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Introduction

Humic substances (HSs) are very common organic

materials that can be found in lignite, turf, soil,

drinking water, etc. (Andersen et al., 2005). They

are produced from the organic materials of

dead plants and animal tissues by microbial activity

(Herzig et al., 2001).

It is important to know that HSs are not chemi-

cally homogenous. The two most active fractions of

HSs are humic acid (HA) and fulvic acid (FA). Humic

acid is soluble in water under alkaline conditions

and has a molecular weight of 5000–100 000 Da.

Humic acid is absorbed poorly from the intestine

(1–5%). Fulvic acid is soluble in water under all pH

conditions and because of its low molecular weight

(around 2000 Da), it is well absorbed from the intes-

tinal tract and eliminated within hours from the

body (Islam et al., 2005).

Based on the publication of Islam et al. (2005),

and the PhD thesis of Van Rensburg (2005), the

chemical properties and the biological activity of HSs

Keywords

humic substance, fulvic acid, humic acid

immune response, thyroid function, rat

Correspondence

András Valentin Vucskits, Institute for Animal

Breeding, Nutrition, and Laboratory Animal

Science, Faculty of Veterinary Science, Szent

István University, István Str. 2. H-1078

Budapest, Hungary. Tel: +36 1 413 6240;

Fax: +36 1 413 6241; E-mail: vucskits.andras@

aotk.szie.hu

Received: 24 December 2009;

accepted: 9 April 2010

Summary

Effect of humic acid (HA) and fulvic acid (FA) on production parame-

ters, immune response and thyroid function of rats were investigated

in two experiments. First experiment: control or 0.1%, 0.2%, 0.4%,

0.8% HA- or FA-supplemented diets. Second experiment: control and

0.4% HA- or FA-supplemented diets. The feeding period lasted

26 days in both trials. No significant changes were observed in

production parameters. Ovalbumine antibody titre of rats on HA- or

FA-supplemented diets showed dose-dependent (at 0.4% supplementa-

tion) and significant (p < 0.05) increase (350 and 418% respectively)

over the control (100%). Dose-related increase of plasma TSH

(r = 0.99), and decrease of the T4/T3 ratio (r = )0.97) was observed in

FA-supplemented rats. Second experiment: both FA and HA stimulated

the immune response by the 14th day (mean values: control: 685.79;

FA: 1131.37; HA: 1055.6099) and 26th day (control: 544.31; FA:

1969.83; HA: 1600.00). No significant differences were noted with lym-

phocyte stimulation test. Diameter of the ‘B’-dependent lymphoid tis-

sues in the ileum and spleen were significantly (p < 0.05) larger in

both the FA- and HA-treated animals. Humic acid and FA supplemen-

tation resulted in strong humoral immune stimulation. Our data also

indicate that FA content is responsible for the mild hypothyroid effect

of humic substances.
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can be summarized as follows. Humic substances can

react with almost all chemical compounds of a living

organism.

Inorganic cations can bind to HSs with ionic, com-

plex, chelate and polar adsorptional bonds. The main

reactive groups are the acidic carboxyl and hydroxyl

groups of HSs.

They act as electron and oxygen transfer mole-

cules in biological systems. This ability makes them

capable of acting as catalysts in the cells, similar to

FADH2 and NADH coenzymes. The above-mentioned

properties of HSs may give some explanation for

their reported growth-promoting effect.

The growth-promoting effects were mainly investi-

gated in poultry. The positive effect of Menefee�

Humate (HA 60%, FA 26%; http://www.rockymtn

bioproducts.com) on body weight gain and feed

conversion ratio (FCR) of poultry was reported by

Bailey et al. (1996), Parks (1998), Eren et al. (2000)

and Kocabagli et al. (2002). On the other hand,

Yalcin et al. (2005) could not detect any growth-

promoting effect of dietary humate in laying quails.

No growth-promoting effect was reported by Schum-

acher and Gropp (2000) in weanling pigs.

The immune modulatory effect of HSs has been

long known. Peat extracts were used in baths to

treat various conditions (Brandt, 1964; Eichelsdörfer,

1976; Klöcking, 1994). In World War I, peat extracts

were used to prevent wound infections (Haanel,

1924). It has been shown that HSs have antimicro-

bial (Cloete et al., 1990; Van Rensburg et al., 2000),

anti-inflammatory, (Van Rensburg et al., 2001)

antiviral effects (Thiel et al., 1981). Based on the

findings of Van Rensburg et al. (2002) HA possesses

both immunostimulatory and antiviral properties.

