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Advanced age is associated with a low-grade, systemic inﬂammatory response
characterized by increased inﬂammatory cytokine production both in vitro and in vivo,
termed inﬂamm-aging. It is also known that increased white adipose tissue, associated
with obesity, leads to increased production of inﬂammatory cytokines. To date, it is
unknown whether increased adiposity contributes to the age-related increased
inﬂammatory status. Here we show that peripheral blood mononuclear cells (PBMC)
from old horses compared to young horses have increased inﬂammatory cytokine
production; moreover, fat old horses compared to thin old horses have even greater
frequencies of lymphocytes and monocytes producing inﬂammatory cytokines. Therefore,
we proposed that decreasing adiposity in old horses would reduce age-associated
increases of inﬂammatory cytokines both in vitro and in vivo, and increasing adiposity in
old horses would increase these measurements. To test this hypothesis further, eight old
obese horses (20–28 year) were assigned to two consecutive treatments, dietary
restriction (DR) during weeks 1–12 and increased dietary intake (DI) during weeks 13–30.
Body weight, body condition score (BCS) and percent body fat were measured weekly.
PBMC were stimulated in vitro and interferon gamma (IFNg) and tumor necrosis factor
alpha (TNFa) production was measured by intracellular staining. Levels of nascent IFNg
and TNFa mRNA expression were examined by RT-PCR. Serum concentrations of TNFa
protein were also measured weekly. Reducing body weight and fat in old horses
signiﬁcantly reduced the percent of IFNg and TNFa positive lymphocytes and monocytes,
and serum levels of TNFa protein. Further, when weight and fat increased in these old
horses there was a signiﬁcant increase in inﬂammatory cytokine production. Regression
analysis also revealed signiﬁcant relationships. These ﬁndings demonstrate that agerelated obesity potentially plays a role in the dysregulation of inﬂammatory cytokine
production by the immune system with age or inﬂamm-aging in the horse.
ß 2008 Elsevier B.V. All rights reserved.
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Advanced age is associated with a low-grade, chronic
inﬂammatory state termed ‘‘inﬂamm-aging’’ (Franceschi
et al., 2000). Older individuals have 2–4-fold increases in
circulating levels of interleukin (IL)-6 (Harris et al., 1999;
Pedersen et al., 2003; Roubenoff et al., 1998), tumor
necrosis factor alpha (TNF)-a (Bruunsgaard and Pedersen,
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2003) and C-reactive protein (CRP) (Krabbe et al., 2004;
Pedersen et al., 2003) associated with increased morbidity
and mortality. Inﬂamm-aging has also been characterized
by increases in inﬂammatory cytokine production by
peripheral blood mononuclear cells (PBMC) in vitro
(Engwerda et al., 1996; Fagiolo et al., 1993; Sandmand
et al., 2003). Though these data indicate that dysregulation
of inﬂammatory cytokines occurs with aging, the mechanism responsible for this process remains unclear. While a
number of factors probably contribute to the increased
inﬂammatory response in the elderly, recent attention has
focused on the role of fat tissue (Pedersen et al., 2003).
Obesity is now considered to be a chronic mild
inﬂammatory state (Dandona et al., 2004; Rajala and
Scherer, 2003). The incidence of obesity in the elderly is
rising and will likely continue to increase (Arterburn et al.,
2004). Fat mass not only increases with age but is also
redistributed, resulting in greater intraabdominal fat or
white adipose tissue (WAT) (Villareal et al., 2005). WAT is
composed of adipocytes, ﬁbroblasts, endothelial cells and
macrophages (Berg and Scherer, 2005; Weisberg et al.,
2003). These resident adipocytes and macrophages have
been shown to secrete a variety of pro-inﬂammatory
cytokines such as TNFa, IL-6 and IL-1 in humans and
rodents (Hotamisligil et al., 1993; Kershaw and Flier, 2004;
Tilg and Moschen, 2006; Weisberg et al., 2003). Moreover, a
recent review documented the close relationship between
lymphatics and adipose tissue (Harvey, 2008). While the
exact source of circulating inﬂammatory cytokines remains
unclear; there is no doubt that obese individuals have
increased amounts and reductions in body fat can decrease
these levels (Bastard et al., 2000; Bruun et al., 2003; Clement
et al., 2004; Dandona et al., 1998; Fontana and Klein, 2007;
Xydakis et al., 2004). Nevertheless, few studies have
measured changes in inﬂammatory cytokines with loss of
body weight and fat in old obese subjects (de Mello et al.,
2008; Nicklas et al., 2004).
Though the relationships between adipose tissue and
the immune system in aging remain largely unknown; it
has been suggested that elevated body fat may play a role
in contributing to increased inﬂammation with age
(Pedersen et al., 2003). Thus, we have investigated this
relationship using the old obese horse as a model. In
support of this model, horses are a relatively long-lived
species with a mean lifespan of 25 years (equivalent to 71
year of age in people) and a maximum life span
approaching 40 years (Mauderly and Hahn, 1982; McFarlane et al., 2001). We have recently shown that adipocytes
from the horse are also capable of producing inﬂammatory
cytokine TNF-a (Vick et al., 2008). In addition, obese adult
horses have increased circulating levels of inﬂammatory
cytokines (Vick et al., 2007). Here we show that PBMC from
old horses compared to young adults have increased
inﬂammatory cytokine production; moreover, fat old
horses compared to thin old horses have even greater
frequencies of lymphocytes and monocytes producing
inﬂammatory cytokines. Therefore, we proposed that
decreasing adiposity in old horses would reduce ageassociated increases of inﬂammatory cytokines both in
vitro and in vivo, and increasing adiposity in old horses
would increase these measurements.
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2. Materials and methods
2.1. Experimental animals
