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Age- and Sex-Associated Effects on Acute-Phase
Proteins in Gottingen Minipigs

Berit O Christoffersen,” Seren J Jensen,” Trine P Ludvigsen,? Sara K Nilsson,>* Anette B Grossi,® and Peter M H Heegaard*

Gottingen minipigs are a useful model for diseases having an inflammatory component, and the associated use of acute-phase
proteins (APP) as biomarkers of inflammation warrants establishment of their reference ranges. The objective of this study was
to establish reference values for selected APP in Gottingen minipigs and to investigate the effects of age, sex, and various stimuli
on these ranges. Serum concentrations of C-reactive protein (CRP), serum amyloid A (SAA), haptoglobin, pig major acute-phase
protein (PMAP), albumin, and porcine o-1 acid glycoprotein (PAGP) were evaluated in 4 age groups (6, 16, 24 and 40-48 wk) of
male and female Gottingen minipigs. In addition, minipigs were tested under 2 housing conditions, after acute LPS challenge, and
after diet-induced obesity with and without mild diabetes. Changing the pigs to a new environment induced significant increases
in CRP, PMAP, haptoglobin and PAGP and a decrease in albumin. An acute LPS stimulus increased CRP, PMAP, haptoglobin, and
SAA; PAGP was unchanged and albumin decreased. Obese pigs with and without diabetes showed increases in CRP and PAGP,
albumin decreased, and haptoglobin and SAA were unchanged. PMAP was increased only in obese pigs without diabetes. In con-
clusion, reference values for CRP, PMAP, haptoglobin, SAA, PAGP and albumin were established for male and female Géttingen
minipigs of different ages. These APP were influenced by age and sex, underlining the importance of considering these factors
when designing and interpreting studies including aspects of inflammation. In addition, an APP response was verified after both
acute and chronic stimuli.

Abbreviations: APP, acute-phase proteins; APR, acute-phase response; CRP, C-reactive protein; HFD, high-fat diet; HFD+D, high fat

diet + diabetes; PAGP, porcine ol acid glycoprotein; PMAP, pig major acute-phase protein; SAA, serum amyloid A.

Inflammation is involved in a number of important and increas-
ingly widespread human diseases, including inflammatory bowel
diseases, cancers, infections, metabolic diseases like obesity and
diabetes, and cardiovascular diseases like atherosclerosis.!7 12041
The systemic response to inflammation is the acute-phase response
(APR) which, together with innate immune responses, prevents
infection, clears pathogens, and contributes to inflammation reso-
lution and the healing process. The APR has been extensively de-
scribed in humans'®? and other mammals, #'4*7! and in all cases, it
is regulated by cytokines including IL6 and TNFo.?'** The APR is
activated by many different stimuli, including trauma, infection,
stress, neoplasia, and inflammatory stimuli, resulting in significant
changes in the circulating concentrations of the so-called acute-
phase proteins (APP). The APP are synthetized primarily by the
liver and can be divided into positive and negative APP depending
on whether their concentration in plasma increases (positive) or
decreases (negative) in response to a stimulus.!’ In addition, they
can be divided into major and minor APP, depending on the mag-
nitude of their concentration change after a given stimulus.?

Received: 06 Feb 2015. Revision requested: 27 Mar 2015. Accepted: 16 Apr 2015.
IGlobal Research, Novo Nordisk A/S, Copenhagen, Denmark, *Department of Veterinary
Disease Biology, University of Copenhagen, Frederiksberg, Denmark, >Ellegaard Gottingen
Minipigs A/S, Dalmose, Denmark, and *Innate Immunology Group, National Veterinary
Institute, Technical University of Denmark, Lyngby, Denmark
*Current position is at Viixa Sverige, Flen, Sweden

*Corresponding author. Email: BQC@novonordisk.com

Because the concentrations of the APP change in response to a
given stimulus, their serum or plasma levels can be used diag-
nostically as biomarkers of disease severity and progression or to
evaluate the effect of various interventions.*'**! The APP show dif-
ferent kinetics after a stimulus, with C-reactive protein (CRP) and
serum amyloid A (SAA) displaying rapid increases and normaliza-
tion after the stimulus has been removed, whereas haptoglobin
shows a later and more prolonged response.’®* The APR may be
transient and revert to normal with recovery, or it can persist, as
during chronic conditions.?! Importantly, APP and their kinetics
differ somewhat between species.*

