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Oral exposure of pigs to the mycotoxin
deoxynivalenol does not modulate the
hepatic albumin synthesis during a
LPS-induced acute-phase reaction
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Abstract

The sensitivity of pigs to deoxynivalenol (DON) might be influenced by systemic inflammation (SI) which impacts liver.

Besides following acute-phase proteins, our aim was to investigate both the hepatic fractional albumin (ALB) synthesis

rate (FSR) and the ALB concentration as indicators of ALB metabolism in presence and absence of SI induced by LPS via

pre- or post-hepatic venous route. Each infusion group was pre-conditioned either with a control diet (CON, 0.12 mg

DON/kg diet) or with a DON-contaminated diet (DON, 4.59 mg DON/kg diet) for 4 wk. A depression of ALB FSR was

observed 195 min after LPS challenge, independent of feeding group or LPS application route, which was not paralleled

by a down-regulated ALB mRNA expression but by a reduced availability of free cysteine. The drop in ALB FSR only

partly explained the plasma ALB concentrations which were more depressed in the DON-pre-exposed groups, suggest-

ing that ALB levels are influenced by further mechanisms. The abundances of haptoglobin, C-reactive protein, serum

amyloid A, pig major acute-phase protein, fibrinogen and LPS-binding protein mRNA were up-regulated upon LPS

stimulation but not accompanied by increases in the plasma concentrations of these proteins, pointing at an imbalance

between synthesis and consumption.
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Introduction

LPS are constituents of cell envelopes of most Gram-

negative bacteria1–3 and belong to PAMP molecules.4

As such, they are recognized by highly conserved sur-

face receptors, most importantly by TLR4 and CD14,

and particularly when LPS is bound to LPS-binding

proteins (LBP).5,6 TLR4/CD14 and co-receptor mole-

cules are present on various cell types, notably on

monocytes and macrophages, but also on hepatocytes.7

Following binding, a signal transduction cascade is ini-

tiated, finally resulting in the expression of a number of

inflammatory cytokines, such as TNF-a, driving the
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acute-phase response (APR).2,8–11 Ultimately, this
results in a modulation of tissue protein turnover, par-
ticularly in the liver and skeletal muscle.12 Among
others, the APR includes an up-regulation of those
hepatic export proteins necessary for the innate
immune response and that are termed positive acute-
phase proteins (APP), for example serum amyloid A
(SAA), pig major acute-phase protein (MAP), C-reac-
tive protein (CRP), haptoglobin (HP) and others. In
addition, other export proteins, i.e. the negative APP
(e.g. albumin (ALB) and others) are down-regulat-
ed11,13,14 in order to support the synthesis of positive
APP by providing free Aa. In skeletal muscle, pro-
inflammatory cytokines stimulate protein degradation
which additionally provides Aa for the hepatic synthe-
sis of positive APP.15

Xenobiotics differ markedly in their biological
effects and are always present in feed and food at vary-
ing levels. Deoxynivalenol (DON) is a mycotoxin
formed by several species of the genus Fusarium pri-
marily prior to harvesting the crops.16–18 If critical
levels of DON in the diets for farm animals are
exceeded, adverse effects cannot be excluded.19 In par-
ticular pigs have a quite sensitive response, with a
reduction in feed intake. Furthermore, DON is fre-
quently discussed regarding inhibition of protein syn-
thesis at the molecular level,16–18 although
experimental findings with pigs are inconsistent.20–23

This inconsistency might be because sensitivity to xeno-
biotics such as DON might be modulated by inflamma-
tion.24–26 If inflammation is initiated by LPS, the route
of entry into the organism might further modulate the
sensitivity to DON because the liver plays a crucial role
both in clearance of LPS and in triggering the APR as
an immanent part of a systemic inflammation (SI).
Although ALB appears to be a rather weak negative
APP in pigs,13 its role in the APR should not be
neglected as it accounts for the vast majority of hepatic
exported proteins detectable in systemic blood. The
contribution of porcine ALB synthesis to total hepatic
protein synthesis was estimated to vary between 11 and
22%.21 Therefore, even small changes in ALB turn-
over, triggered by the putative interaction between
DON and LPS in the liver, might have consequences
for the APR status. Furthermore, in routine diagnos-
tics usually only the changes in ALB concentration are
used for evaluation of ALB turnover and extent of
APR. However, the ALB concentration in the systemic
circulation is the net result of hepatic synthesis, trans-
capillary ALB transfer and ALB degradation.27,28

Therefore, a given blood ALB concentration is not
indicative of ALB turnover. As these processes might
have different implications for metabolism under the
conditions of an APR and possibly for the resolution
of the inflammation, the quantification of individual

processes of ALB metabolism could be helpful for
interpreting the observed outcomes.

Therefore, the aim of the present study was to exam-
ine both the fractional ALB synthesis rate and the ALB
concentration as indicators of ALB metabolism in the
presence and absence of SI. The latter was induced by
infusion of LPS either via the pre-hepatic or post-
hepatic route to elucidate the specific role of the liver
in mediating a generalized SI. Moreover, to investigate
the interactions between DON and LPS in more detail,
each infusion group was conditioned either with a
control diet containing a low background DON contam-
ination (CON, 0.12 mg DON/kg diet) or with a DON-
contaminated diet (DON, 4.59 mg DON/kg diet). To
further characterize liver metabolism and APR under
the described experimental conditions, indicators of
liver protein turnover as well as hepatic mRNA- and
protein abundances of further APP were determined.

Material and methods

Experimental design and procedures

The current investigations were part of a comprehen-
sive experiment for studying the effects of DON in
LPS-challenged pigs. Details of the experiment, includ-
ing diet composition, housing conditions and surgical
procedures were reported earlier.29,30

Experiments and procedures were in accordance
with the European Community regulations concerning
the protection of experimental animals and the guide-
lines of the German Animal Welfare Act, and were
approved by the ethical committee advising the
Lower Saxony State Office for Consumer Protection
and Food Safety (file number 33.4-42502-04-13/1274).

Briefly, a total of 41 barrows (German Landrace)
with an initial mean body mass (BM) of 25.8� 3.7 kg
were fed either a control diet (CON, 0.12 mg DON/kg
diet) or a diet mainly contaminated with DON (DON,
4.59 mg DON/kg diet)for 4 wk starting at d 0.