Sixteen old (mean age 24.4; range 20–28) and seven
young (mean age 4.3; range 4–5) female horses (Equus
caballus) of mixed-breed were used in this study. All horses
were maintained at the Department of Veterinary Science’s
Maine Chance Farm, Lexington, KY. Each horse had a
thorough veterinary medical exam to exclude horses with
evidence of illness, trauma, lameness, weight loss or
abnormal coat shedding (as a sign of Cushing’s). All blood
samples were drawn via aseptic venipuncture after feeding
was completed. Husbandry procedures were in accordance
with the Guide for the Care and Use of Agricultural Animals
in Agricultural Research, U.S. Department of Agriculture.
All experimental procedures were approved by the
Institutional Animal Care and Use Committee of the
University of Kentucky.
2.2. Measurement of body weight, BCS and adiposity
(% body fat)
Body weight was measured each week before feedings
(0830 h) using a portable agriculture scale (model 700, Tru
Test Inc., Mineral Wells, TX). Body condition score (BCS)
was determined at random time points using the Henneke
scoring system which uses a scale of 1–9 (1 = emaciated
and 9 = extremely obese; Henneke et al., 1983). Individual
horse scores were determined by using the average score
given by 3 trained persons. Percent body fat was also
determined weekly before feedings by using ultrasound
measurement of croup fat thickness at approximately
11 cm caudal from the tail head and 10 cm off the midline.
This measurement was used to calculate percent body fat
using the equation: % body fat = [5.4*(ultrasound fat depth
in cm) + 2.47] (Kane et al., 1987). Obese horses are deﬁned
by a BCS  7 and % body fat  15 (Vick et al., 2007, 2006).
2.3. Dietary treatments
All horses were housed and fed daily at 0830 h in 16-m2
individual stalls. All horses had free access to water at all
times. Two consecutive treatments, dietary restriction (DR,
weeks 1–12), assigned to eight of the ten old horses and
increased dietary intake (DI, weeks 13–30), assigned to seven
(one horse died due to unrelated cause) of the ten old obese
horses. The two remaining fat old horses were not subjected
to dietary treatments and served as controls. The mares were
initially fed a maintenance diet (NRC, 1989), consisting of
mixed grass hay (DE, Mcal/kg 0.37, 13.3% crude protein and
19.4% non-ﬁber carbohydrate), for 4 weeks and thereafter the
diet was restricted every 2 weeks to 80%, 70% and 60% of the
maintenance diet until the targeted BCS (7) and % body fat
(15) was obtained. Afterwards, dietary intake was
increased every 2 weeks from 60% to 70% to 80% and ﬁnally
to 100% of the maintenance diet until targeted percent body
fat (15) was achieved. All diets were supplemented daily for
each horse with a balancing ration of 1.0 kg of oats (DE, Mcal/
kg 2.85 and 11.8% crude protein) and 0.22 kg of Gro N’Win
(Buckeye Nutrition, Edmond, OK) supplement (32.0% crude
protein, 6.0% starch and 5.0% crude fat).
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2.4. IFNg and TNFa intracellular staining
Heparinized blood samples were collected once a
week. PBMC were puriﬁed by Ficoll-Paque PlusTM
(Amersham Biosciences, Piscataway, NJ) gradient centrifugation and cultured in 24-well plates with c-RPMI
[RPMI-1640 (Gibco, Grand Island, NY) with 2.5% fetal
equine serum (FES; Sigma–Aldrich, St. Louis, MO), 100 U/
ml penicillin/streptomycin (Sigma), and 55 mM 2-mercaptoethanol (Gibco)] media alone or c-RPMI media with
phorbol 12-myristate 13-acetate (PMA; 25 ng/ml; Sigma)
and ionomycin (1 mM; Sigma), or lipopolysaccharide (LPS,
1 mg/ml; Sigma) at 37 8C 5% CO2 for 6 h. In addition,
brefeldin A (10 mg/ml; Sigma) was added to all wells
during the 6 h incubation period. Following the incubation, cells were ﬁxed in 2% paraformaldehyde (Sigma) and
stored overnight at 4 8C. The next day intracellular
staining for IFNg was performed using a method we have
previously described (Breathnach et al., 2006). Intracellular staining for TNFa was performed using a similar
procedure with an anti-equine TNFa monoclonal antibody (HL801, kindly provided by Dr. Rob MacKay,
University of Florida). All IFNg and TNFa stained samples
were resuspended in FACS ﬂow for ﬂow cytometric
acquisition and analysis. Lymphocyte and monocyte gates
were determined using forward and side-scatter. Markers
were set using the isotype control antibody-labeled cells
from each horse for each treatment and used to determine
the percent of IFNg-producing or TNFa-producing lymphocytes (L) and monocytes (M) in the corresponding
media or stimulated cultures.
2.5. RT-PCR (real-time) quantitation of cytokine gene
expression in vivo
Approximately 3.0 ml of whole blood was collected
from the jugular vein into PAXgeneTM blood RNA tubes
(Qiagen/PreAnalytiX, Valencia, CA). The tubes were incubated at room temperature for 24 h and then stored at
20 8C until assayed. Once thawed, total RNA was
extracted using the PAXgeneTM blood RNA extraction kit
(Qiagen) using the manufacturer’s protocol. Reverse
transcription reactions were performed, as previously
described (Breathnach et al., 2006), using 1.0 mg of each
RNA sample and reverse transcription master mix (Promega, Madison, WI). The reactions were incubated at 42 8C
for 15 min and 95 8C for 5 min. The cDNA was stored at
20 8C until analyzed by RT-PCR.
Cytokine gene expression was measured by RT-PCR
using equine speciﬁc intron-spanning primer/probe sets
for IFNg and TNFa (Breathnach et al., 2006). Each reaction
contained 5 ml cDNA and 20 ml of master mix containing
the following: 6.25 ml nuclease-free water (Qiagen);
1.25 ml 20X assay mix for primer/probe set of interest
(Applied Biosystems); and 12.5 ml TaqManTM (Applied
Biosystems, Foster City, CA). All reactions were incubated
in duplicate wells for 95 8C for 10 min, followed by 40
cycles of 95 8C for 15 s and 60 8C for 60 s in an Applied
Biosystems 7500 sequence detection system. The DDCT
method was used to calculate relative changes in cytokine
gene expression (Livak and Schmittgen, 2001). Beta-