To further elucidate the involvement of inflammation in hu-
man diseases, accurate animal models of inflammation, includ-
ing species validated biomarkers of inflammation, are needed.
Mouse models are commonly used in many research areas, but
their response to several different inflammatory conditions is not
comparable to that of humans, and therefore the predictive valid-
ity of these models may be limited.* Pigs are highly comparable
to humans with respect to anatomy and physiology,* and their
APR to various stimuli has been described.’**? In general, the
APR and the resulting changes in APP seem to be very similar in
pigs compared with humans, with CRP, haptoglobin, and SAA
being major positive APP and albumin being a negative APP.
In humans, al-acid glycoprotein (AGP) is a positive APP but has
been reported to either increase,"” remain unchanged®* or to
decrease® in pigs, depending on the stimulus investigated. The
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concentrations of some of the major APP characterized in domes-
tic pigs show significant effects of age and sex.*?* In addition to
age and sex effects, significant differences in APP between herds
have been observed, most likely reflecting different pathogenic
pressures in the different herds.?? Furthermore, some indications
exist for possible interbreed differences in APP concentrations,
although this possibility has not been investigated in detail.”?

Minipigs are especially relevant in biomedical research, given
their smaller size and well-defined microbiology and genetics.*
Gottingen minipigs are a useful model for several conditions in-
volving inflammation and the APR, including infection,? obesity,"
diabetes? and atherosclerosis,'® and different APP have already
been used as biomarkers in some of these models.? Therefore, ex-
isting data suggest that APP commonly applied in human medi-
cine could be relevant in Gottingen minipigs as well. However,
the APR and reference values of APP, including the potential in-
fluence of age and sex indicated in other studies, have not been
investigated systematically in this breed.!??**

The objective of the current study was to establish reference
values of selected APP in normal Goéttingen minipigs, including
evaluation of the possible effects of age and sex. In addition, the
effects of housing condition and acute and chronic inflammatory
stimuli were assessed.

Materials and Methods

All animal experiments were approved by the Animal Experi-
ments Inspectorate, Ministry of Justice, Denmark.

Animals, diets and housing conditions. Reference values in Gét-
tingen minipigs and influence of age and sex. This study was per-
formed in healthy, lean Gottingen minipigs (Ellegaard Géttingen
Minipigs A/S, Dalmose, Denmark; n = 120). The study used 4 age
groups (6, 16, 24 and 40 to 48 wk) each comprising 30 (15 male, 15
female) pigs. The age groups thus include animals both before and
after sexual maturity, which is reached at 4 to 5 mo for female and
3 to 4 mo for male Gottingen minipigs.®> At the Ellegaard facility,
the pigs were housed in groups of 2 to 15 according to animal size,
were restrictively fed with a commercial minipig diet (Special Diets
Services, Essex, UK) according to the breeder’s guidelines without
additional supplementation, and had free access to water.

The Ellegaard facility is a barrier facility that only houses minip-
igs bred within the facility, and no pigs are allowed to enter the fa-
cility. The barrier has HEPA-filtered ventilation with 100% fresh air,
disinfection locks for diet and materials, shower locks for personnel,
and a closed manure system. All diet is heat-treated, water is UV-
radiated, and the bedding material is irradiated and derived from
designated fields to prevent environmental contamination. Thus,
the environment and minipigs at the Ellegaard facility are highly
controlled and well-defined microbiologically (www.minipigs.dk).

With the pigs in dorsal recumbency, blood from the cranial
caval vein was collected into uncoated tubes and stored at 5 °C
overnight. The tubes were centrifuged at 1000 x g for 10 min at
room temperature, and serum was stored at —20 °C.

Influence of housing condition. Female Gottingen minipigs (El-
legaard Gottingen Minipigs A/S; age, 7 to 8 mo; n = 22) under-
went blood sampling at the Ellegaard facility as described earlier
and at 3 to 4 wk after transfer to Novo Nordisk A/S (Ganlese,
Denmark), where they were individually housed on wood shav-
ings and straw. The minipigs had free access to water and were
fed once daily (360 g; SDS Minipig Diet); apples and yoghurt were
provided daily. The Novo Nordisk facility houses both minipigs
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and domestic pigs. At the new facility, blood samples were left
to clot for 1 h at room temperature, followed by centrifugation at
1942 x g and 4 °C for 10 min. The resulting serum was frozen on
dry ice and stored at —20 °C until analysis. In addition, the pigs
were observed once daily and subsequently divided into 2 groups
based on their clinical symptoms after arrival to the purchaser fa-
cility: one group that had diarrhea within 1 wk before blood sam-
pling (n = 9); the other group that were free of clinical symptoms
from at least 1 wk before until 3 d after blood sampling (1 = 13).