Dos Santos et al. (2007) found that HSs are not

toxic up to a concentration of 512 mg/kg in rats

via oral administration. However, previous studies

(Delange, 1988; Huang and Fung, 1991; Huang

et al., 1994; Herzig et al., 2001) reported that HSs

have a hypothyroid effect. Humic substances and the

chemical compounds arising from the degradation of

HSs (resorcinol, orcinol, floroglucinol, etc.) can play

an important role in the aetiology of endemic goiter

(Herzig et al., 2001). Humic substances can be

referred as natural goitrogens (Delange, 1988; Huang

and Fung, 1991). Huang et al. (1994) showed that

low iodine concentration containing diets together

with HSs significantly decreased the T4 and increased

the T3 concentration in the serum of rats. Herzig

et al. (2001) found that feeding 3% of HA (sodium-

humate) supplemented diet, containing sufficient

iodine (0.5 mg iodine/1 kg at 90.04% dry matter)

significantly increased the fecal iodine excretion and

resulted in significantly higher T3 concentration in

the blood serum. The explanation of these phenom-

ena given by the authors was that HSs decrease the

bioavailability, utilization and retention of dietary

iodine (Huang et al., 1994; Herzig et al., 2001).

As all the data in the scientific literature is based

on different rations of HA- and FA-containing prod-

ucts or materials, the aim of our experiments were

to determine which component/s of HSs (FA and/or

HA) is/are responsible for the reported effects on

growth promotion, immune response and thyroid

function, as well as the effective dose.

Animals, materials and methods

Experiment 1

Seventy-two weaned, Wistar CRL:(WI) BR, male,

SPF rats were used. After 4 days, adaptation animals

were randomly divided into nine dietary treatment

groups on the basis of their body weight. Diets were

composed according to the AIN-93G formula of the

American Institute of Nutrition (Reeves, 1997). The

typical analysis of the diet is shown in Table 1. One

group received the control diet, 4-4 treatment

groups received FA- or HA-supplemented (0.1%,

0.2%, 0.4% and 0.8% each) diets respectively. The

experimental diets were fed for 26 days. Animals

were housed in individual cages at 24 �C ambient

temperature. Water and diets were provided ad libi-

tum during the experiment. The body weight and

feed consumption was measured thrice a week. On

the second day of the feeding period, animals were

immunized with ovalbumin (0.2 ml ovalbumin,

0.4 ml (complete Freund’s adjuvant and 0.4 ml

phosphate-buffered solution (PBS)/100 g body

weight, ip). On the 26th day of the trial, rats were

killed (90 mg/BW CP Ketamin and 0.5 mg/BW

Medetomidin) and insanguinated.

Both FA and HA were donated by ORGANIT

H-8200 Veszprém, József Attila u. 34 Hungary and

extracted from lignite. The extraction process of HA

and FA was as follows: The original material

Dudarite (leonardite) which is mined next to Dudar

village in the Bakony hills Hungary was treated with

Table 1 Typical analysis of AIN-93G (growth purified diet)

Protein, % 18.7

Fat, % 7.0

Fiber, % 5.0

Carbohydrate, % 64.7

Metabolizable energy, kcal/g 3.97
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alkali extraction (10% Dudarite containing powder

is dissolved in 2% NaOH solution on 60 �C) for 2 h.

The next step was 3% hydrogen peroxide oxidation.

After this process, the supernatant was treated with

acid (5% HCl is put in the oxidized solution). In this

process, the HA fraction precipitates, the FA fraction

remains in the supernatant. For the purification of

FA, resin column separation was used. During this

process, FA is separated from the non-humic materi-

als (amino acids, peptides, sugars, etc.). At low pH,

the FA adsorbs on the resin, but non-humic materi-

als pass through the column. With the standardized

process mentioned above, chemically pure HA and

FA can be produced without contamination (metals,

amino acids, sugars, etc.).

Plasma samples were collected and stored at

)20 �C until the hormone tests. T4 levels were deter-

mined with the 125I-T4 coted-spec.-RIA kit of Insti-

tute of Isotopes (Budapest, Hungary) developed for

human use, which was slightly modified and

validated previously for assaying also rat plasma. The

inter- and intra-assay coefficients of variation (CV)

were determined by adding 3–5 parallels of a low

(mean: 10.542 nmol/l) and a high (mean:

85.73 nmol/l) control plasma into each run of assay.