At d 27 of the experiment, all animals were surgical-
ly equipped with indwelling systemic (jugular¼post-
hepatic) and portal (pre-hepatic) venous catheters. At
d 29, pigs of the two feeding groups were randomly
assigned to three infusion groups each with LPS (7.5
mg/kg BM dissolved in 0.9% NaCl, Escherichia coli
O111:B4, product number L2630, Sigma-Aldrich,
Taufenkirchen, Germany) either in jugular or portal
vein (LPSju or LPSpo, respectively) or with physiolog-
ical saline (0.9% NaCl) solution (CONju and CONpo,
respectively). The resulting six treatments were abbre-
viated as shown in Figure 1.

Pigs were fed with 700 g feed per animal according
to their feeding group at 15 min prior to start of the
infusions. At -30 and 180 min relative to the start of the

D€anicke 717



infusion blood samples for the analyses of APP were
collected from the external jugular vein.

For quantifying the newly synthesized ALB and
total liver protein, the flooding dose technique was
applied as originally described for humans and exper-
imental rodents31,32 and later adjusted for pigs.33

All pigs were injected with 5 ml/kg BM of a deuter-
ated phenylalanine (Phe) solution (150 mMol/l, 29
molar percent excess (MPE) of l-[2H5] Phe; 125 mg
total Phe/kg BM) prepared from l-Phe and l-[2H5]-
Phe (Cambridge Isotope Laboratories Inc, Andover,
MA, USA, 98% isotopic enrichment) at 105 min rela-
tive to the start of LPS/saline infusion into the internal
jugular vein. Blood samples were collected at 30, 45, 60
and 90 min relative to Phe injection from the external
jugular vein using Li-Heparin MonovetteVR (Sarstedt
AG & Co., Germany). Blood samples were centrifuged
(1915 g for 15 min at 15�C) for separating plasma and
stored at –80�C until further sample preparation and
analyses.

Non-perfused liver tissue samples (Lobus hepatis
dexter medialis) were obtained after slaughtering the
pigs by electrical stunning and exsanguination at 195
min, immediately snap frozen in liquid nitrogen and
subsequently stored for further processing at –80�C.

Synthesis of albumin and hepatic proteins

Determination of protein synthesis rates of ALB and
total liver protein required the separation of free Phe
from protein-bound Phe and involved an initial precip-
itation of plasma and tissue proteins using trichloro-
acetic acid and perchloric acid, respectively, as
described in detail elsewhere.21,23 Supernatants were
used for further purification and analysis of tissue
free Aa (see section Hepatic free and protein-bound
amino acid composition), plasma and tissue free [2H5]-
Phe, representing the protein synthesis precursor pools,
while protein-containing pellets were further processed
as described in detail earlier for determination of the
protein-bound Aa (see section Hepatic free and protein-
bound amino acid composition) and [2H5]-Phe.

22,23 In
the case of liver samples, this procedure involved the
sequential isolation of fractions for determination of
total protein, RNA and DNA. These fractions were
quantified using photometric methods as described in
detail elsewhere.20

Acute-phase proteins

Haptoglobin was measured by ELISA as described ear-
lier.34 For Pig-MAP (pig major acute-phase protein,
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Figure 1. Experimental design: Pigs were fed either a control diet (CON) or a diet contaminated with mainly deoxynivalenol (DON)
for 4 wk. At d 29 of experiment pigs of the two feeding groups were randomly assigned to three treatment groups each and were
infused for 60 min with either a LPS solution, in jugular or portal vessels (LPSju or LPSpo, respectively), or with a saline solution
(CONju and CONpo, respectively). Downstream arrows indicate time points of blood (APP, acute-phase proteins; ALB-[2H5]-Phe,
samples for determination of Phe enrichment) and tissue sampling, while upstream arrow relates to the isotope tracer infusion – for
further details see text.
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also known as ITIH4), a commercially available
ELISA (ACUVET Biotech, Zaragoza, Spain) that
was standardized to the European reference serum for
APP (EU Concerted action QLK5-CT-1999-0153) was
used. Serum amyloid A (SAA) was also measured by
ELISA (PhaseTM, SAA Assay Multispecies Cat. No.
TP-802, Tridelta, Kildare, Ireland) using the control
material provided by this company (Cat. No. TP802-
Con). For CRP, the Turbovet CRP pig assay, a particle
enhanced turbidimetric immunoassay was used
(ACUVET Biotech).

Expression of acute-phase protein genes

Frozen liver tissue was homogenized in liquid nitrogen
using a 6770 Freezer/MillVR (SPEX SamplePrep LLC,
New Jersey, USA) and from the resulting powder total
RNA was isolated applying the NucleoSpinVR RNA kit
(Macherey-Nagel GmbH & Co. KG, Düren, Germany)
according to the manufacturer’s protocol.
Concentration and quality of the purified RNA were
determined with a NanoDropVR ND-1000 (NanoDrop
Technologies Inc., Wilmington, DE, USA) and RNA
integrity was verified using agarose gel electrophoresis
including 0.06% sodium hypochlorite (adapted
from35). One microgram of RNA was transcribed

into cDNA with the qScriptTM cDNA Synthesis Kit

(Quanta BiosciencesTM, Inc., Gaithersburg, MD,

USA) according to the manufacturer’s protocol.

Gene-specific primer pairs (Table 1) were generated

using Primer-BLAST36 and obtained from Eurofins

Genomics GmbH (Ebersberg, Germany). The genera-

tion of a single PCR product was evaluated by melting

curve analysis, the product length was verified on 2%

agarose gel electrophoresis and the PCR products were

confirmed by sequencing. Primer efficiencies were cal-

culated using a five-point dilution series of a cDNA

sample mixture of the experiment. qPCR runs were

conducted in duplicate 15 ml reactions on a CFX96TM

Real-Time PCR System (Bio-Rad Laboratories,

Hercules, CA, USA) using iTaqTM Universal SYBRVR

Green Supermix (Bio-Rad Laboratories, Hercules, CA,

USA). The primers were added in the concentrations

listed in Table 1 and the cDNA equivalent of 22.5 ng

RNA was included. After an initial denaturation step

of 30 s at 95�C, 40 cycles of 5 s denaturation at 95�C
and 30 s of annealing and elongation at 60�C followed.

The presence of a single PCR product was confirmed in

each well with a melting curve from 60�C to 95�C in

0.5�C increments for 5 s each and every run was con-

trolled by a no-template control in triplicate.

Table 1. Characteristics of gene-specific primers used for qRTPCR.