APP response to an acute inflammatory stimulus (LPS). This
study was performed using male Géttingen minipigs (Ellegaard
Gottingen Minipigs A /S) approximately 10 mo of age (1 = 5). The
animals were housed individually at Novo Nordisk A/S (Gan-
lose, Denmark) and fed once daily (420 g SDS Minipig Diet) and
with free access to water. After 3 wk of acclimation and at 19 wk
before the LPS challenge, the pigs were implanted in the cau-
dal caval vein with permanent intravenous catheters (Redo TPN
Catheters, William Cook Europe Aps, Bjeeverskov, Denmark)
according to previously described principles.* Prior to the LPS
challenge, the pigs had been used in different unrelated pharma-
cologic studies followed by a washout period of 12 wk. For the
LPS challenge (5 ug/kg), Escherichia coli serotype K-235 LPS (Sig-
ma-Aldrich Denmark A /S, Brendby, Denmark) was dissolved
in sterile saline to a final concentration of 50 pg /mL, and each
pig received 0.1 mL/kg IV. Blood was sampled from the central
venous catheter before dosing and at 0.5, 1, 2, 4, 8, 12, 24, 48, 96,
168, 216, and 264 h after LPS dosing. The blood was transferred
to EDTA-coated tubes that were kept on ice until centrifugation
for 10 min at 1942 x g and 4 °C. The plasma was frozen on dry ice
and kept at —20 °C until analysis. Only plasma from time points
0, 0.5, 12, 24, and 48 h was analyzed in the present study. In case
of treatment-requiring clinical symptoms after the LPS injection,
a single intramuscular injection of metacam (20 mg/mL, 0.4 mg/
kg, Boehringer Ingelheim Danmark A /S, Copenhagen, Denmark)
was given.

APP response to a chronic inflammatory condition (diet-in-
duced obesity with or without hyperglycemia). The study was
performed in castrated male Gottingen minipigs (Ellegaard Got-
tingen Minipigs A/S). The minipigs were individually housed
at the animal facility (University of Copenhagen, Frederiksberg,
Denmark). Three groups were evaluated: a control group fed the
SDS Minipig Diet (1 = 6), a group fed a high-fat, high-fructose,
and high-cholesterol diet (HFD; Europe product 5B4L, TestDiet,
St Louis, MO; n = 6), and a group in which mild diabetes was
induced after a minimum 18 wk of HFD-feeding (HFD+D, n =
11). Diabetes was induced by using a high-dose IV streptozotocin
(125 mg/kg) combined with nicotinamide (67 mg/kg), as previ-
ously described.?* The pigs were fed twice daily with a total daily
amount corresponding to 2% to 2.5% of their body weight, evalu-
ated weekly. After 37 wk of diet-feeding, when the pigs were ap-
proximately 11 mo old, 6-mL blood samples were collected from
the cranial caval vein of dorsally recumbent pigs into an uncoated
tube and an EDTA-coated tube. The uncoated tubes were left at
room temperature for 1 h, followed by centrifugation for 10 min
at 2000 x g and 4 °C. The resulting serum was kept at 80 °C until
analysis. The EDTA-coated tubes were kept on wet ice until cen-
trifugation for 10 min at 2000 x g and 4 °C. The plasma was stored
at—20 °C until plasma albumin analysis. The characteristics of the
pigs approximately at the time of blood sampling with regard to
body weight, body fat percentage measured by dual-energy X-ray
absorptiometry, and fasting plasma glucose are shown in Table 1.


http://www.minipigs.dk
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Table 1. Background characteristics in diet-induced obese (HFD) and diet-induced obese and diabetic (HFD+D) pigs

Control (1 = 6)

HFD (n = 5) HFD+D (n = 11)