They were 12.53–10.54 and 4.23–6.72% respectively.

The sensitivity of assay was 0.46 nmol/l. The T3 con-

centrations were assayed with the human 125I-T3 cot-

ed RIA kit of Institute of Isotopes validated for rat

plasma. The sensitivity of assay was 0.18 nmol/l. The

inter- and intra-assay CV were below 10% and 8%

as well 10% and 7% in low (mean: 0.561 nmol/l)

and high (mean: 2.619 nmol/l) samples respectively.

In all of the two assay systems, the binding pattern of

serially diluted rat samples was parallel to that of the

standard curves, and the recovery of added T4, and

T3 rat plasma varied between 96% and 105%. The

rTSH concentrations of the plasma samples were

determined with the Amersham Bioscience RPA554

kit (Uppsala, Sweden).

Antibody titre of the samples was analysed in the

Department of Microbiology and Infectious Diseases

with ELISA. Wells of slides 12 · 8) were coated with

ovalbumine (1:10 000 dilution) using carbonate buf-

fer solution (mixture of 0.05 mol Na2CO3 and

0.05 mol NaHCO3; pH 9.6). Positive and negative

serum samples were used to validate the test. ELISA

kit washer-diluter (PBS) was used for the dilution of

samples (1:800, 1:1600, 1:3200, 1:6400, 1:12 800,

1:25 600, 1:51 200, 1:102 400). The diluted samples

were administered into the wells of slides. After 90-

min-long incubation period (at 37 �C) slides were

rinsed thrice with ELISA kit washer-diluter solution,

then 200 ll of conjugate (DAKO anti-rat IgG) was

administered. Following the second incubation per-

iod, slides were rinsed thrice again. One hundred

microlitres of substrate (tetramethylene–benzidine)

was administered into the wells as a marker. The

reaction was stopped with 50 ll 4 mol H2SO4 solu-

tion. The evaluation of the results was carried out

with Multiskan MS Primary EIA V. 1.8-0 device and

software on 450 nm.

Experiment 2

Thirty 8-week-old Wistar CRL:(WI) BR, female, SPF

rats were used. After 4 days of adaptation, animals

were randomly divided into three dietary treatment

groups (10 animals in each group) on the basis of

their bodyweight. The diets were formulated as in

experiment 1. One group received the control diet,

1–1 treatment groups received FA 0.4% or HA 0.4%

supplemented diets respectively. Housing, feed and

drinking water was provided as in experiment 1,

above. On the second day of the experiment, ani-

mals were immunized with ovalbumin incorporated

into Freund’s incomplete adjuvant (animals were

injected with 150 lg ovalbumin, 150 ll incomplete

Freund’s adjuvant 150 ll PBS containing suspension

sc.). Blood samples were taken from the tail artery

on the 14th day of the experiment for further ELISA

tests. On the 26th day, animals were killed (90 mg/

BW CP Ketamin and 0.5 mg/BW Medetomidin)

and exsanguinated with the blood samples for

further ELISA test and tissues excised for histo-

metrical analysis.

Antibody titre determination of the samples was

carried out with the method described in experiment

1, except with the following serum dilutions (1:100,

1:200, 1:400, 1:800, 1:1600, 1:3200, 1:6400,

1:12 800, 1:25 600, 1:51 200, 1:102 400, 1:204 800).

Cellular immune response was examined accord-

ing to the method of Nochta et al. (2008).

The histometrical analysis was carried out at the

Central Veterinary Institute. Samples of the duode-

num, jejunum, ileum and spleen were fixated in

10% neutral buffered formaline solution, dehydra-

tion, embedding, haematoxylin–eosin staining were

performed according to the protocol described by

Sheenan and Hrapchak (1980). Histometrical analy-

sis was conducted on the lymphoid follicles (Payer’s

patches) of ileum and the spleen samples where the

size of the ‘T’-dependent peri-arteriolar lymphoid

cell zone and the ‘B’-dependent marginal cell zone is

represented as an average value of 10–10 measure-

ment of each object.
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For the statistical analysis of the experimental data

Cochran test, anova and post hoc LSD was used.

This study was approved by the Animal Use and

Care Administrative Advisory Committee of the

Hungarian Scientific Veterinary Chamber and com-

plies with European Union directives regarding the

use of experimental animals (CECAE, 1992).

Results

Growth parameters

In relation to the control values, FA or HA supple-

mentation did not influence significantly the feed

intake, weight gain and FCR (Table 2).