Gene

NCBI GenBank

accession no.

Sequences (forward/reverse)

(50–30)
Amplicon

size (bp)

Concentration

for/rev (nM)

Efficiency

(%)

Reference genes

GAPDH§ DQ845173.1 F- ACACTCACTCTTCTACCTTTG

R- CAAATTCATTGTCGTACCAG

90 500/500 103.0

HPRT1 NM_001032376.2 F- GCAGCCCCAGCGTCGTGATTA

R- TCGAGCAAGCCGTTCAGTCCT

143 500/500 100.5

TBP§ DQ845178.1 F- AACAGTTCAGTAGTTATGAGCCAGA

R- AGATGTTCTCAAACGCTTCG

153 500/500 99.0

Target genes

ALB NM_001005208.1 F- ATGCTATGCCACAGTGTTTGA

R- TTGCGACCTCCACAAGAGTT

179 333/333 96.1

CRP NM_213844.2 F- CCTAGATGACTGCCTGTGTTT

R- ACAATAAATGGGGTGGATGTGC

81 333/333 101.7

FGG NM_001244524.1 F- ACGACACAACTGGGAAAGATTG

R- TGAAATCCTCACTGCCGTCC

177 250/250 97.7

HP NM_214000.2 F- TGGTTCGCTATCACTGCCAA

R- CCGCACACTGCTTCACATTC

133 333/333 95.9

ITIH4

(MAP)

NM_001001537.1 F- CGGCCCACAAGAATGACATC

R- CTGGGTAGGTCACACCATCG

198 100/250 95.8

LBP NM_001128435.1 F- GGCTTCCTTGCTCCTGTCAT

R- GTTGGTGGTCAGTCGGATGT

177 333/333 101.2

SAA3 NM_001044552.1 F- TCCTCAAGGAAGCTGGTCAAG

R- CTGGCATCGCTGATCACTTTAG

169 250/250 95.1

GAPDH: glyceraldehyde-3-phosphate dehydrogenase; HPRT1: hypoxanthine phosphoribosyltransferase 1; TBP: TATA box binding protein; ALB:

albumin; CRP: C-reactive protein, pentraxin-related; FGG: fibrinogen gamma chain; HP: haptoglobin; ITIH4: inter-alpha-trypsin inhibitor heavy chain

4¼major acute-phase protein (MAP); LBP: LPS-binding protein; SAA3: serum amyloid A-3 protein. §Primers for GAPDH and TBP are from,80 all

others from this study.
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Cq-Values of target and reference genes were obtained

using CFX ManagerTM Software 3.1 (Bio-Rad

Laboratories, Hercules, CA, USA) and the evaluation

was done with qbaseþ (Version 3.1, Biogazelle,

Zwijnaarde, Belgium). The optimal reference genes

GAPDH, HPRT and TBP were identified with a

geNorm analysis out of nine reference targets37 and

exhibited a mean reference target stability M value of

0.36. The normalized, relative expression levels were

calculated using the geometric mean of the above-

mentioned reference genes as normalization factor,

relating the data to the geometric mean of all

CON_CONjug_CONpo animals (DDCq), and taking

in consideration the primer pair-specific amplification

efficiencies.38

Hepatic free and protein-bound amino acid

composition

The combined supernatants of protein precipitation

were neutralized with 2 M K2CO3 in the ratio 14:1

and diluted by factor 2 with ultrapure water.
About 5 mg of dried protein pellet was hydrolyzed

with 2 ml 6 N HCl with ascorbic acid as antioxidant

under N2 atmosphere at 110�C for 20 h. After evapo-

ration to dryness under nitrogen stream at 60�C,
hydrolyzed samples were re-dissolved in 0.1 N HCl

and diluted by factor 50 with ultrapure water.
Aa concentrations were determined by HPLC using

pre-column derivatization and fluorescence detection

(1200 series, Agilent Technologies, Waldbronn,

Germany). Briefly, Aa were derivatized with ortho-

phthaldialdehyde/3-mercaptopropionic acid (OPA)

and 9-fluorenylmethoxycarbonyl chloride (FMOC).

The separation was carried out on a Hyperclone 5

mm reversed-phase C18 column (250� 4 mm i.d.) pro-

tected by a 4� 3 mm pre-column (both Phenomenex,

Aschaffenburg, Germany) at 40�C. Fluorescence of Aa

derivatives was monitored at excitation and emission

wavelengths of 340 and 450 nm (OPA) or 266 nm and

305 nm (FMOC), respectively. Aa standard solution

from Sigma-Aldrich (A9906, Munich, Germany) was

used, and additional standards for Asn, Gln, Trp,

Met sulfoxide and Met sulfone were prepared.

Because of acid hydrolysis, Asn and Gln were con-

verted to Asp and Glu and analysed as such. Cys and

Trp could be not analysed. Met was calculated as the

sum of Met, Met sulfoxide and Met sulfone.

Calculations and statistics

The fractional protein synthesis rate (FSR) of total

liver proteins, expressed as percent per d, was

calculated as follows:32

FSR ¼ MPEb

MPEf
� 1
t
� 100 (1)

where MPEb and MPEf represents the molar percent
excess of [2H5]-Phe in protein and in free precursor
pool, and t is time, expressed in ds. For the precursor
pool either the enrichment of the plasma free or tissue
free Phe was used for calculations to determine a min-
imum and maximum FSR (FSRminimum and
FSRmaximum), respectively, to account for the uncer-
tainty of the real protein synthesis precursor pool.

Absolute total liver protein synthesis rate (ASR) was
calculated by multiplying the absolute organ protein
mass (organ mass multiplied by protein content) with
the respective FSRmaximum divided by 100.

The analytically determined hepatic concentrations
of protein, RNA, DNA were used to derive further
parameters of protein metabolism such as RNA to pro-
tein ratio as indicator for protein synthesis capacity,
protein to DNA ratio for cell size, ASR to RNA
ratio, and ASR to DNA ratio for translational efficien-
cy and DNA activity, respectively.

FSR of ALB was calculated according to Ballmer
et al.39 as the ratio between the time-related linear
increase in MPE of ALB and the corresponding area
under the MPE–time curve of the precursor pool
(plasma free l-Phe) multiplied by 100. The ASR of
ALB was estimated by multiplying the FSR of ALB
with the intravascular ALB mass. The latter was deter-
mined by multiplying the measured plasma ALB con-
centration with the estimated plasma volume (Plasma
volume¼ 1.06þ 0.037 � BM (kg)).40 Regressions of
l-[2H5]-Phe MPE in ALB on time were extrapolated
to a zero-MPE to enable estimation of the time of
first appearance of the label in the systemic circulation,
which is equivalent to the hepatic ALB secretion time.

