility than the LSP and BOP groups. For
most parameters (except for cysteine), all treatment
groups (LSE, BOE, LSP, BOP) showed numerically
lower digestibility compared to the CON group.

Apparent total tract nutrient digestibility

The ATTD results are presented in Table 7.
Significant differences were observed for arginine,
with higher ATTD values in the CON, LSE, and
BOE groups than in the LSP group (P = 0.003).
Histidine ATTD was lower in the LSP group com-
pared with the CON and LSE groups (P = 0.004).
For glutamic acid, the CON group showed higher
digestibility than the two groups receiving whole
plant material (LSP and BOP) (P = 0.003), while
the LSE group showed higher values compared to
the LSP group. Proline ATTD was highest in the
CON and LSE group (P < 0.001). Moreover, the
BOE group also showed higher proline digestibil-
ity than the BOP group. Regarding minerals, so-
dium ATTD was lower in the LSP group than in the
CON and BOE groups (P = 0.005).

Discussion

This study evaluated the effects of dietary sup-
plementation with tannin-rich whole plant materi-
als and extracts from L. salicaria and B. officinalis
on animal performance, nutrient digestibility, and
gut health in weaned piglets. Despite the commonly
reported antinutritive effects of tannin-rich botani-
cal sources, no significant effects on growth perfor-
mance were observed between treatment groups.
This aligns with previous findings, where moder-
ate levels of tannin supplementation (e.g., < 0.5%)
were reported to have limited influence on perfor-
mance outcomes in piglets (Caprarulo et al., 2021;
Deng et al., 2024). However, supplementation with
0.45% hydrolysable tannins from chestnut has been
shown to improve FCR in weaned piglets after 28
days (Biagi et al., 2010). Moreover, low levels
of tannin supplementation are considered to have
a positive effect on feed intake and due to
that on the performance (Huang et al., 2018;
Hassan et al., 2020). Nevertheless, tannins are
generally considered as antinutritive factors and
are often associated with reduced feed palatabil-
ity and intake due to their interaction with bitter
taste receptors and salivary proteins (Huang et al.,
2018; Girard and Bee, 2020; Hassan et al., 2020).
Such effects were not apparent in the present study,

which might be due to the relatively low inclusion
level. In fact, ADFI in the LSP and BOP groups
was numerically higher than in the CON and BOE
groups, suggesting that the plant matrix or tannin
type may have mitigated the astringent properties.
Possibly, the extracted condensed tannins (BOE)
may exerted a stronger effect on feed intake than
tannins present in the plant material (BOP). This
interpretation is consistent with literature reports
that proline-rich proteins in saliva (Fanali et al.,
2008; Cappai et al., 2013) react less with hydro-
lysable tannins, such as vescalagin and castalagin,
present in L. salicaria, than for condensed tannins
and gallotannins (Tang et al., 2003; Piwowarski
et al., 2015), which could explain why ADFI was
higher in the LSE and LSP groups. However, hy-
drolysable tannins derived from acorn have also
been shown to bind to proline-rich proteins in
a study with growing pigs (Cappai et al., 2013).
The effects of tannins on intestinal morphology
appear to be highly variable and likely depend on
both their source and dosage. This variability is
also reflected in the present study, where the crypt
area in the jejunum was lower in piglets from the
LSP group than in those from the BOE group. No
significant differences were detected for the other
morphological parameters. Likewise, tannic acid
from gallnut only led to an increase in the villus
height at a higher inclusion level of 3 g/kg, while
no effect was detected at 1.5 g/kg in the duodenum
and jejunum. At the same time, crypt depth in the
jejunum and ileum was reduced at 3 g/kg compared
to the control (Deng et al., 2024). In another study,
tannic acid supplementation (0.05, 0.1, 0.2 or
0.4%) did not affect crypt depth in the duodenum,
jejunum, or ileum. However, villus height
increased in the duodenum at 0.4% and in the
jejunum at 0.05, 0.2 and 0.4% (Song et al., 2021).
In contrast, supplementation with 0.2% tannic
acid resulted in a decrease of crypt depth in the
duodenum of weaned piglets, while 0.1% had no
impact. Moreover, the villus height to crypt depth
ratio was higher at 0.2%, with no effect observed
in the jejunum (Yu et al., 2020). Similarly, the
addition of encapsulated tannic acid to a weaner
diet (1 g/kg) reduced crypt depth in the duodenum
in comparison with the control group, while no
difference in jejunum crypt depth was observed.
In the latter study, the villus height to crypt depth
ratio in the duodenum was elevated (Wang et al.,
2020). In another work, dietary supplementation
with chestnut tannins at 2.25 g/kg of in weaned
piglets led to a reduction in the crypt depth in
the ileum, whereas lower (1.13 g/kg) and higher
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(4.5 g/kg) inclusion levels did not produce this
effect (Biagi et al., 2010). This non-linear response
suggests a possible dose-dependent threshold or
biphasic effect of tannins on intestinal morphology.
In contrast to previous trials, which focused on villus
height and crypt depth, the current study additionally
evaluated crypt area, an aspect of gut morphology
that has received limited attention in the literature.
This measure may provide additional information
regarding structural changes in the intestinal mucosa
in response to dietary tannins (Liu et al., 2014).
Furthermore, feeding the treatment diets did not lead
to any differences in jejunal tissue regarding total
goblet cell counts in villi or crypts per 10 000 um?
or total eosinophil counts per 10 000 pm?. Likewise,
no differences were observed in glucosamine or
galactosamine concentrations in ileal digesta or
faeces. Digesta pH was largely unaffected, although
piglets in the LSE group showed a significantly higher
pH in the proximal jejunum than the CON animals.

