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Chronic  exposure  to  the  Standard  American  Diet  (SAD)  leads  to  systemic  inflammation.
SAD  consumption  resulted  in  elevated  blood  glucose,  and  fat  mass.
Neither  spontaneous  pain  nor  open  field  locomotion  was  affected  by  the  SAD.
Recovery  from  inflammatory  injury  is  prolonged  by  consumption  of the  SAD  in rats.
The  SAD  resulted  in  greater  microglial  activation  in  the  spinal  cord.
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a  b  s  t  r  a  c  t

Background  and  aims:  Obesity  is  a significant  health  concern  in the  Western  world  and  the  presence  of
comorbid  conditions  suggests  an  interaction.  The  overlapping  distributions  of  chronic  pain  populations
and  obesity  suggests  that  an  interaction  may  exist.  Poor  quality  diet  (high  carbohydrates,  saturated  fats,
omega-6  polyunsaturated  fatty  acids)  can  lead  to increased  adiposity  which  can  activate  immune  cells
independent  of  the  activating  effect  of  the  diet  components  themselves.  This  dual action  can  contribute
to  chronic  inflammation  that  may  alter  susceptibility  to chronic  pain  and  prolong  recovery  from  injury.
However,  traditional  examinations  of diet  focus  on high-fat  diets  that  often  contain  a  single  source  of
fat,  that  is  not  reflective  of  an  American  diet.  Thus,  we examined  the  impact  of  a novel  human-relevant
(high-carbohydrate)  American  diet  on measures  of  pain  and  inflammation  in  rats,  as  well as the effect  on
recovery  and  immune  cell  activation.
Methods:  We  developed  a novel,  human-relevant  Standard  American  Diet  (SAD)  to better  model  the
kilocalorie  levels  and  nutrient  sources  in  an  American  population.  Male  and  female  rats  were  fed  the
SAD  over the course  of  20  weeks  prior  to  persistent  inflammatory  pain  induction  with  Complete  Freund’s
Adjuvant  (CFA).  Mechanical  and  thermal  sensitivity  were  measured  weekly.  Spontaneous  pain,  open  field
locomotion  and  blood  glucose  levels  were  measured  during  diet  consumption.  Body  composition  was
assessed  at  20  weeks.  Following  full recovery  from  CFA-induced  hypersensitivity,  blood  was  analyzed  for
inflammatory  mediators  and  spinal  cords  were  immunohistochemically  processed  for  microglial  markers.
Results: Chronic  consumption  of  the  SAD  increased  fat mass,  decreased  lean mass  and  reduce  bone

mineral  density.  SAD-fed  rats  had  increased  leptin  levels  and  pro-inflammatory  cytokines  in  periph-

eral  blood  serum.  Following  CFA  administration,  mechanical  sensitivity  was  assessed  and  recovery  was
delayed  significantly  in SAD-fed  animals.  Sex  differences  in  the  impact  of  the  SAD  were  also  observed.  The
SAD increased  body  weight  and common  T-cell  related  inflammatory  mediators  in  female,  but  not  male,
animals.  In males,  the  SAD  had  a greater  effect  on  bone  mineral  density  and body  composition.  Long-term
consumption  of  the  SAD  resulted  in elevated  microglial  staining  in  the  dorsal  horn  of  the  spinal  cord,  but
no  sex  differences  were  observed.
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Conclusions:  We  demonstrate  the  negative  effects  of an American  diet  on  physiology,  behavior  and
recovery from  injury.  SAD  consumption  elevated  pro-inflammatory  mediators  and  increased  microglial
activation  in  the spinal  cord. While  there  were  sex  differences  in weight  gain  and  inflammation,  both
sexes showed  prolonged  recovery  from  injury.
Implications:  These  data  suggest  that  poor  quality  diet  may  increase  susceptibility  to  chronic  pain  due
to  persistent  peripheral  and  central  immune  system  activation.  Furthermore,  consumption  of  a  diet that
is  high  in  carbohydrates  and  omega-6  polyunsaturated  fatty  acid is  likely  to  lead  to  protracted  recovery
following  trauma  or surgical  procedures.  These  data  suggest  that  recovery  of a number  of  patients  eating
a  poor  quality  diet  may  be  expedited  with  a change  in  diet  to one  that  is  healthier.
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resent the ipsilateral, injected paw. The 50% withdrawal thresholds
were estimated using the up-down method of Dixon [39]. Testing
©  2017  Scandinavian  

Obesity in the Western world as a result of poor quality diet
s a significant health concern. Aside from known cardiovascu-
ar and metabolic effects (i.e., Type 2 diabetes mellitus), poor
uality diet is a risk factor for chronic pain [1–4]. While added
eight puts additional strain on joints, the presence of pain in
on-weight-bearing joints [5] suggests another underlying cause.
e believe that chronic inflammation due to poor quality diet and

ncreased adiposity interact to result in a chronic pro-inflammatory
tate that leaves individuals more susceptible to chronic pain. In
act, risk of chronic pain was associated with elevated body mass
ndex (BMI) and inflammatory biomarkers in a large sample in
orway [6].