Data were evaluated by ANOVA with treatment
group as fixed factor. Significant treatment effects
(p< 0.05) were further assessed by the least significant
difference test. The differences in APP concentrations
between the time span from �30 min to 180 min relative
to starting the infusions were not normally distributed
and evaluated by the non-parametric Mann–Whitney
U-test. Data were further analysed using correlation
and regression analysis. All statistics were performed
using the software package STATISTICA 13.0.41

Results

Acute-phase proteins

The concentrations of CRP, MAP, SAA, HP and ALB
were not different (P> 0.05) between the feeding
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groups 30 min prior to start of infusions and amounted

to 0.07 (0.03–0.18), 2.63 (1.16–3.97), 0.09 (0.01–0.24),

1.68 (0.83–2.79), and 33.9 (27.4–40.6) mg/ml on aver-

age (min–max), respectively. The corresponding APP

concentrations 3 h after start of infusion were also

not affected by treatments with exception of ALB con-

centrations. The mean CRP, MAP, SAA and HP levels

were found to be 0.08 (0.03–0.18), 3.08 (1.56–5.39),

0.12 (0.01–0.37) and 1.98 (1.09–3.02) mg/ml, respective-

ly. ALB concentrations were decreased in DON-fed

groups infused with LPS irrespective of infusion site

(Figure 2a) compared with the CON group infused

with physiological saline while insignificant intermedi-

ate ALB concentrations were found for the other

treatments.
The relative changes in APP concentrations at 3 h,

expressed as percentage of the initial levels at �30 min,

were influenced by treatments for all measured APP,

except for CRP (Figure 3). MAP levels decreased more

pronouncedly after LPS infusion in DON-fed groups

compared with both saline groups. Moreover, LPS

infusion via the jugular vein resulted in a significantly

steeper decrease when compared with portal vein LPS

exposure. Such LPS effects on time-related MAP

change were not observed in CON-fed groups.

Similar to MAP alterations, the SAA concentrations

decreased more pronouncedly in LPS-treated pigs fed

DON-contaminated feed, although LPS infusion site

did not induce an additional difference. A significant

decrease in HP concentration was noticed in CON-fed

groups exposed to LPS independently of infusion site

when compared with the unexposed CON group. In

DON-fed groups the LPS infusion via the jugular

vein caused a significantly steeper decrease in HP con-

centration compared with the placebo DON-fed group,

while portal LPS exposure caused a decrease in HP

content comparable to both CON and DON-fed

groups not exposed to LPS. Both DON-fed groups

responded to LPS infusions with a decrease of ALB

concentrations by approximately 20% compared with

CON group not challenged with LPS. A similar

decrease was noticed for the CON-fed group exposed

to LPS via the jugular vein when compared with the

non-LPS-infused CON and DON-fed groups.

ALB synthesis and liver protein metabolism

The MPE of free l-[2H5]-Phe in blood was used as indi-

cator for the precursor pool for ALB synthesis and

decreased linearly over time (average r2¼ 0.92; 0.69–

1.0) while MPE of l-[2H5]-Phe bound in ALB increased

linearly (average r2¼ 0.99; 0.94–1.0). The correspond-

ing slopes of the linear regressions depended mainly on

LPS treatment and suggested a less pronounced MPE

decrease in the precursor pool and a lower increase in
ALB for groups treated with LPS (Figure 4).

Feeding of DON-contaminated diets did not
adversely affect ALB synthesis when infused with
saline (Figure 2b), whereas LPS treatment induced a
significant reduction in ALB synthesis rate irrespective
of feeding regimen or LPS infusion site. Compared
with placebo-infused CON- and DON-fed groups, the
mean absolute decrease amounted to 16% units, which
is equivalent to a relative reduction by 40%. The
animal-individual ALB secretion time varied between
approximately 11 and 28 min and was not influenced
by treatments (Table 2, Figure 2c). ALB secretion time
increased linearly with ALB FSR (Figure 2c). The
slope of this regression suggested a mean increase in
secretion time by 0.2 min for each increase in ALB
synthesis rate by 1%.

The ASR of ALB, expressed in mg/kg BM and d,
revealed similar significance relationships as described
for fractional ALB synthesis rate. Thus, the LPS-
infused groups synthesized on average approximately
388 mg ALB less than the groups not exposed to LPS
(–45%; Table 2).

The FSR of total liver proteins was influenced by
treatments in a similar fashion as described for ALB
synthesis (Figure 2d). Thus, a mean relative decrease in
FSR of 39% was noticed for LPS-infused groups com-
pared with the placebo-infused groups irrespective of
whether intracellular or plasma free Aa were consid-
ered as precursor pools (FSRminimum and FSRmaximum,
respectively). In general, FSRminimum was systematical-
ly lower compared with FSRmaximum whereby absolute
differences amounted to 6% and 3% for non-
challenged and LPS-infused groups, respectively (data
not shown).

As FSR of total liver proteins followed similar sig-
nificance patterns as described for ALB FSR, the pro-
portion of the ALB ASR of total liver ASR was
influenced by treatments in a similar manner. Here,
the mean proportion of ALB ASR was 13% (30% rel-
ative change) higher in saline-exposed groups com-
pared with all four LPS-infused groups (Table 2). A
general view of this parameter revealed a variation of
the proportion of the ALB ASR of hepatic ASR
between approximately 28 and 43%. The slope of the
corresponding linear regression supports this magni-
tude and suggested a mean proportion of approximate-
ly 40% (Figure 2e).