Body weight, kg 24.0° (22.6-25.3)
Body fat, % 17.9% (15.2-20.9)
Glucose,® mmol/L 3.9° (3.6-6.7)
Total cholesterol, mmol/L 1.8°(1.5-2.8)

56.0¢ (50.7-60.7)

49.1° (46.8-51.5)
4.0° (3.7-4.1)

20.3¢ (11.6-31.4)

53.4¢ (52.0-56.6)

50.6¢ (48.6-51.4)
9.4¢ (6.7-13.8)

18.9¢ (16.6-22.6)

Data are presented as median and interquartile range (25th-75" percentiles). Intergroup differences were evaluated by one-way ANOVA with Tukey—

Kramer posthoc testing (or Kruskal-Wallis testing for nonparametric data?).
*“Values with different superscript letters are significantly (P < 0.05) different.

ELISA analysis. All analyses were performed at the National Vet-
erinary Institute (Technical University of Denmark). The plasma
or serum concentrations of CRP and haptoglobin were measured
by using an inhouse sandwich ELISA, as described previously.™**
The detection limits of these assays were 354 ng/mL for CRP and
13 pg/mL for haptoglobin.

PAGP concentrations were measured in a previously described
competitive inhouse ELISA™ using a mouse monoclonal antibody
specific for PAGP. Biotinylated AGP was applied immediately
after the samples were added. An inhouse pig serum pool was
used as a standard. The detection limit for this assay was 10 ug/
mL. The SAA concentrations were measured with a commercially
available sandwich ELISA kit (Phase SAA assay, Tridelta Devel-
opment, Wicklow, Ireland) in accordance with the manufactur-
er’s instructions. The detection limit was 31.25 pg/mL (porcine
SAA equivalents). Likewise, the concentrations of PMAP were
measured by using a commercially available kit (PigCHAMP Pro
Europa, Segovia, Spain) in accordance with the manufacturer’s
instructions. The detection limit for this assay was 43.8 ug/mL.
All samples were run in duplicate, and each assay had a calibrat-
ed standard curve. For all assays, the absorbance was read at 450
nm with the subtraction of 650 nm on an automatic plate reader
(Multiskan, ThermoScientific, Waltham, MA). Only results that
yielded a coefficient of variation less than 15% between duplicate
samples were used; otherwise samples were retested. Further-
more, samples with optical density values at the low or high end
of the calibration curve were rerun at other dilutions.

Albumin analysis. The albumin concentrations in the serum or
plasma samples were measured on a Cobas6000 (Roche Diagnos-
tics GmbH, Mannheim, Germany) according to the manufactur-
er’s instructions. The assay range was from 2 to 60 g/L; samples
above 60 g/L were diluted 1:3 and retested.

Calculations and statistical analyses. Statistical analyses were
performed in SAS version 9.2 or 9.3 (SAS Institute, Cary, NC).
Overall, a P value less than 0.05 was considered significant. When
a measured value was below the lower limit of quantification of
the assay (primarily important for SAA), it was set to that value.
Data were in all cases transformed when appropriate to achieve
normal distribution of data and homogeneity of residuals. All
post hoc comparisons were adjusted for multiple testing.

The reference values were analyzed by ANOVA, with age, sex
and the interaction between age and sex as independent vari-
ables. ANOVA was followed by Tukey’s multiple-comparison
test, and relevant posthoc comparisons were made between all
age groups of the same sex and between the 2 sexes in each age
group.

The overall comparison of the 2 housing conditions was done
by using paired ¢ tests. Because many SAA data points were be-
low detection limit of the assay (31.25 ug/mL), they were set to

31.25 ug/mlL, and the paired nonparametric Wilcoxon matched-
pairs signed-rank test was used. Data were analyzed both togeth-
er and separately for the pigs with and without diarrhea.

In the study on acute inflammation, ANOVA with pig and time
as factors was used for haptoglobin, albumin, PMAP, PAGP, and
CRP. For a nonspecific comparison of time points, the ANOVA F-
test for time was calculated, whereas specific comparisons at each
time point compared with the 0-h sample was done by using the
Dunnett multiple-comparison test. For SAA, basic assumptions
for ANOVA were not fulfilled (that is, no variation att =0 h and t
= 0.5 h because all values were set to lower limit of quantification
of the assay); therefore this parameter was not included in the
statistical analysis.