The immune system is recognized as playing an active role
n inflammation and chronic pain [7–14]. Thus, immune sys-
em activation is likely to result in various chronic conditions,
ncluding pain. With respect to diet, saturated fatty acids acti-
ate toll-like receptor 4 (TLR4) [15,16], omega-6 polyunsaturated
atty acids (n-6 PUFAs) are precursors for prostaglandins [17]
nd carbohydrates elicit an insulin response and can result in
ignificant oxidative stress [18–20]. A poor quality diet often
eads to excess adipose tissue and can result in infiltration of
ro-inflammatory macrophages [21,22] and the release of the
dipokine leptin. Leptin has been shown to activate the innate
mmune system to prompt an inflammatory response [23]. Thus,
oor quality diet and the resulting adiposity can contribute to
n inflammatory state that is seen in obese humans [24–27]
nd animals [28–34]. This chronic inflammation is likely to alter
ain.

Recently we reported that long-term consumption of a Total
estern Diet (TWD) altered sensitivity to thermal and mechani-

al stimuli and resulted in a pro-inflammatory state in male mice.
dditionally, the TWD  prolonged recovery from injury following

ntraplantar Complete Freund’s Adjuvant (CFA) [34]. These data
upport the notion that a Western diet results in a chronic pro-
nflammatory state and may  increase susceptibility to chronic pain.
owever, whereas the TWD  was based on the median values of

he National Health and Nutrition Examination Survey (NHANES),
e wished to develop an animal model protocol to study the pain

nd inflammation responses to the standard American diet. Thus,
e developed a diet that was based on the kilocalorie intake and

ood sources from a standard American diet [35] to be tested in
ale and female rodents. Here, male and female rats consumed

ur novel Standard American Diet (SAD) over the course of 20
eeks prior to induction of persistent inflammatory pain with
FA. Mechanical and thermal sensitivity was measured as well
s physiological assessments following recovery from injury. The
ecision to use rats was based on our previous experience with
arvesting brains and spinal cords from rats in order to perform
mmunohistochemistry and to test for the generalizability of the
henomena.
iation  for the  Study  of Pain.  Published  by  Elsevier  B.V.  All  rights  reserved.

1. Methods

1.1. Animal subjects

Male (n = 18) and female (n = 17) Sprague Dawley rats (Charles
River labs, 150–200 g at onset) were housed in groups of 2–3
per cage (10.25′′ W × 18.75′′ L × 8′′ H), under a 12 h reversed light
cycle (lights on at 21:00 h) and provided with standard chow (Har-
lan Teklad, Indianapolis, IN) and sterile water. Animal health was
assessed daily for the duration of the experiment. Following the rat
housing density policy, once rats reached a weight of 400 g, they
were separated into additional cages. All rats were fed standard
chow for two  weeks before introduction to the experimental diet.
After obtaining stable baseline measures, rats were assigned to
either ad libitum regular chow (REG, NIH-31 Envigo, Madison, WI;
n = 18, 9 males) or provided with our novel Standard American
Diet (SAD, TD.140536, Envigo, Madison, WI;  n = 17, 9 males) and
a 20% solution of formula 55 high fructose corn syrup (Golden Bar-
rel; Honey Brook, PA) to model sweetened beverage intake. The
fructose solution was  administered ad libitum via bottles. The SAD
differs from commercially available high-fat diets in that it contains
a human-relevant omega-6 to omega-3 PUFA ratio of 16:1 [36], has
refined white flour (Gold Medal, General Mills, Minneapolis, MN),
sugar and added trans fatty acids to mimic  human intake [37]. These
changes were chosen to make the diet more translatable to poor
quality human diets, but based on the available Total Western Diet
[38]. The SAD is composed of 16.7% protein (15.4% kcal), 52.9% car-
bohydrates (49.0% kcal), and 17.1% fat by weight (35.6% kcal). In
contrast to traditional high-fat diets wherein there is a single source
of fat, the SAD had multiple sources of fat, much like a human diet.
The composition of the SAD is shown in Table 1. Table 2 lists the
top 13 ingredients in the REG and SAD in descending order for com-
parison of components. The diet exposure lasted for 20 weeks prior
to CFA treatment, for a total of 26 weeks. All of the animals used
in the present study have been obtained, housed, cared for and
used in accordance with the University of Alabama at Birmingham
Institutional Animal Care and Use Committee guidelines.

1.2. von Frey testing

Rats were placed in individual transparent Plexiglas cubicles
(custom made) atop a perforated metal floor and habituated for
20 min  prior to behavioral testing. Nylon monofilaments (Stoelting
Touch Test Sensory Evaluator Kit #2 to #9; ∼2.0–60 g; Wood Dale,
IL) were firmly applied to the plantar surface of the hind paw. Both
paws were tested and data presented represent an average for the
two paws with the exception of the CFA data in which the data rep-
for mechanical sensitivity was  performed at baseline and once per
week during diet exposure.
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Table 1
Composition of the Standard American Diet. Amounts are given as dry weight where
appropriate.