glucouronidase (b-GUS) was used as the housekeeping
gene. The calibrator used was calculated from the mean
DCT for all baseline samples of each horse for each
individual gene. Results are expressed as relative quantity
DD
(RQ) calculated as 2 CT.
2.6. TNFa ELISA
Weekly serum was separated from peripheral blood
and stored at 20 8C until assayed. Serum TNFa protein
was measured using a commercially available equine
TNFa ELISA kit (Endogen, Rockford, IL). This assay was
validated for equine serum samples diluted at a minimum
of 1:3 in reagent diluent (Vick et al., 2007). All steps of the
ELISA were performed by the manufacturer’s instructions
except for the following: the recombinant TNFa standard
provided was prepared in 20% FES and reagent diluent to
make a top standard of 2000 pg/ml and a low standard of
15.6 pg/ml; all samples were diluted 1:5 in reagent diluent
and added to 96-well plates in quadruplicate; and single
absorbance was measured at A450.
2.7. Statistics
Statistical analysis was performed using Sigma Stat
(Systat Inc., Richmond, CA). One-way repeated measures
ANOVAs (Holm–Sidak method) were used when data was
normally distributed to determine differences in each of
the measurements over time (1–12 weeks) and (13–30
weeks). The TNFa pg/ml protein data were log10-transformed for statistical analysis. Before and after, paired ttests were used to determine differences between baseline
and DR, DR and DI, and DI and baseline data. Linear
regression analysis was used to assess the degree of
association between the changes (D) in percent body fat
and inﬂammatory cytokines. Delta was calculated for each
horse as the difference between each time period and week
1 for DR, and for DI it was calculated as the difference
between each time period and week 12. Univariate linear
regressions were performed on pooled data (D values for
each horse) during weeks 1–12 and then during weeks 12–
30. Signiﬁcant differences were determined at the level of
(p < 0.05).
3. Results
3.1. Effect of body condition status on inﬂammatory
cytokine production by PBMC
Old horses, like aged humans, have evidence of
inﬂamm-aging (Franceschi et al., 2000) as indicated by
signiﬁcantly (p < 0.05) increased frequencies of IFNg and
TNFa positive lymphocytes (L) and monocytes (M) after
stimulation with PMA and ionomycin (Fig. 1a). To
determine the effect of adiposity on intracellular inﬂammatory cytokine production, the old horses were divided
into fat and thin groups based on body weight, % body fat
and BCS (Table 1). Fat horses had a signiﬁcant increase in
the percent TNFa positive lymphocytes (L) and monocytes
(M) following stimulation when compared to thin horses
(Fig 1b).
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Fig. 1. (a) Old horses (n = 7) had signiﬁcantly (p < 0.05) increased frequencies (mean + S.E.) of IFNg and TNFa positive lymphocytes (L) and monocytes (M)
following stimulation with PMA and ionomycin when compared to young (n = 7). (b) Fat old horses (n = 7) had similar frequencies (mean + S.E.) of IFNg
positive (L) (p > 0.05) and signiﬁcantly increased frequencies of TNFa positive (L) and (M) (*p < 0.05) after stimulation with PMA and ionomycin when
compared to thin (n = 6) old horses.