Hepatic concentrations of total protein, DNA and
RNA were not significantly influenced by treatments
(Table 2). Also, protein synthesis capacity, expressed
as the ratio between total RNA and protein, protein
to DNA ratio as indicator for cell size and RNA to
DNA ratio were not affected by treatments. ASR of
total liver proteins reached approximately 2 g/kg BM/d
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Figure 2. Plasma ALB content [A], fractional synthesis rate (FSR) of ALB [B], linear regression of ALB secretion time vs. ALB FSR
[C], minimum (black bars) and maximum (white bars) liver protein FSR [D], linear regression of absolute synthesis rate (ASR) of ALB
vs. liver protein ASR [E], and linear regression of hepatic protein FSR vs. liver histology index (data from Renner et al.42) [F] of pigs fed
either a control diet (CON) or a diet contaminated mainly with deoxynivalenol (DON) and following either jugular or portal LPS
stimulation (LPSju or LPSpo, respectively; CONju and CONpo indicate placebo NaCl infusion). Columns indicate least square means
(LSMEANS) and whiskers standard error of means. ab, LSMEANS with no common superscripts are significantly different (p< 0.05).
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in both groups not challenged with LPS, while lower

rates (p< 0.05) were noticed in groups infused with

LPS via the jugular vein independently of diet type.

LPS application via the portal vein resulted in a less

pronounced depression in ASR (Table 2). A trend for a

decreased translational efficiency, i.e. the ASR to RNA

ratio, was noticed for the LPS-infused groups. In con-

trast, the DNA activity, i.e. the ratio between ASR and

DNA, revealed a clear picture as all LPS-infused

groups synthesized significantly less total hepatic pro-

tein when compared with the unchallenged groups

(–38% on average).
Renner et al.42 could already demonstrate a signifi-

cant increase in histopathological alterations in the

same pigs as used in the present investigations. The

severity of these lesions was evaluated together with

the FSR of total hepatic proteins through linear regres-

sion. Each increase in severity of histopathological

lesions by one score-point was associated to a mean

decrease of FSR of total hepatic proteins by 2.5% as

suggested by the corresponding linear regression

(Figure 2f).

Hepatic free and protein-bound amino acid

composition

The concentrations of cysteine and alpha-aminoadipic

acid were lower in LPS-infused groups in the superna-

tants containing the free Aa with a similar trend for

Asn (Figure 5). The remaining Aa and metabolites

were not influenced by treatments (Supplemental

Table 1). The concentration of cysteine in the hepatic

free Aa precursor pool was linearly related to the FSR

of ALB and hepatic total protein (Figure 6).
The concentrations of His, Asp, Ala, Val and Leu in

the protein hydrolysate tended to be increased in LPS-

exposed pigs compared with the non-exposed groups

(P< 0.1, Figure 7). The concentrations of the other

proteinogenic Aa remained unaffected by any of the

treatments (Supplemental Table 2).

Hepatic gene expression of APP

The mRNA abundance of the negative APP ALB was

not influenced by any of the treatments (Table 3). In

contrast, the mRNA expression of all measured posi-

tive APP was stimulated by LPS application indepen-

dent of the infusion site, albeit the order of magnitude

differed substantially (Table 3). The SAA3 mRNA

abundance was much more induced compared with

fibrinogen (Fib), HP, MAP, CRP, and LBP mRNA.

Interestingly, the mRNA abundance of only SAA3 was

significantly decreased in DON-fed pigs not challenged

with LPS compared with their CON-fed counterparts

(Table 3), while such effects were not observed for the

other APP.

Discussion

The liver plays a central role in metabolism and sup-

ports extra-hepatic tissues by providing nutrients and

energy for metabolic purposes.43 On the other hand, it

Table 2. Absolute ALB and total liver protein synthesis rates (ASR) and further liver protein metabolism traits (Least square means,
LSmeans).

Group

P

Values PSEM

CON_CONju/

CONpo

CON_CONju/

LPSpo

CON_LPSju/

CONpo

DON_CONju/

CONpo

DON_CONju/

LPSpo

DON_LPSju/

CONpo

n 8 7 7 7 6 6

ALB

ASR (mg/kg BM/d) 878.5b 467.9a 482.8a 838.7b 497.7a 433.0a < 0.001 39.3

ASR (% of total liver ASR) 43.0b 28.1a 33.0a 42.6b 30.9a 27.6a 0.008 1.7

Secretion time (min) 22.2 19.1 20.6 22.5 19.9 20.4 0.472 0.6

Liver

Protein (mg/mg) 167.6 189.3 181.0 171.5 186.7 187.3 0.141 3.0

RNA (mg/mg) 5.6 5.5 5.2 6.3 6.1 6.6 0.540 0.2

DNA (mg/mg) 2.0 1.9 2.0 1.9 2.2 2.1 0.461 0.0

RNA:protein (mg/g) 34.3 29.2 29.2 38.0 33.3 35.4 0.556 1.6

RNA:DNA (mg/mg) 2.8 3.0 2.7 3.3 2.8 3.1 0.692 0.1

Protein:DNA (mg/mg) 85.5 101.6 91.7 89.6 87.4 89.9 0.398 2.3

ASR (g/kg BM/d) 2.0c 1.7ab 1.5a 2.0bc 1.6ab 1.6a 0.026 0.1

ASR (mg/mg RNA) 18.6 12.5 12.9 16.1 11.2 9.8 0.056 0.9

ASR (mg/mg DNA) 49.0b 33.7a 31.4a 49.3b 29.6a 28.1a < 0.001 1.9

CON_CONju/CONpo, uncontaminated control diet (CON), placebo NaCl infusion (CONju/CONpo), CON_CONju/LPSpo, CON, LPS infusion via

portal vein (LPSpo), CON_LPSju/CONpo, CON, LPS infusion via jugular vein (LPSju), DON_CONju/CONpo, deoxynivalenol contaminated diet

(DON), CONju/CONpo, DON_CONju/LPSpo, DON, LPSpo, DON_LPSju/CONpo, DON, LPSju. a–cLSmeans with no common superscripts are

significantly different (P< 0.05). PSEM, combined standard error of LSmeans.
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is also an important secondary immunological organ
and forms a second line of defence against Ags, xeno-
biotics like DON, and other substances which over-
come the gastro-enteral mucosal barrier at the first
pass. Second-pass delivery of these substances to the
liver might result from peripheral sources. The defence
mechanisms of the liver are directed to cope with those
substances in a way that mediates either tolerance or
that initiates a distinct immune response8 depending on
the type of substance, dosage, exposure duration and

possibly the entry route to the liver. Thus, we hypoth-
esized that a dietary pre-exposure to DON would
modify the pre- or post-hepatic LPS-induced APR dif-
ferently, with consequences for the ALB synthesis.