In the study on chronic inflammation, overall groupwise differ-
ences of the APP were evaluated by ANOVA followed by Tukey—
Kramer posthoc testing. When homogeneity of residuals could
not be achieved, a Kruskal-Wallis test was applied followed by
Wilcoxon signed-rank posthoc testing.

Results

Reference values. All reference values are given as medians
with interquartile ranges and P values for the overall statistical
model (Table 2). Posthoc group comparisons are described in the
following paragraphs.

CRP showed a significant interaction between age and sex.
Among female minipigs, those 16 wk old had significantly lower
CRP values than did all other age groups (P < 0.05 for all); no
age-associated differences in CRP values were found in the male
minipigs. No difference between sexes was found within any age
group.

Like CRP, haptoglobin, PMAP, and albumin showed significant
interaction between age and sex. Haptoglobin concentrations were
significantly higher in 6-wk-old male minipigs than in male pigs
in all other age groups (P < 0.001 for all). In the 16-, 24-, and 48-wk
age groups, female minipigs had significantly higher haptoglobin
concentrations than did age-matched male pigs (P < 0.001 for all).
For PMAP, female minipigs 6 wk of age had significantly higher
PMAP concentrations than did female minipigs in all other age
groups (P < 0.001 for all). Moreover, 24-wk-old female minipigs
had higher PMAP concentrations than did both 16-wk-old (P <
0.001) and 48-wk-old (P < 0.05) female pigs. Male minipigs that
were 6 wk old had higher PMAP concentrations than did 16-wk-
old male pigs, and males aged 16, 24, and 48 wk had significantly
higher PMAP concentrations than did age-matched female pigs
(P <0.001 for all). Regarding albumin, female minipigs 48 wk in
age had higher albumin concentrations than did female pigs in all
other age groups (P < 0.05 for all). In addition, 48-wk-old female
minipigs had higher albumin concentrations than did 48-wk-old
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Table 2. Serum concentrations of acute-phase proteins in male and female Gottingen minipigs of different ages

Male Female
6 wk 16 wk 24 wk 4048 wk 6 wk 16 wk 24 wk 40-48 wk
CRP’ ug/mL 5.77 7.21 5.50 12.2 3.28 10.18 8.47
(4.42-7.19) (4.59-21.35) (2.27-10.02) (2.84-13.45) (5.87-17.75) (2.59-6.12) (5.83-15.80) (6.58-17.85)
Haptoglobin,® ug/mL 6145.6 305.3 248.9 7294.0 2284.1 2521.0 3018.4
(4653.8-7070.8) (21.4-1440.6) (13-1165.7)  (13-2203.1) (4795.7-8783.8) (1821.0- 3220.2) (1733.9-3693.6) (1634.6-4082.3)
PMAPS ug/mL 1021.0 708.0 682.5 792.7 1574 247.0 184.2
(771.6-1270.3) (554.0-901.6) (583.4-976.5) (609.8-1107.8) (588.9-1229.3) (129.5-173.5)  (192.5-491.8)  (140.3-209.5)
PAGP“* pg/mL 344.2 409.6 329.5 545.2 563.7 298.5 413.0
(251.5-530.3) (344.9-472.6) (264.0-380.4) (227.0-413.9) (305.2-640.8)  (457.3-771.8)  (222.8-443.2) (316.3-556.6)
Albumin,* g/L 443 41.8 50.7 444 49.1 46.4 68.1
(42.7-49.8) (40.7-48.2)  (45.6-54.3)  (38.4-58.7) (41.9-55.5) (43.9-56.5) (44.4-58.7) (55.5-73.8)

CRP, C-reactive protein; PAGP, porcine o-1 acid glycoprotein; PMAP, pig major acute-phase protein.

Values are expressed as median with interquartile range (1 = 15). All dependent variables were log transformed. Intergroup differences were evaluated
by two-way ANOVA (sex, age and the interaction between the two as factors) followed by Tukey’s multiple-comparison test. Significant effect of age x
sex: °P < 0.05, °P < 0.01, °P < 0.001; 4significant (P < 0.001) effect of age; °significant (P < 0.001) effect of gender.

Because most values for serum amyloid A were below the lower limit of quantification (31.25 ng/mL), no statistical analysis was performed.

male pigs (P < 0.01), whereas albumin concentrations did not differ
between the sexes in any of the other age groups .