3.2. Effect of DR and DI on body weight, % body fat and BCS
Dietary restriction signiﬁcantly altered body weight,
percent body fat and BCS during a 12-week period as
illustrated in Fig. 2a–c. Overall, DR resulted in a 10.28% loss
of initial mean body weight, 24.06% loss of initial mean
body fat, and a loss of 2.073 mean BCS (Table 2). Increasing
the diet during weeks 12–30 signiﬁcantly (p < 0.05)
returned mean body weight and mean % body fat to
baseline levels, though mean BCS remained signiﬁcantly
lower compared to baseline mean BCS (Fig. 2, Table 2).
3.3. Inﬂammatory cytokine (IFNg and TNFa) production
by stimulated PBMC is affected by changing
body weight, % body fat and BCS
Because both aging and increased adiposity are
associated with increased inﬂammatory cytokine production, we examined the effect of altering percent body fat in
old horses. Decreasing body fat over time signiﬁcantly
reduced the percentage of IFNg (Fig. 3a) and TNFa (Fig. 3b)
positive, PMA and ionomycin stimulated lymphocytes.
There was no effect of LPS stimulation on IFNg and TNFa
production from lymphocytes over time (data not shown).
The frequencies of TNFa positive, PMA and ionomycin
stimulated monocytes were signiﬁcantly decreased
(p < 0.05) during weeks 1–12 (Fig. 3c). However, the
percent of LPS stimulated TNFa positive monocytes was
signiﬁcantly (p < 0.05) increased during weeks 6 and 7.
Increasing body fat over time signiﬁcantly (p < 0.05)
increased the percent of IFNg and TNFa positive, PMA
and ionomycin stimulated lymphocytes and monocytes