Significantly decreased FSR of ALB compared with
the physiological saline treated control group was
noticed under the conditions of an APR induced via
a post-hepatic LPS challenge.22 A parallel chronic oral
or acute i.v. DON exposure did not modify the LPS-
induced drop in ALB FSR. Thus, the LPS-triggered
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Figure 6. Linear regression of cystine concentration in the hepatic free Aa precursor pool on fractional albumin synthesis rate (FSR)
[A] and on FSR of total liver proteins [B].
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APR dominated the ALB synthesis depressing effect
irrespective of a simultaneous DON exposure.22

However, LPS might be increasingly transferred
through an intestinal barrier compromised by DON
as frequently discussed,44–46 targeting the liver in the
first pass. The human liver harbours approximately
80% of all body macrophages and is patrolled addi-
tionally by blood monocytes, the two cell populations
mainly contributing to LPS clearance and induction of
APR and SI.47 Consequently, we assumed that an LPS

entry via the portal route would have consequences on
the outcome of APR, including ALB synthesis, other
than a peripheral (jugular) LPS entry. There were
indeed some hints that the magnitude of SI was more
pronounced in DON-fed pigs challenged with LPS via
the jugular route compared with the hepatic portal
route29 although the SI pacemaker cytokine TNF-a
kinetics did not reflect similarly directed effects but
rather responded uniformly to LPS irrespective of
LPS infusion site or DON exposure.30 The extent of
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Figure 7. Aa concentrations in hydrolysates of total liver proteins (mMol/g) of pigs fed either a control diet (CON) or a diet mainly
contaminated with deoxynivalenol (DON) and following either jugular or portal LPS stimulation (LPSju or LPSpo, respectively; CONju
and CONpo indicate placebo NaCl infusion). Columns indicate least square means (LSMEANSþSE) and whiskers standard errors of
LSMEANS. White: Asp (P¼ 0.098), red: His (P¼ 0.081), grey: Ala (P¼ 0.090), green: Val (P¼ 0.083), blue: Leu (P¼ 0.090).

Table 3. Relative mRNA abundance of hepatic acute-phase proteins determined at 195 min after LPS infusion start (Least square
means, LSmeans)

Group

p

Values PSEMGene name

CON_CONju/

CONpo

CON_CONju/

LPSpo

CON_LPSju/

CONpo

DON_CONju/

CONpo

DON_CONju/

LPSpo

DON_LPSju/

CONpo

n 8 6 8 7 7 6

ALB 1.0 1.1 1.2 1.2 0.9 1.3 0.126 1.1

CRP 1.0a 2.1b 1.7b 1.3ab 2.1b 2.1b 0.015 1.2

FGG 1.0a 2.7b 2.3b 1.2a 2.5b 2.6b < 0.001 1.1

HP 1.0a 1.5b 1.5b 1.0a 1.7b 1.9b < 0.001 1.1

ITIH4 (MAP) 1.0a 1.8b 1.8b 0.8a 2.1b 2.3b <0.001 1.1

LBP 1.0a 1.7b 1.7b 0.9a 1.6b 1.7b < 0.001 1.2

SAA3 1.0b 123.2c 119.1c 0.5a 129.9c 152.5c <0.001 1.2

CON_CONju/CONpo, uncontaminated control diet (CON), placebo NaCl infusion (CONju/CONpo), CON_CONju/LPSpo, CON, LPS infusion via

portal vein (LPSpo), CON_LPSju/CONpo, CON, LPS infusion via jugular vein (LPSju), DON_CONju/CONpo, deoxynivalenol contaminated diet

(DON), CONju/CONpo, DON_CONju/LPSpo, DON, LPSpo, DON_LPSju/CONpo, DON, LPSju. ALB: albumin; CRP: C-reactive protein, pentraxin-

related; FGG: fibrinogen gamma chain; HP: haptoglobin; ITIH4: inter-a-trypsin inhibitor heavy chain 4¼major acute-phase protein (MAP); LBP: LPS-

binding protein; SAA3: serum amyloid A-3 protein. a–cLSmeans with no common superscripts are significantly different (P< 0.05). PSEM, pooled

standard error of LS means.
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the SI-associated lactic acidosis was significantly more
pronounced following jugular LPS administration, and
was discussed as consequence of a less pronounced
post-hepatic LPS clearance capacity.29 A chronic met-
abolic acidosis induced by an ammonium chloride
exposure in healthy male humans induced a decreased
ALB FSR, an increased urinary nitrogen excretion and
a negative nitrogen balance.48 Acute metabolic acidosis
in healthy human subjects revealed an unchanged ALB
FSR, but a decreased muscle FSR, which explained the
negative nitrogen balance observed under both chronic
and acute metabolic acidotic conditions.49 Taken
together, both chronic and acute metabolic acidosis
might affect muscle protein turnover and hepatic
ALB synthesis independently of other SI-associated
pathophysiological alterations. However, under the
conditions of the present experiment, the more pro-
nounced lactic acidosis in pigs exposed to LPS via the
jugular route29 did not exacerbate the SI-related
decrease in ALB synthesis when compared with the
portal application route.

Toxic effects of alcohol include distorted mitochon-
dria and alteration of the organizational arrangement
of the endoplasmic reticulum, ultimately resulting in a
disruption of the protein and consequently ALB syn-
thesis machinery.50 Therefore, acute hepatocyte lesions
induced either directly by toxins or secondarily by an
exuberant innate immune response might reduce the
hepatocellular integrity and thus capacity for ALB syn-
thesis. Although functional capacity for respiration and
Ca2þ accumulation of isolated liver mitochondria was
not impaired by any of the treatments, the histopatho-
logical examination revealed significant lesions includ-
ing haemorrhage and inflammation primarily.42 Under
the conditions of the present experiment the infiltration
of the porcine liver by neutrophilic and eosinophilic
granulocytes was observed across liver lobules,42 sug-
gesting a uniform spreading of inflammation and
inflammatory mediators. A SI in rats induced by s.c.
turpentine injection caused a patchy pattern of
immuno-stained ALB in perfused rat livers which
reflected the hepatic architecture of the acinus with
positively stained hepatocytes around the central
veins. This result was interpreted as an ALB synthesis
breakdown in a zonal pattern.51 An s.c. injection of rats
with IL-1b was shown to induce SI and a depression of
FSR of ALB.52 However, the absence of immuno-
stained ALB in periportal fields was discussed as a con-
sequence of a zonal IL-1b gradient rather than result-
ing from the oxygen and nutrient gradient down to the
central veins.51 Based on the here established strong
association between the histopathological cumulative
score, largely determined by the uniform hepatic gran-
ulocyte infiltration, and the FSR of total liver proteins,
it seems reasonable to conclude that functional

impairment of the liver to synthesize ALB was associ-
ated to local inflammatory events.