PAGP showed a significant effect of both age and sex. Overall,
female minipigs had higher PAGP concentrations than did male
pigs (P < 0.001), and PAGP concentrations were higher at 16 wk
of age compared with 24 and 48 wk of age (P <0.001 and P <0.01,
respectively) and higher at 6 wk of age compared with 24 wk of
age (P <0.05).

In almost all pigs, SAA values were below the detection limit
of the assay and therefore were not analyzed statistically in this
part of the study.

Influence of housing condition. According to the overall sta-
tistical analysis, PAGP, CRP, PMAP and haptoglobin increased
(P < 0.05) when pigs were exposed to a new housing condition,
albumin was decreased (P < 0.05), and no significant changes oc-
curred in SAA (P = 0.06; Figure 1). These differences were pres-
ent both when data were analyzed together and when they were
analyzed separately for the pigs with and without diarrhea (data
not shown).

APP response to LPS, an acute inflammatory stimulus. The LPS
injection induced clinical symptoms including tremor, hyperven-
tilation, and signs of nausea, which were treated with a single
intramuscular injection of metacam. The positive APP CRP, hap-
toglobin, PMAP, and SAA all increased after injection, reaching
significantly (P < 0.05) higher concentrations at 24 h postinjec-
tion compared with preinjection values (Figure 2). PMAP was
increased (P < 0.05) at 12 h postinjection as well. CRP was low-
er at 48 h after injection compared with before injection. Albu-
min showed an overall significant decrease over time (F-test P
< 0.05, Figure 2), although there were no significant differences
in the post hoc analysis. No significant differences were found
for PAGP. SAA could not be analyzed statistically because many
values were below the assay’s limit of detection; however, data in
Figure 2 suggest that SAA increased over time in response to the
LPS stimulus.

APP response to diet-induced obesity with or without hypergly-
cemia, which are chronic inflammatory conditions. One pig in the
HFD group was excluded from the study because macroscopic
and microscopic findings indicated that this animal had poly-
arthritis nodosa, which might have affected the pig’s baseline
inflammatory state. PMAP was not measured in one pig in the
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HFD group and in one animal in the HFD+D group, because of
insufficient serum for this analysis. Several of the haptoglobin
values were below the lower limit of quantitation for the assay; all
of these were set to this lower limit (13 ug/mL) in both the figures
and the statistical analysis.

The experimental diet and subsequent obesity (Table 1) led to
significant changes in the APP compared with those in control an-
imals (P <0.05), but there were no significant differences between
the HFD and HFD+D groups in any of the measured parameters
(Figure 3). Compared with levels in control animals, CRP and
PAGP were both increased (P <0.05) in HFD and HFD+D pigs,
PMAP was increased (P <0.05) in HFD pigs and albumin was
decreased (P <0.05) in both the HFD and HFD+D groups; no sig-
nificant changes in haptoglobin or SAA were noted.

Discussion

In the present study, most of the evaluated APP showed sig-
nificant age- and sex-associated differences in Géttingen minipigs
from 6 to 48 wk of age. Changing the environment for the pigs led
to induction of an APR with significant increases in CRP, PMAP,
haptoglobin, and PAGP concentrations and a decrease in albumin
concentration. An acute inflammatory stimulus (LPS) increased
CRP, PMAP, haptoglobin and SAA; albumin tended to decrease;
whereas no difference was found in PAGP. A chronic inflamma-
tory stimulus (HFD with or without diabetes induction) increased
CRP, PMAP, PAGP and decreased albumin; no significant chang-
es were observed in haptoglobin and SAA.

An effect of age on APP has previously been described in do-
mestic pigs at different ages ranging from 2 d to 19 wk'*** and
humans.” In humans, the age-related increase in inflammato-
ry markers is related both to declining sex hormone levels and
changes in body composition and fat distribution,*> which may
apply to other species as well. The effects of sex and sex hormones
on APP concentrations are, however, not well described in the
literature. In the present study, the sex-associated effect was not
the same for all APP. For example for PMAP, male minipigs had
higher concentrations of APP than did female pigs from 16 wk
and on, whereas, for haptoglobin, the female minipigs had the
highest concentrations in these same age groups. Similar effects of
sex on PMAP and haptoglobin have been described in domestic
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Figure 1. Serum concentrations of (A) CRP, (B) PMAP, (C) SAA, (D) PAGP, (E) haptoglobin, and (F) albumin in pigs moved from one housing condition
(condition 1) to a new facility (condition 2, n = 17-22). Note that many of the SAA values were below the lower limit of quantification for the assay
(31,250 ng/mL) and therefore were set to that value. Data are shown as individual values. Paired t test (all but SAA) or Wilcoxon matched-pairs signed-

rank test (SAA); 1, P <0.001.