Immune response

In the first trial, both FA (418% antibody titre

expressed as relative % of control; p < 0.05) and HA

(350% antibody titre expressed as relative % of con-

trol; p < 0.05) treatment resulted in significant anti-

body titre increase at the inclusion level of 0.4%

(Table 3). In our second trial at 14 days, FA (165%)

and HA (154%) slightly increased the antibody titre

against ovalbumin challenge. These values further

increased to 362% in FA and 294% in HA-treated

rats by the 26th day of experiment, over the control

(mean: control: 544.31; FA: 1969.83; HA: 1600.00)

(Table 4). As for the lymphocyte stimulating test, no

significant differences were detected among the

groups. The histometrical analysis (Table 5) shows

that in the ileum, the size of the germinal center of

the lymphoid follicles, in the Payers’s patches, were

800–900 lm in the FA- and HA-treated animals, and

300–400 lm in the control rats (Image 1; p < 0.05).

The average thickness of the ‘B’-dependent marginal

lymphoid cell zone in the lymphoid aggregates of

the spleen was 151–200 lm in the FA- and HA-sup-

plemented groups, 100–150 lm in the control group

(p < 0.05) (Image 1). In the FA- and HA-supple-

mented groups, the germinal center could also be

detected within the histological examinations.

Thyroid function

Humic acid had neither significant nor dose-related

effect on TSH, T3, T4 concentrations and T4/T3 ratio

of the plasma samples (Table 6). The FA supplemen-

tation increased the plasma TSH concentration in a

dose-related manner (R = 0.99) (Table 6). No signifi-

cant relationships were detected between the dose of

FA and the T3 or T4 plasma concentrations (Table 6).

The T4/T3 ratio showed a negative correlation with

the inclusion rate of FA (R = )0.97) in the diets

(Table 6). No correlation could have been detected

between the T3 and TSH or T4 and TSH concentra-

tion of the plasma; however, a negative correlation

(R = )0.93) was found between the plasma TSH and

the T4/T3 ratio.

Discussion

In the first experiment, the question of whether FA

or HA dose dependently effects growth parameters

was tested. No significant changes were noted for

feed intake, body weight gain or FCR. These results

are in agreement with Yalcin et al. (2005) who

found that HSs did not influence the performance of

laying quails when the diet was supplemented with

0.15% of Farmagülatör� Dry Plus and also in agree-

ment with the findings of Schumacher and Gropp

(2000) who reported that HSs had no growth pro-

moting effect in weanling pigs. However, with a

higher inclusion rate of HSs –0.5% Menefee�

Humate by Bailey et al. (1996) in poultry, 1.0%

Menefee� Humate by Parks (1998) in turkey, 0.25%

Table 2 Feed intake, weight gain and feed conversion ratio (mean ±

SEM)

Feed consumption Weight gain Feed

conversion ratio

(g/g)(g/100 g BW/day)

Control 18.15 ± 0.88 6.07 ± 0.46 3.04 ± 0.11

FA 0.1% 17.32 ± 0.71 5.57 ± 0.39 3.16 ± 0.13

FA 0.2% 17.93 ± 0.54 6.01 ± 0.30 3.01 ± 0.10

FA 0.4% 16.63 ± 0.43 5.53 ± 0.28 3.04 ± 0.13

FA 0.8% 16.68 ± 0.52 5.08 ± 0.21 3.31 ± 0.11

HA 0.1% 17.37 ± 0.43 5.43 ± 0.32 3.24 ± 0.11

HA 0.2% 18.09 ± 0.66 6.14 ± 0.39 3.00 ± 0.13

HA 0.4% 18.51 ± 0.42 6.30 ± 0.28 2.96 ± 0.09

HA 0.8% 18.64 ± 0.91 6.15 ± 0.48 3.08 ± 0.10

Table 3 The antibody titres of the serum samples of experiment 1

log 2 (mean ± SEM) Relative to control (%)

Control 12.93a ± 0.53 100.0a ± 30.79

FA 0.1% 13.52 ± 0.40 127.0 ± 28.85

FA 0.2% 13.50 ± 0.66 187.0 ± 103.17

FA 0.4% 15.14b ± 0.46 418.6b ± 109.78

FA 0.8% 14.39 ± 0.41 253.9 ± 92.17

HA 0.1% 14.22 ± 0.64 270.6 ± 74.42

HA 0.2% 14.14 ± 0.50 216.2 ± 55.57

HA 0.4% 14.77b ± 0.48 350.0b ± 117.34

HA 0.8% 13.27 ± 0.71 168.1 ± 63.57

Mean values bearing different superscripts in the same column differ

significantly (p < 0.05).