Table 1
Mean body weight, % body fat and body condition score (BCS) of fat and
thin old horses.
Measurements

Fat (n = 7)

Thin (n = 6)

Body weight
% Body fat
BCS

527  16.5a
20.8  2.31a
7.25  0.103a

493  11.0a
5.47  0.994b
4.76  0.484b

a,b
Means (S.E.) in the same row with different superscript letters differ
signiﬁcantly (p < 0.05).

(Fig. 3a–c). There was no change in IFNg and TNFa
production from lymphocytes stimulated with LPS during
the DI period (data not shown). There was no change in the
percent of TNFa positive monocytes after LPS stimulation.
In comparing before DR and after DI values, there was a
signiﬁcant increase in IFNg and TNFa positive, PMA and
ionomycin stimulated lymphocytes and monocytes but no
difference after LPS stimulated PBMC (Table 3). After DI the
percent of IFNg positive lymphocytes and TNFa positive
monocytes returned to baseline levels; while the percent
TNFa positive lymphocytes increased but still remained
different to baseline values. Overall, during both DR and DI
periods there was no signiﬁcant difference in the
frequencies of IFNg and TNFa positive, non-stimulated
(cRPMI media alone) lymphocytes and monocytes. Within
the two control mares there was no change (baseline vs DR
vs DI) in mean  S.E. in IFNg (30.0  6.2 vs 30.1  3.9 vs
29.2  5.2) and TNFa (54.9  3.9 vs 53.3  3.0 vs 48.5  1.4)
positive lymphocytes stimulated with PMA. Further there
was no change in the mean  S.E. in TNFa positive
Table 2
Mean body weight, % body fat and BCS before (baseline) dietary
restriction (week 1), after dietary restriction (DR) (week 12), and after
increased caloric intake (DI) (week 30).
Measurements

Baseline

DR

DI

Body weight
% Body fat
BCS

522.3  15.31a
22.73  2.295a
7.094  0.168a

468.6  14.12b
17.26  1.438b
5.021  0.157b

512.7  14.03a
23.82  2.162a
6.129  0.137c

a–c

Means (S.E.) in the same row with different superscript letters differ
signiﬁcantly (p < 0.05).

Table 3
Intracellular staining of IFNg and TNFa production by lymphocytes (L) or
monocytes (M) following stimulation with PMA and ionomycin or LPS,
before DR (baseline), after DR, and DI.
Measurements
%
%
%
%

IFNg (L)-PMA
TNFa (L)-PMA
TNFa (M)-PMA
TNFa (M)-LPS

a–c

Baseline

DR
a

34.56  3.816
60.88  3.113a
62.76  2.886a
32.32  3.467a

DI
b

29.78  3.719
44.84  3.681b
43.35  3.046b
27.15  2.898a

34.05  4.385a
53.32  3.648c
67.06  2.053a
31.44  3.092a

Means (S.E.) in the same row with different superscript letters differ
signiﬁcantly (p < 0.05).
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Fig. 2. The effect of dietary restriction, DR (weeks 1–12) and increased
dietary intake, DI (weeks 12–30) on average (S.E.) (a) body weight, (b)
percent body fat and (c) body condition score (BCS). DR signiﬁcantly
decreased mean body weight, % body fat and BCS from week 1 to 12 in a
group of old horses (n = 8). DI signiﬁcantly increased all three measurements
from week 12 to 30 in a group of old horses (n = 7). *Signiﬁcantly different
from baseline (week 1) or ystatistically different from DR (week 12)
(p < 0.05).