ALB secretion time indicates the time required for
synthesis and export of ALB by hepatocytes and does
consequently provide further information on these pro-
cesses as influenced by SI. The shortening in ALB
secretion time observed with decreasing ALB FSR
caused by SI might be interpreted as a consequence
of an acute loss of hepatocellular integrity releasing
labelled ALB molecules in the circulation, which
could also contribute to an early depletion of hepato-
cytes from ALB. Further support for a compromised
integrity of hepatocyte membranes comes from the
increased peripheral activities of aspartate aminotrans-
ferase, c-glutamyl-transferase and alkaline phospha-
tase.42 Moreover, genes involved in protein export
were down-regulated under the conditions of the SI,53

further supporting the idea of a passive loss of hepato-
cellular proteins across damaged cell membranes.

ALB synthesis is regarded as highly sensitive to
altered Aa levels in general and to Trp availability in
the free-protein synthesis precursor pool in particu-
lar.54 Moreover, Trp was discussed with regard to
restoring ALB synthesis in alcohol induced depression
of ALB synthesis.54,55 Therefore, we assumed that the
drop in ALB synthesis as determined in the present
experiment upon LPS infusion could be due to an
insufficient availability of free Trp and Aa usable for
ALB synthesis. However, based on the Trp levels ana-
lysed in the hepatic free Aa precursor pool, we did not
find indications of an LPS-induced limitation for this
Aa. These results seem to contradict the increased
mRNA expression of indolamine 2,3-dioxygenase
(IDO) in LPS-treated pigs.53 This ubiquitous enzyme
catalyses the degradation of Trp to kynurenine and is
mainly induced by pro-inflammatory stimuli.56,57 In
contrast, the liver-specific Trp 2,3-dioxygenase
(TDO), which catalyses the same reaction,58 was
down-regulated possibly as an attempt to save Trp
for the synthesis of APP.53

In addition to the not well-understood specific Trp
influence, other Aa effects arising from the Aa compo-
sition of ALB have be taken in consideration. In con-
trast to other APP such as CRP, Fib and HP, the ALB
molecule contains much higher proportions of
Cys.15,59,60 Considering that ALB is a weak negative
APP but accounts most for the total amount of all
hepatic export proteins, a shortage in Cys availability
might limit ALB synthesis. Out of the Aa analysed in
the hepatic free Aa precursor pool, only Cys and the
Lys degradation metabolite alpha-aminoadipic acid
were significantly reduced upon LPS infusion, whereby
the effects were more pronounced in the case of Cys.
While a reduced a-aminoadipic acid content could be
interpreted as a decreased Lys degradation to save this
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Aa for protein synthesis purposes, the LPS-induced
reduction in Cys could indicate a certain limitation
particularly for ALB synthesis. This conclusion is sup-
ported by the positive linear relationship between the
Cys concentration in the free Aa precursor pool and
the FSR of ALB and total hepatic proteins suggesting
the FSR to be linearly dependent on the availability of
free Cys. Interestingly, this linear relationship appeared
to be even stronger for FSR of total proteins compared
with ALB, which suggests that other hepatic proteins
also rely on an adequate Cys availability, such as glu-
tathione (GSH). One of the Aa of this tripeptide is Cys.
GSH plays an important role in the enzymatic anti-
oxidative defence system61 and is rapidly up-regulated
in various tissues of LPS-challenged mice.62 Further
information on the availability of protein synthesis pre-
cursor pool, i.e. free Aa, both for ALB and total hepat-
ic protein synthesis can be gathered from the
differences between the minimum and maximum FSR
of total liver proteins. This difference was approxi-
mately 50% lower (6% vs. 3%) in LPS-challenged ani-
mals independently of LPS infusion site and feeding
regimen, which might suggest that either more
plasma-originating, or fewer hepatocellular free Aa
were used or available for protein synthesis in order
to meet the actual needs. This conclusion is also con-
sistent with the idea of a partial mixing of both precur-
sor pools due to hepatocellular lesions.

The reasons for the reduced availability of Cys
might not only be based on a higher actual requirement
but might also be caused by a reduced perfusion of
hepatic sinusoids, ultimately resulting in a decreased
nutrient delivery to the hepatocytes. SI is associated
with a redistribution of intrahepatic blood flow due
to the interactions between Kupffer cells, infiltrating
leukocytes and sinusoidal endothelial cells resulting in
a decreased perfusion and blood flow velocity in the
liver sinusoids.63 Together with the disseminated intra-
vascular coagulation and the associated formation of
micro-thrombi, the ischemia and organ damage are
exacerbated.64

In contrast to the Aa pattern of the precursor pool,
the Aa composition of the protein hydrolysate did not
provide hints at specific associations to ALB. However,
in spite of the LPS-induced trend to increase the con-
centrations of His, Asp, Ala, Val and Leu, these effects
appeared to reflect systematic LPS-induced alterations
in hepatic proteins comprising both constitutive, in
statu nascendi export proteins and other
inflammation-related proteins.

Further support for the particular role of sulphur-
containing Aa including Met and Cys for FSR of ALB
comes from an experiment where an insufficient dietary
supply with these Aa significantly reduced ALB FSR in
LPS-challenged pigs.65 In contrast, ALB FSR was not

compromised in pigs challenged with LPS but ade-
quately supplied with Met and Cys when compared
with the non-challenged control group.65

APR-Induced alterations in expression of ALB
mRNA might also contribute to the observed marked
decrease in FSR of ALB. However, we failed to detect
any decrease in ALB mRNA expression due to any of
the treatments 195 min after the initiation of the infu-
sions. Others have examined the kinetic relationships
between ALB mRNA expression and ALB synthesis in
more detail. The ratio between murine hepatic ALB
synthesis rate and mRNA levels remained relatively
stable over time after turpentine induced APR. Based
on these results it was concluded that APP and ALB
synthesis adjustment during APR is not regulated by
the rapidity of translation of individual mRNA mole-
cules but by the absolute mRNA level. This, in turn,
might be controlled by mRNA synthesis and/or degra-
dation.66 ALB mRNA levels were down-regulated to
reach a nadir 36 h after turpentine injection. The
decrease started at the first liver sampling point at 6 h
p.i. Positive APP such as transferrin, fibrinogen and
a1-acid glycoprotein peaked markedly in their
mRNA abundance after 36 h, 24 h and 36 h, respec-
tively, and were characterized by different half-lives.
Similar findings were reported in turpentine-injected
and E. coli-infected rats.67,68

We assessed the ALB mRNA expression solely 195
min after the beginning of the LPS challenge.
Therefore, this time span might have been too short
to induce an effect on ALB mRNA expression.
Consequently, the observed marked early drop in
ALB FSR might have been caused by other mecha-
nisms as discussed above.