Effects of fulvic acid and humic acid in rats A. V. Vucskits et al.
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Farmagülatör� Dry Plus by Eren et al. (2000) in

broilers, 0.25% Farmagülatör� Dry Plus by Kocaba-

gli et al. (2002) in broilers – significant growth pro-

moting effect was detected. Based on our findings

and the data in the literature, SPF rats fed either low

or high doses of FA or HA did not exhibit any per-

formance benefits (feed intake, body weight gain,

FCR), which means that in SPF rats reared under

optimal ambient conditions neither FA nor HA has

direct growth-promoting effect. At the same time, it

has to be kept in sight that the experimental envi-

ronment for our studies in relation to farm environ-

ments carries a greatly reduced pathogen load which

certainly may contribute to the observed differences.

Having studied the deviation in the antibody titre

against ovalbumin challenge, the conclusion was

drawn that both HA and FA, had stimulated the

immune response of rats (250% and 318%, respec-

tively, over the control value) at 0.4% of supple-

mentation. A polynomial dose-related increase of

antibody titres was detected up to 0.4% inclusion

level of HA (r = 0.86) which was surprisingly strong

in case of FA (r = 1).

Based on the findings of our first experiment, it

can be said that the significant (p < 0.05) immune

stimulating dietary level of FA and HA supplementa-

tion were 0.4%. In our second trial, we were able to

verify the immune stimulating effect of FA and HA

(Table 4).

Contrary to the results of Joone et al. (2003), we

could not detect differences among the groups with

the lymphocyte-stimulating test.

Our results indicate that FA and HA not only

increase the immune response but also elongates it

in time hence, by the 26th day of experiment, the

antibody titre of the control group decreased

()20.63) in relation to the value of the 14th day

samples, whereas both FA and HA increased

(+74.11% and +51.57% respectively) the antibody

concentration of plasma (Fig. 1). Relating to the

mechanism of effect of HSs on the immune

response, Joone et al. (2003) found that oxihumate

derived from coal increased the proliferative

response of lymphocytes, via the increased produc-

tion of IL-2 and the expression of IL-2 receptor on

lymphocytes which resulted in the enhancement of

the activity of TH1 cells.

Based on our histometrical results, we can say that

the increase in the size of the ‘B’-dependent areas of

the spleen (marginal lymphoid cell zone), the histo-

logically detectable germinal center and the twofold

increase in the diameter of the germinal center of

the lymphoid follicles in the ileum in the FA- and

HA-supplemented groups is caused by the enhanced

lymphoblast proliferation which means that both FA

and HA have a strong humoral immune stimulating

effect (see Fig. S1). Putting the results of the histo-

logical and the ELISA examinations together, we can

say that both FA and HA are strong humoral

immune stimulants and they also increase the persis-

tence of antibodies in the system.

Table 4 The antibody titres of the serum samples of experiment 2

Control Fulvate Humate Control Fulvate Humate

14 days 26 days

Geometrical mean 685.79 1131.37 1055.60 544.31 1969.83 1600.00

Relative to control 100.00 164.97 153.92 100.00 361.89 293.94

log 2 ± SEM 9.42 ± 0.49 10.14 ± 0.43 10.0 ± 0.6 9.24 ± 0.52 10.9 ± 0,76 10.64 ± 0.61

Table 5 The diameter of the ‘B’ cell dependent lymphoid tissues in

the ileum and spleen

Diameter of ‘B’ cell-dependent

lymphoid tissue

Control Fulvate Humate

lm

Ileum 100–150a 151–200b 151–200b

Spleen 300–400a 800–900b 800–900b

Mean values bearing different superscripts in the same column differ

significantly (p < 0.05).