Fig. 3. (a) Mean  S.E. percent of IFNg positive lymphocytes (L), (b) TNFa
positive lymphocytes (L) and (c) TNFa positive monocytes (M) following
stimulation with PMA and ionomycin (solid circles) or LPS-stimulated
monocytes (open circles) were altered by changing body condition and fat.
DR signiﬁcantly decreased the percent of IFNg+(L), TNFa+(L) and TNFa+(M)
from eight old horses week 1–12 (*p < 0.05). Over time DI signiﬁcantly
increased the percentage IFNg +(L), TNFa+(L) and TNFa+(M) following
stimulation with PMA and ionomycin from seven old horses (yp < 0.05).

monocytes stimulated with PMA (63.1  7.4 vs 62.0  5.4 vs
68.3  1.5) or LPS (28.8  5.3 vs 29.4  2.9 vs 23.7  3.8).

regardless of age (Vick et al., 2007). Here we determined
whether changing body fat in old horses had an effect on
TNFa protein measured in serum. Serum TNFa protein
signiﬁcantly decreased (p < 0.05) with decreasing adiposity during weeks 1–12 (Fig. 4). In addition, there was a
signiﬁcant (p < 0.05) difference in serum TNFa levels
before and after DR (Table 4). When body fat was increased
during DI, serum TNFa protein levels continued to

3.4. Serum TNFa protein (pg/ml) measured in serum
decreased with DR and continued to decrease with DI
We have previously shown that TNFa protein is
signiﬁcantly increased in obese horses compared to lean,
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Table 4
Serum TNFa protein (pg/ml) before (baseline) DR, after DR and DI.
Measurements

Baseline

DR

DI

TNFa protein

3420  1671a

2488  1331b

951.6  663.8b

a,b
Means (S.E.) in the same row with different superscript letters differ
signiﬁcantly (p < 0.05).

Table 5
Relative quantitation (RQ) of nascent gene expression of IFNg and TNFa
in peripheral blood before DR (baseline), after DR and DI.

Fig. 4. Serum TNFa protein (pg/ml) decreased with DR (weeks 1–12) in a
group of old horses (n = 6) and continued to decrease in a group of old
horses (n = 5) during DI (weeks 12–30) (p < 0.05). Two horses had pg/ml
values higher than the standard curve and were not included. Each
symbol (&, *, *, 4, &, !) represents a different horse and the solid line
(—) represents the mean.

decrease signiﬁcantly (p < 0.05) during the initial weeks
12–15; however, RM ANOVA revealed no signiﬁcant
change during weeks 15–30. While the levels of serum
TNFa remained constant during weeks 15–30 they did not
return to baseline values (Table 4). Serum TNFa protein
remained constant in one of the control mares (other
control mare had pg/ml values higher than the standard
curve and was not included) when comparing baseline, DR
and DI values (3359 pg/ml vs 3163 pg/ml vs 3360 pg/ml),
respectively.
3.5. Gene expression of inﬂammatory cytokines before
DR (baseline), after DR, and DI are not altered
To determine whether altering body composition and
fat modulates nascent expression of inﬂammatory cyto-

Measurements

Baseline

DR

DI

IFNg RQ
TNFa RQ

1.05  0.370a
1.08  0.174a

0.792  0.132a
0.965  0.098a

1.75  0.242b
1.032  0.214a

a,b
Means (S.E.) in the same row with different superscript letters differ
signiﬁcantly (p < 0.05).

kines in peripheral blood cells, we assessed mRNA levels in
peripheral blood using RT-PCR. There was not a signiﬁcant
decrease in IFNg and TNFa mRNA expression during
weeks 1–12. Though there was a weak and non-signiﬁcant
increase in nascent TNFa and a signiﬁcant (p < 0.05)
increase in the mRNA expression of IFNg during weeks 12–
30 (Table 5).
3.6. Regression analysis revealed relationships between
changes (D) in % body fat and inﬂammatory measures during
DR and DI
To further investigate the relationship between inﬂammatory cytokines and adiposity, we used univariate linear
regressions on pooled data (D) during weeks 1–12
(Table 6a) and then during weeks 12–30 (Table 6b). While
regression analysis revealed a signiﬁcant relationship
between changes in body weight and percent body fat,
there were differences in correlating each of these