In this study, piglets fed diets supplemented with
plant material showed significantly reduced AID of
proline, while diets supplemented with dietary plant
extracts caused only a numerical reduction compared
to the control diet. In growing pigs, short-term
supplementation (8 days) with acorn (hydrolysable
tannins) increased the secretion of proline-rich
proteins in stomach digesta. These proline losses
could have originated from saliva or gastric mucins,
both characterised by proline content. It is therefore
possible that proline-rich proteins may act as an
endogenous buffer against tannins in pigs, because
among other properties, proteins with a high proline
content have a higher affinity for tannins (Cappai
et al.,, 2013). In contrast, no differences in ADFI
were observed between the treatment groups in the
present study. This suggests that tannins did not elicit
a bitter taste response or increased salivary secretion,
possibly due to masking effects of the plant material or
extract supplements. It is plausible that tannin-proline
complexes were more stable in the diets containing
plant material than in those with extracts. Under this
assumption, the release of tannins from L. salicaria
and B. officinalis plant material in the stomach may
have interfered with digestibility, but not with feed
intake. However, this remains speculative, as proline
concentrations in stomach digesta and saliva were not
determined. Nevertheless, the lower AID of proline
observed in this study is consistent with previous
reports showing that tannins affect endogenous amino
acid secretion.

In a metabolic trial, piglets fed 4% quebracho
extract showed a 300% increase in ileal endogenous
nitrogen, accompanied by changes in amino acid

composition, including elevated proline, arginine, and
glycine levels. Proline, for example, increased from
68 to 115 g/160 g N compared to the control group.
Apparent nitrogen digestibility was also reduced
in the quebracho-supplemented group (Steendam
et al., 2004). Similarly, reduced proline AID was
observed in growing pigs (60 kg) fed diets containing
increasing levels of condensed tannins from different
sorghum varieties. In another study conducted by
the same research group in growing pigs (53 kg),
sorghum varieties with the highest tannin content
caused negative or very low proline AID. In addition,
these high-tannin varieties were associated with
lower arginine and glycine AID compared with low-
tannin varieties (Mariscal-Landin et al., 2004).

This effect was not observed in the current
study, which may be related to the lower tannin
levels of additionally 2 g tannins/kg. In comparison,
hightannin sorghum varieties contain substantially
higher tannin concentrations (47.2-57.1 g/kg)
(Mariscal-Landin et al., 2004). On the other hand,
another study reported no effect of tannin content in
sorghum on proline AID in growing pigs. However,
higher tannin levels reduced the AID of several other
amino acids, including lysine, threonine, valine,
histidine, arginine, serine, glutamic acid and aspartic
acid (Pan et al., 2022).