Table 6 T3, T4, T4/T3 and TSH plasma concentrations of the experi-

mental groups (mean ± SEM)

TSH

ng/ml

T3 T4 T4/T3

nmol/l

Control 4.09 ± 1.24 2.18 ± 0.27 80.88 ± 15.56 37.06 ± 5.43

FA 0.1% 4.75 ± 1.75 2.12 ± 0.22 79.68 ± 16.36 37.53 ± 5.40

FA 0.2% 5.79 ± 2.04 2.39 ± 0.26 83.58 ± 15.26 35.06 ± 5.75

FA 0.4% 5.50 ± 1.05 2.05 ± 0.25 68.44 ± 14.60 33.62 ± 7.37

FA 0.8% 6.32 ± 2.93 2.17 ± 0.13 68.72 ± 17.49 31.65 ± 7.94

HA 0.1% 5.50 ± 2.26 2.18 ± 0.37 72.39 ± 13.41 33.40 ± 4.99

HA 0.2% 5.19 ± 1.44 2.36 ± 0.53 92.49 ± 18.44 39.75 ± 5.82

HA 0.4% 3.33 ± 0.92 2.34 ± 0.33 92.06 ± 9.36 39.75 ± 5.82

HA 0.8% 4.50 ± 2.11 2.35 ± 0.47 80.83 ± 15.46 35.76 ± 10.24
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Based on our data about the performance parame-

ters and the impact of FA and HA on the humoral

immune response, we believe that for the growth

promotion reported by Bailey et al. (1996), Parks

(1998), Eren et al. (2000), and Kocabagli et al.

(2002) mainly the enhanced ‘stand by’ status of the

humoral immune response (which is the most

important in the intestine) is responsible. Under

farm circumstances where the pathogen load is

much higher than under optimal ambient circum-

stances, the ability of an enhanced immune response

can result in significant improvement of production

parameters, because it greatly reduces the negative

effect of facultative pathogens and subclinical dis-

eases.

One of the reported adverse effects of HSs in

the diet is their hypothyreoid effect (Delange, 1988;

Huang and Fung, 1991; Huang et al., 1994). The

statistical analysis of our data showed that in case of

HA no significant effect could have been observed
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on the plasma TSH, T4 or T3 concentration; however,

the correlation between the dose of FA and the

plasma TSH level (Fig. 2) was significant (p < 0.05;

R = 0.99).

No correlation was found between the dose of FA

and the T3 or T4 concentration of the blood plasma;

however, the T4/T3 ratio showed significant

(p < 0.05) negative correlation (R = )0.97) with the

dietary FA level (Fig. 2). Therefore, it is not surprising

that a negative correlation was found between the

plasma TSH and the T4/T3 ratio (R = )0.93) (Fig. 3).

Our data allow us to give further consideration of

the finding of Herzig et al. (2001). They showed that

the feeding of sodium-humate (the HA content of

sodium humate/HuNa/was 61.9%, the FA content is

not reported) supplemented diet significantly

increased the concentration of iodine in the feces

and also, but not significantly the urinary iodine loss

in swine. In our experiment, only FA not HA

increased the plasma TSH level and decreased the T4/

T3 ratio on a dose-related basis. Our results suggest

that for the deeper understanding of the hypothyre-

oid effect of HSs, it is worth to investigate the effect

of their components (HA and FA) separately. We

may hypothesize that certain fraction of iodine in

the blood is present in iodine–FA chelate form and

this chelate cannot be utilized well by the thyroid

cells. On the basis of our results, FA might act as a

goitrogen compound; however, this effect is mild

and it increases with the dietary FA concentration.

In conclusion, we may say that the effects of FA

and HA on the investigated parameters were not

totally identical. The difference of the effects can be

one of the reasons responsible for the sometimes

contradictory results of the previous studies. Hence,

the balance of HA and FA might not have been simi-

lar in HSs (derived from different sources, e.g. turf,

lignite) used in the previous experiments. Further

studies are necessary to shed light on the exact

mechanism/s of the effects of HSs (FA and HA).

We also suggest that in the evaluation of the pos-

sible positive influence of HSs and their components

(FA and HA) on the animal performance (feed

intake, body weight gain, FCR) and immune

response, their side effects (e.g. the mild dose-related

hypothyreoid effect of FA) also have to be taken into

consideration.
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Fig. S1 Detail of the ileum, control group. Solitary

lymphatic nodule is normal. H–E., bar: 75 lm (upper

left). Detail of the ileum of the experimental (FA)

group. The germinal centre containing lymphoblasts

in the lymphatic nodules has widened. H–E., bar:

100 lm (upper right). Detail of the spleen of control

rats. The periarteloar lymphoid sheet and the mar-

ginal lymphoid zone (containing lymphoblasts) are

narrow. H–E., bar: 50 lm (bottom left). Detail of the

spleen of rats in the experimental (HA) group. The

periarteloar lymphoid sheet and the marginal lym-

phoid zone (containing lymphoblasts) have widened

compared with control H–E., bar: 75 lm (bottom

right).
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