Table 6a
Linear regression analysis of the change (D) in % body fat and body weight with inﬂammatory measures during DRa.
Body condition measurements

Inﬂammatory cytokines

D % Body fat

% IFNg (L)

% TNFa (L)

% TNFa (M) PMA

% TNFa (M) LPS

TNFa (pg/ml) (log 10)

D Body weight

R = 0.613
p < 0.001

R = 0.540
p < 0.001

R = 0.412
p < 0.005

R = 0.510
p < 0.001

R = 0.665
p < 0.001

R = 0.394
p = 0.017

D % Body fat

–
–

R = 0.444
p < 0.005

R = 0.115
p = 0.479

R = 0.472
p < 0.005

R = 0.050
p = 0.803

R = 0.463
p = 0.004

a

R-value and p-value are shown for pooled data.

Table 6b
Linear regression analysis of the change (D) in % body fat and body weight with inﬂammatory measures during DIa.
Body condition measurements

Inﬂammatory cytokines

D % Body fat

% IFNg (L)

% TNFa (L)

% TNFa (M) PMA

% TNFa (M) LPS

TNFa (pg/ml) (log10)

D Body weight

R = 0.591
p < 0.001

R = 0.433
p < 0.01

R = 0.473
p < 0.01

R = 0.508
p < 0.001

R = 0.241
p = 0.09

R = 0.111
p = 0.468

D % Body fat

–
–

R = 0.434
p < 0.01

R = .0.550
p < 0.001

R = 0.515
p < 0.001

R = 0.525
p < 0.001

R = 0.070
p = 0.969

a

R-value and p-value are shown for pooled data.
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measurements with inﬂammatory cytokine changes. The
changes (D) in decreasing body weight were signiﬁcantly
(p < 0.05) related to decreasing (D) for all inﬂammatory
measurements (Table 6a). However, loss in percent body
fat was related to only changes in the % IFNg (L), % TNFa
(M) PMA stimulated, and TNFa pg/ml (Table 6a). The
changes (D) in increasing body weight were signiﬁcantly
(p < 0.05) associated with all inﬂammatory measurements
except for changes in the % TNFa (M) LPS and TNFa pg/ml
(Table 6b) Likewise, regression analysis showed relationships between changes in percent body fat and all
inﬂammatory measurements except for TNFa pg/ml.
4. Discussion
In humans, both obesity (Dandona et al., 2004) and ageassociated changes in the immune system (Franceschi
et al., 2000) are associated with elevated levels of
inﬂammatory cytokines. The effect of obesity on
inﬂamm-aging remains largely unknown. Here, fat old
horses were used as a model to investigate this relationship. Old horses, compared to young, have increased
inﬂammatory cytokine production. Moreover, fat old
horses have increased frequencies of lymphocytes and
monocytes producing inﬂammatory cytokines. These
results indicated that age-related obesity may contribute
to inﬂamm-aging in the old horse. Thus, adiposity was
manipulated over time while measuring inﬂammatory
cytokines to further explore this association. Dietaryrestriction resulted in signiﬁcant weight loss, body fat loss
and body condition loss during a twelve week period,
followed by increased dietary intake which induced
signiﬁcant weight gain, body fat gain and body condition
during an eighteen week period in the same group of old
horses. Studies of obese elderly woman have also shown
that short-term dietary manipulation results in weight loss
(5–6% of initial body weight) and reduces body fat (by 10–
12% of initial body fat mass); however these studies did not
investigate the effect of increasing body weight and fat
(Mazzali et al., 2006; Ryan and Nicklas, 2004).
Regression analysis revealed a signiﬁcant relationship
between percent body fat and IFNg positive lymphocytes
and TNFa positive monocytes. Reducing body weight and
fat in old horses signiﬁcantly reduced the percent of IFNg
and TNFa positive lymphocytes and TNFa positive
monocytes. Further, when weight and fat increased in
these old horses there was a signiﬁcant increase in the
percent of IFNg and TNFa positive lymphocytes and
monocytes. Although decreased body fat was associated
with a signiﬁcant reduction in the percentage of inﬂammatory cytokine positive PBMCs, these frequencies were
still higher when compared to young adult horses. While
adiposity contributes to inﬂamm-aging, it alone does not
account for increased inﬂammatory cytokine production in
the old horse.
While macrophages in obese adipose tissue are known
to be the main source of TNFa (Suganami et al., 2005; Tilg
and Moschen, 2006), it has been shown that circulating
PBMCs in obese subjects have increased inﬂammatory
cytokine mRNA expression, as well (Ghanim et al., 2004).
Moreover, a recent study showed that weight and fat loss