pigs® whereas, other studies found no effect of sex on CRP, hap-
toglobin, SAA, and PMAP* These differences may reflect the age
interval studied, given that our present data indicate that the sex-
associated differences are age-dependent or potentially related to
the changes in sex hormone levels that occur at the time of sexual
maturation (at 3 to 4 mo of age for male Gottingen minipigs and 4

to 5 mo of age for female minipigs of this breed). In humans, sex
hormones influence components of the APR, for example IL6%%
and CRP* In one study,* testosterone was negatively associated
with CRP in men, whereas the use of oral contraceptives was pos-
itively correlated with CRP in women. Apart from these seeming-
ly direct effects of sex hormones, whether of endo- or exogenous
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Figure 2. Individual serum concentrations of (A) CRP, (B) PMAP, (C) SAA, (D) PAGP, (E) haptoglobin (Hp), and (F) albumin after challenge with LPS
(n =4 or 5). Two-way ANOVA (pig and time as factors) followed by Dunnet multiple-comparison testing (*, P < 0.05; t, P <0.01; {, P < 0.001 compared
with value at time 0). SAA was not evaluated statistically because the basic assumptions for ANOVA were not fulfilled.

origin, secondary sex-related characteristics like fat mass and fat
distribution have also been shown to contribute to the sex dif-
ferences observed in CRP concentrations.**#? Therefore, both sex
hormone concentrations and secondary sex characteristics seem
to play a role in the age- and sex-associated effects on the APR in
humans. The same could be true in Gottingen minipigs, given
that they show significant age- and sex-dependent differences
in sex hormone concentrations, fat mass, and fat distribution.® In
any case, the present study underlines the need for taking age and
sex into account in studies including APP responses. For instance,
measuring several APP has been shown to increase the ability to
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detect clinical and subclinical conditions in pigs,** and adding
age and sex into this equation might further improve sensitivity.
The APR induced by changing the pigs to a new environment
was expected and is considered to be a normal healthy response
to a changed microbial flora. At the breeder facility (Ellegaard Got-
tingen Minipigs A/S), the minipigs are kept in a microbiologically
defined environment with a limited number of pathogens present,
potentially rendering the pigs vulnerable to changes in pathogens
after transfer to a different housing facility. The APP changed in the
same manner in animals with and without diarrhea, suggesting such
changes are not always related to visible clinical signs. However,



A
1007
~ 80 =
.| A
E
> 607 .
2
o 401 :
o Ak
(&)
201 —_—
oy "A‘.‘A
ﬁT'F n
0 T g T
o O S
> Q
c
2001
J 1501 u
E
oD [ ]
2 100
<
<
501
—--0-0-0-0— — —dinininirininirieicie
0 I T T
< O Q
> Q
E
10000 7
A
8000
-
E 6000+ A
oD
. .
o 4000- . ]
T —— = A
20001 ¢ .
A
0 T T r
o Q Q
X Q"

PigMAP (pg/mL)

PAGP (pg/mL)

Acute-phase proteins in Goéttingen minipigs

2000 1
*
1500 A n
10001 . A
A A
500" e - ax
PR, L] Ak
A
0 T T T
o QO O
> QQ
>
2000 A
1500 . *
A
Ak
[ | A
10001 ——
e® M
-. A
500
(1)
0 L) L) T
o QO O
Oy Q()
>
601
— L ] % *
= 501 ® .
E g -m “.‘
£ . &
£ 40 —_
=1 —_———
4 " A
< 301 A
20 ! L] T
< Q Q
X &
>

Figure 3. Serum concentrations of (A) CRP, (B) PMAP, (C) SAA, (D) PAGP, (E) haptoglobin (Hp), and (F) albumin in lean control pigs (C, 1 = 6), obese pigs
fed a high-fat, high-fructose, and high-cholesterol diet (HFD, = 5), and pigs with mild diabetes that were fed the HFD (HFD+D, n = 11). Individual and me-
dian data (1 = 5-11). SAA data were evaluated by Kruskal-Wallis testing. CRP, PAGP, haptoglobin, and PMAP were log transformed and evaluated by one-
way ANOVA (*, P <0.05; 1, P <0.01; t, P < 0.001). Due to insufficient serum, PMAP values are missing for one animal each in the HFD and HFD+D groups.

whether the APP concentrations would return to baseline after a
longer acclimation period or whether they would remain on a new,
higher level corresponding to the new environment is unknown.