Moreover, it should be noted that AID of CP
and all amino acids (except cysteine in the BOP
group) was numerically higher in the CON than in
the tannin-supplemented groups. Regarding ATTD,
significant differences between the groups were
observed for arginine, histidine, glutamic acid and
proline. The LSP group had the lowest values for
arginine and histidine ATTD digestibility. Overall,
the tannin groups (BOE, LSP, BOP) tended to show
lower ATTD of CP and most amino acids compared
with the CON group, with the exception of alanine. In
addition, both plant material groups (LSP and BOP)
showed lower ATTD values for glutamic acid and
proline.

The antinutritive effect of tannins on CP
digestibility in weaned piglets is inconsistent and
appears to depend on tannin source and dosage.
For instance, dietary supplementation with
grape seed extract reduced AID of CP at 100 and
150 mg/kg compared to the control and 50 mg/kg
group after 14 days of supplementation in the diet
of weaned piglets. In addition, the CP ATTD after
14 days was significantly lower in the 100 mg/kg
group in relation to the control and the 150 mg/kg
group had the lowest value, whereas the 50 mg/
kg group was intermediate between the control
and the 100 mg/kg group (Li et al., 2020).
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Comparable dose-dependent effects have been
reported for tannic acid derived from gallnut.
Inclusion levels up to 0.2% exerted no impact
on ATTD of CP, while 0.4% caused a significant
decrease. A linear relationship between dietary
tannic acid content and crude protein digestibility
was also observed (Song et al., 2021). In line
with these findings, supplementation with 2 g/
kg condensed tannins from black wattle resulted
in CP ATTD comparable to the control (Souza
et al., 2025). Considering individual amino acids,
inclusion of 15 g/kg grape tannins in piglet diets
resulted in a tendency towards lower AID of
arginine and histidine, as well as numerically
lower AID of glutamic acid. In contrast, AID of
isoleucine and threonine was significantly lower
in the tannin group compared to the control, while
proline AID was not reported (Myrie et al., 2008).
However, positive effects on CP digestibility have
also been described. For example, coated chestnut
tannins (with hydrogenated palm oil) increased
ATTD of CP in weaned piglets (Xu et al., 2022).
Likewise, supplementation with 150 mg/kg of
grape extract also increased CP ATTD in 23-day-
old piglets (Rajkovi¢ et al., 2021). Taken together,
these results suggest that plant material and
extracts may differ in their effects on amino acid
and CP digestibility. In the present study, the LSE
group appeared to exert a less negative influence
on both AID and ATTD of amino acids than the
other tannin-supplemented groups.

With regard to mineral digestibility, no sig-
nificant differences were observed between the
groups for AID of Ca, P, K, and Na, or for ATTD
of Ca, P, and K. In contrast, the ATTD of Na was
significant higher in the CON and BOE groups
compared to the LSP group. The absence of ef-
fects for most minerals is consistent with previ-
ous studies reporting that dietary tannin supple-
mentation, particularly at moderate levels, does
not affect mineral digestibility in weaned piglets.
For example, coated tannins (1.5 g/kg) in a diet
for weaned piglets resulted in ATTD values for
crude ash, Ca, and P comparable to the control
(Xu et al., 2022). Similarly, supplementation
with 2 g/kg condensed tannins from black wattle
did not alter mineral ATTD in 22-day-old piglets
(Souza et al., 2025). Moreover, a chestnut tan-
nin supplementation (4 g/kg tannic acid equiva-
lents) for finishing pigs (153 kg) did not had an
impact on crude ash ATTD (Galassi et al., 2019).
In contrast, some studies have actually observed
improved mineral digestibility. Supplementa-
tion with 150 mg/kg grape extract (> 40% total

polyphenols, > 30% procyanidins) led to an im-
proved ATTD of crude ash and P during the entire
trial period (day 1-53/54), and calcium on days
25-26 (Rajkovic et al., 2021). These discrepancies
may reflect differences in tannin source and inclu-
sion level, with lower doses potentially favouring
digestibility.