in older obese subjects decreased the expression of
inﬂammatory cytokine mRNA in PBMC (de Mello et al.,
2008). These results suggest some cross-talk occurs
between adipose tissue and circulating lymphocytes and
monocytes. Indeed, other adipocyte-derived cytokines
such as leptin have been shown to increase the production
of inﬂammatory cytokines TNFa and IL-6 from monocytes
and macrophages (Gainsford et al., 1996) and the
production of T helper cytokine IFNg (Lord et al., 1998).
It is known that IFNg produced induces the production of
TNFa from monocytes and macrophages (Farrar and
Schreiber, 1993); which could then act in an autocrine
or paracrine manner stimulating resident or peripheral
macrophages and T cells to secrete inﬂammatory cytokines. Perhaps reducing adiposity dampens the inﬂammatory cycle by decreasing the activation and inﬁltration of
resident macrophages (Bruun et al., 2006). Moreover, a
recent review has provided evidence that there is a link
between the function of lymphatic vessels and adipose
tissue (Harvey, 2008). Thus, adipocyte and monocytederived inﬂammatory cytokines could contribute to
alterations in immune function with age.
The effect of adiposity on the immune response to LPS
was measured in stimulated PBMCs. During the period of
weight and fat loss, the percentage of monocytes producing TNFa increased initially; however, during weight gain
no change was observed. This is consistent with the
decreased responsiveness to LPS in obese individuals
(Lamas et al., 2002) and could account for their increased
incidence of infectious illnesses and sepsis (Edelman,
1981; Gottschlich et al., 1993).
There was a signiﬁcant reduction in serum levels of
TNFa protein following weight loss. Also, regression
analysis revealed a signiﬁcant relationship between
changes in percent fat and changes in TNFa protein.
Circulating levels of TNFa protein have been associated
with increased truncal fat mass in elderly subjects
(Pedersen et al., 2003). Furthermore, others have shown
a signiﬁcant decrease in circulating TNFa protein with
short-term weight and fat loss in older subjects (de Mello
et al., 2008). Decreasing adiposity reduced IFNg and TNFa
mRNA expression, though not signiﬁcantly. This is consistent with the adipose tissue being the source of the
circulating TNFa. Surprisingly, when body weight and fat
were increased there was a continuous decrease in TNFa
during weeks 12–15; however, after week 15 the levels of
circulating TNFa protein remained constant. At the same
time there was no increase in TNFa mRNA expression in
peripheral blood, though there was a signiﬁcant increase in
IFNg mRNA. Perhaps short-term return of fat mass is not
sufﬁcient enough time to restore complete function of
adipocytes or macrophages in fat tissue (Bedoui et al.,
2005; Xydakis et al., 2004). If body fat would have
continued to increase beyond week 30 perhaps the levels
of circulating TNFa would have increased to pre-restriction levels.
The mechanism responsible for age-associated inﬂammation remains unknown. In this study the results show a
strong relationship between changes in adiposity and
inﬂammatory cytokine production by PBMC and circulating levels of inﬂammatory cytokines. These results
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demonstrate that age-related obesity potentially plays a
role in the dysregulation of inﬂammatory cytokine
production by the immune system with age or inﬂammaging. We are not aware of other studies in which
intracellular protein levels of inﬂammatory cytokines
were measured in circulating PBMC of the obese aged,
undergoing such manipulation of body weight and fat.
Further understanding of what regulates chronic inﬂammation with age is critical and highly relevant to today’s
growing population of obese elderly and old horses.
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