Regardless, the duration of the acclimation period could be im-
portant in studies where the APP themselves are investigated or
are expected to influence the read-outs of the study.
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After the acute LPS challenge, CRP, PMAP, haptoglobin, and
SAA levels were increased, an overall decrease in albumin oc-
curred, and no difference was found in PAGP. PAGP data are in
accordance with data from studies on LPS effects on domestic
pigs, in which no change in PAGP was observed.* Likewise, CRP
and haptoglobin were increased in the saliva of crossbred pigs
after repeated LPS injections.’ The changes in APP concentrations
observed in Goéttingen minipigs are thus as expected from other
published studies in pigs, and although obtained from a limited
number of animals, our current results provide evidence that the
APP investigated can be used as inflammatory markers in Got-
tingen minipigs as well. The absolute levels can, however, not be
used for reference, given that the minipigs also received metacam,
which might have dampened the response.

In the present study, increases in CRP, PAGP (HFD and HFD+D
groups), and PMAP (HFD group only) and decreases in albumin
occurred after a prolonged period (37 wk) of feeding a HFD, in-
dicating that a chronic inflammatory state was obtained in these
groups of pigs. The observed changes in APP concentrations may
be due to the diet itself, to the resulting obesity, or to the subse-
quent metabolic changes in the 2 HFD-fed groups (Table 1). In
one study,” gene expression and serum concentrations of dif-
ferent cytokines and APP were measured in old lean and obese
Gottingen minipigs fed a standard pig chow, and no significant
differences were found in serum concentrations of CRP, SAA, and
haptoglobin between the 2 groups. This result is in clear contrast
to the present study, to what is seen in obese Ossabaw minipigs
fed a HFD,*® and to the situation in obese humans.>** However,
the contradictory findings*” may indicate that the diet-induced
metabolic changes, including possible differences in liver involve-
ment,” rather than obesity itself, are important.

The serum concentration of PAGP has been investigated in sev-
eral porcine breeds.’>*%*4 In one study,”? PAGP was found to be a
negative APP in conventional pigs exposed to different infectious
challenges and turpentine injection; this finding is in contrast to
the human situation® and to earlier data from pigs with infectious
diseases."” In other studies,”* no change in PAGP concentrations
occurred after injection with LPS or turpentine, whereas PAGP
concentrations were increased in obese, diet-fed Ossabaw minip-
igs.® In the present study, PAGP and other positive APP increased
when the pigs were moved to a new housing condition and af-
ter a period with diet-induced chronic inflammation, indicating
that PAGP is a positive APP in Géttingen minipigs. However, the
PAGP concentration did not change after an acute LPS challenge
despite significant increases in the other APP, perhaps indicating
that PAGP is more sensitive to chronic inflammatory conditions
compared with an acute inflammatory stimulus. This differential
sensitivity of some APP to acute and chronic stimuli has also been
described in cattle.’®

In summary, reference values for CRP, PMAP, haptoglobin, SAA,
PAGP, and albumin were established for Goéttingen minipigs. In
addition to providing evidence that Géttingen minipigs display
APP responses comparable to those in other pig breeds, this study
provides important information on factors that influence the APP
levels in Gottingen minipigs. All the APP measured were influ-
enced by age, sex, or both factors, with the most important changes
seen in PMAP and haptoglobin between 6 and 16 wk of age. In ad-
dition, the PAGP data indicate that this APP responds differently to
acute and chronic stimuli in Géttingen minipigs, thus highlighting
the importance of choosing the correct biomarker depending on
the stimulus applied. The current study highlights some important
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aspects that need to be considered when designing studies and
using APP as biomarkers. Additional investigation of the influence
of age and sex on APP may refine the use of these biomarkers in
humans, as well.
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