Conclusions

Overall, the findings suggest that Lythrum
salicaria and Bistorta officinalis are safe for use in
piglet diets at the applied inclusion levels, exerting
moderate effects on nutrient digestibility under the
study conditions. Further trials with longer feeding
periods, different dosages, or combined approaches
(e.g., encapsulation, synergistic additives) are
required to fully validate the potential of these
plants as feed components.
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Supplementary data

Table $1. pH-values in gastrointestinal tract compartments of piglets

pH? CON LSE BO LSP BOP SEM P-value
Stomach proximal 4.50 453 4.61 4.36 4.44 0.10 0.963
Stomach distal 3.13 3.20 3.20 3.68 3.15 0.17 0.836
Stomach mixed 2.39 298 2.33 3.18 243 0.19 0.504
Duodenum 6.10 6.22 6.09 6.00 6.07 0.09 0.970
Jejunum proximal 5.91° 6.70° 6.13% 6.46% 6.42% 0.09 0.034
Jejunum distal 6.47 6.70 6.53 6.65 6.70 0.05 0.575
lleum 6.60 6.87 6.54 6.69 6.76 0.06 0.536
Caecum 5.79 5.80 6.15 5.99 5.93 0.06 0.379
Colon 6.22 6.13 6.17 6.27 6.27 0.06 0.923
Faeces 6.96 6.63 6.66 6.45 6.73 0.07 0.173

CON - control group, LSE — Lythrum salicaria extract group, BOE - Bistorta officinalis extract group, LSP — Lythrum salicaria plant group,
BOP - Bistorta officinalis plant group; # missing data samples: duodenum: CON: 1, LSE: 3, BOE: 1, BOP: 3, jejunum proximal: CON: 3; LSE: 2;
BOE: 3, LSP: 1, BOP: 2; jejunum distal: LSE: 1, BOE: 2, LSP: 1, caecum: LSE: 2, faeces: CON: 1, LSE: 2; SEM - standard error of the mean;
 _ means with different superscripts in one row indicate significant differences between groups (P < 0.05)

Table S2. Analysed crude nutrient content of extracts and plant materials

Lythrum salicaria Bistorta officinalis Lythrum salicaria Bistorta officinalis
extract extract plant material plant material
Dry matter (DM), g/kg 932 930 932 923
Nutrient content, g/lkg DM
crude ash 164 58.8 59.3 39.6
crude protein n.a. n.a. 110 116
ether extract n.a. n.a. 20.8 5.83
crude fibre n.a. n.a. 286 70.0
sugar 239 535 50.4 176
glucose 73.0 99.9 n.a n.a.
fructose 207 187 n.a. n.a.
saccharose 7.22 156 n.a. n.a.
starch n.a. n.a. 69.9 127
neutral detergent fibre n.a. n.a. 498 294
acid detergent fibre n.a. n.a. 324 173
acid detergent lignin n.a. n.a. 77.3 224
total dietary fibre n.a. n.a. 570 314
insoluble dietary fibre n.a. n.a. 532 271
soluble dietary fibre n.a. n.a. 441 424
calcium 10.2 4.06 12.8 12.9
total phosphorus 7.16 6.10 244 213
potassium 48.5 14.6 114 4.27
magnesium 6.63 4.25 2.68 1.84

n.a. - not analyzed

Table S3. Galactosamine and galactosamine concentration in the ileum digesta and faeces

CON LSE BOE LSP BOP SEM P-value
lleum digesta®
galactosamine, g/lkg DM 1.66 1.55 1.56 1.41 1.87 0.11 0.801
glucosamine, glkg DM 2.09 2.21 2.22 1.95 2.25 0.13 0.963
Faeces*
galactosamine, g/lkg DM 0.82 0.70 0.81 0.65 0.82 0.03 0.283
glucosamine, glkg DM 1.68 1.41 1.60 1.67 1.92 0.06 0.117

CON - control group, LSE - Lythrum salicaria extract group, BOE - Bistorta officinalis extract group, LSP — Lythrum salicaria plant group,
BOP - Bistorta officinalis plant group; # missing data samples: duodenum: CON 2; LSE 2; BOE 2; LSP 3; BOP 3; # missing data samples:
CON: 1; LSE 1 (except glucosamine: 2); BOE 1; SEM - standard error of the mean; ®— means with different superscripts in one row indicate
significant differences between groups (P < 0.05)
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Figure $1. Example of a histological section of the duodenum after the alcian blue-PAS staining
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Figure S2. Example of a histological section of the duodenum after the staining for the eosinophilic cell counting
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