In contrast to ALB mRNA, mRNA levels of all
other APP were significantly up-regulated �3 h after
starting LPS infusions, although the corresponding
APP did not increase in systemic circulation within
this period but rather showed significant decreases in
some cases. This finding was somewhat unexpected, as
most of them would be expected to be more or less
induced in pigs as a result of an APR caused by several
sterile and infectious stimuli.69–74 In discussing these
time-dependent increases of APP with the decreases/
no changes observed in the present experiment it
needs to be considered that the first blood sample
was taken 24 h after the initiation of the APR in
most of the published porcine studies, whereas we spe-
cifically examined the first 3 h of the APR. Similarly to
our study, Frank et al.75 also failed to detect increases
of CRP, HP or ceruloplasmin (Cp) after i.m. injection
of 25 or 50 mg LPS/kg BM. Only for SAA was a sig-
nificant increase noticed. However, APPs were mea-
sured only 48 h after the LPS challenge, which could
also mean that kinetics of CRP, HP and Cp were
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different from that of SAA and that peak responses
were possibly not recognized.

Only a few experiments were identified which
reported APP concentrations for time spans markedly
lower than 24 h after the challenge. An experimental
infection of pigs with E. coliK88 resulted in an increase
in HP concentration as early as 6 h p.i.76 An i.p. LPS
challenge of 5 mg/kg BM failed to trigger a HP response
after 2, 4, 8, 12 and 24 h, while CRP peaked sharply
after 12 h and SAA fluctuated significantly but inde-
pendently of time p.i.74 Therefore, the first hours of an
APR appear to be differently regulated when compared
with a long-term observation.

The unchanged or even decreased levels of the ana-
lysed positive APP reported herein irrespective of an
up-regulated mRNA expression might be the result of
a time lag required for translation. However, based on
the present and other results20,22 suggesting that only
approximately 20 min are required to synthesize and
export both ALB and Fib, and that this time span
might also apply for other hepatic export proteins,
the translation step does not appear to be the reason
for the decreased or unaltered levels of APP. Therefore,
an assumed initial increase in synthesis of these APPs
might have been insufficient to compensate the level of
their consumption; in terms of protein turnover, the
level of degradation/elimination and/or extravasation
might have been higher than the level of their de novo
synthesis. If true, then the observed more pronounced
reductions in the plasma concentrations of MAP and
SAA in septicaemic groups pre-exposed to DON might
suggest interactive effects between DON and LPS
exposure leading to a distinctive depression in synthesis
of these proteins and/or imbalance between synthesis
and usage. Taking additionally into account that
mRNA expression of MAP and SAA were similarly
up-regulated compared with the LPS-challenged CON
groups, the transcriptional level of regulation was puta-
tively not responsible for the observed interactive
effects. The situation has to be differently discussed
for ALB concentration change and final ALB concen-
tration. It appeared that the ALB concentrations were
more reduced in septicaemic groups pre-exposed with
DON, although ALB mRNA expression remained
unaltered and FSR of ALB was similarly decreased in
all LPS-challenged groups irrespective of feeding and
infusion group. Thus, ALB concentration levels under
the conditions of an SI appeared to be influenced by
further mechanisms beside the major impact of ALB
synthesis depression.

We also tested the hypothesis that a dietary pre-
exposure to DON would increase the transfer of
intestinal-originating LPS through a DON-associated
destruction of the mucosal barrier, as discussed above,
whereby hepatic responsiveness to LPS and DON with

consequences for hepatic ALB synthesis could be
altered. However, no depressing effects on ALB and
total liver protein FSR were found in the present exper-
iment when looking at the consequences of DON expo-
sure alone without an artificial LPS challenge. These
results are in contrast to earlier findings where chronic
oral DON exposure significantly depressed20 or even
stimulated ALB FSR.22 While a depression of ALB
FSR is to be expected based on the mode of action of
DON, a stimulation of FSR is more difficult to dis-
cuss.22 Although the latter two, and this experiment
applied a restricted feeding regimen over 4–5 wk to
avoid dietary effects following a DON-induced anorex-
ia and used male castrated pigs comparable in age,
diets contained different DON levels. While general
effects of the particular experiments cannot be exclud-
ed, a DON dose-related effect on ALB FSR might be
deduced. Thus, a depression, no-effect and stimulation
of ALB FSR were associated with dietary DON con-
centrations of 5.7 mg/kg feed, 4.6 mg/kg and 3.1mg/kg,
respectively.

Besides the observation that DON alone failed to
influence hepatic ALB and total protein synthesis,
additional modifying effects of LPS transferred
through a DON-compromised mucosal barrier can be
excluded as pigs fed the DON-contaminated diet
showed LPS levels both in hepatic portal and jugular
vein comparable to those measured in the CON-fed
group.77 This finding is in line with earlier results dem-
onstrating that a chronic DON exposure fails to influ-
ence mucosal tight junction proteins.78,79

Conclusions

The marked depression of ALB FSR observed 195 min
after initiating of an APR through a pre- or post-
hepatic LPS challenge was not associated to a down-
regulated ALB mRNA expression but by a reduced
cysteine availability in the protein synthesis precursor
pool. Dietary chronic pre-exposure with DON neither
depressed ALB and total hepatic protein FSR in
unchallenged pigs, nor gave rise to any interactive
effects, with the LPS-induced APR suggesting that
observed adverse effects on liver protein synthesis
were dominated by the consequences of the SI.

In contrast, the mRNA expression of the positive
APPs Fib, HP, MAP, CRP, LBP and SAA was signif-
icantly up-regulated due to LPS stimulation indepen-
dently of feeding group and infusion site. This
up-regulation was not accompanied by increases in
plasma levels of the corresponding APPs, which
could hint at an imbalance between synthesis and
consumption.

Kinetic studies with frequent blood and liver sample
collections covering a time span of several days are
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required to fully understand the regulation of APP in

the course of a systemic inflammatory response in

the pig.
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