Ingredient g/kg

Casein 141.0
l-cystine 1.8
White flour 410.0
Corn starch 25.0
Maltodextrin 60.0
Sucrose 126.8
Soybean oil 17.3
Corn oil 10.6
Cottonseed oil 20.9
Lard 18.0
Beef tallow 16.0
Anhydrous milkfat 23.3
Vegetable shortening 59.5
Cholesterol 0.4
Cellulose 19.0
Mineral mix  35.0
Sodium chloride 4.0
Vitamin mix  10.0
Choline bitartrate 1.4
Antioxidant 0.03

Table 2
Top 13 ingredients in the REG and SAD in descending order of inclusion.

REG SAD

Ground wheat Bleached white flour
Ground corn Casein
Ground oats Sucrose
Wheat middlings Maltodextrin
Fish meal Hydrogenated vegetable shortening
Soybean meal Mineral mix
Alfalfa meal Corn starch
Corn gluten Anhydrous milkfat
Soybean oil Cottonseed oil
Dicalcium phosphate Cellulose
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Brewers dried yeast Lard
Calcium carbonate Soybean oil
Iodized salt Beef tallow

.3. Radiant heat paw withdrawal testing

A modified Hargreaves’ method [40] was used to test thermal
ensitivity. Rats were placed individually in transparent Plexiglas
ubicles placed on an elevated glass table with a portable radi-
nt heat source (IITC Inc.; Woodland Hills, CA) underneath. The
eat source was focused on the ventral surface during testing. Both
aws were tested and data presented represent an average of the
wo hind paws. The withdrawal latency was defined as the time to
ithdraw the hind paw from the heat source with a maximum of

0 s as a cut-off point.

.4. Spontaneous pain: Rat Grimace Scale

To quantify spontaneous pain in rats, the Rat Grimace Scale [41]
as used. Rats (two at a time) were placed in transparent Plexiglas

ubicles (21 × 10.5 × 9 cm high) with a removable stainless steel
all to separate them. A digital video camera was placed on either

ide of the cubicle in order to capture a clear headshot. Rats were
ideotaped using high-resolution (408 × 3456, 16MP) video cam-
ras (Polaroid iD975 Dual Shot) for 20 min. Spontaneous pain was
easured every 4 weeks by blinded observers.

.5. Open field
To measure locomotor activity, distance traveled was quanti-
ed using video tracking software (Stoelting ANY-maze Version
.99). Rats were placed individually into custom made Plexiglas
al of Pain 17 (2017) 316–324

cubicles (12′′ W × 12′′ L × 12′′ H) for 15 min. Open field testing was
performed every 4 weeks.

1.6. Blood glucose

Blood was  sampled via tail vein puncture and a standard glu-
cometer (TRUEresult, NIPRO Diagnostics, Fort Lauderdale, FL) was
used to measure blood glucose levels. Rats were fasted for 6 h prior
to blood collection. Glucose levels were assessed at weeks 8, 12, 16
and 20. Blood samples were conducted at the same time for each
time point to rule out time-of-day effects.

1.7. Dual energy X-ray absorptiometry (DXA)

At week 20, all rats underwent a DXA scan to assess fat, soft-
lean tissue and bone in vivo. Rats were sent to the Small Animal
Phenotyping Subcore (Nutrition and Obesity Research Center) at
the University of Alabama at Birmingham where the Lunar PIXImus
and Norland pDEXA Sabre small animal DXA was  utilized. Animals
were anesthetized (isoflurane) and placed prostrate in the imaging
area with the front and back legs extended away from the body.
Each scan lasted approximately five minutes.

1.8. Persistent inflammation

After 20 weeks of SAD exposure, mechanical sensitivities were
tested and rats were injected with CFA (MP  Biomedicals, Solon, OH;
100%, in a 150 �l injection volume) into the left hind paw. Rats were
retested 24 h later to confirm the presence of mechanical allodynia
and then on days 3, 5, 8, 10, 12, 15, 17, 19, 22, 26, 29, 31, 33, 36
and 40 following CFA injection. Groups were considered to have
returned to their baseline level of sensitivity once the group mean
was at least 90% of the pre-CFA withdrawal threshold.

1.9. Immunohistochemistry

After 26 weeks of diet exposure and full recovery from
CFA-induced hypersensitivity (as assessed by von Frey mechan-
ical sensitivity testing), rats were anesthetized with ketamine
(80 mg/kg) and xylazine (5 mg/kg) for transcardial perfusion using
phosphate-buffered saline (PBS) followed by 4% paraformaldehyde.
Whole blood was taken directly from the heart for further anal-
ysis. Perfusion-fixed spinal cords were extracted and stored in
4% paraformaldehyde for 3 days. Tissue was  then immersed in
graded sucrose (5% for 24 h, 10% for 24 h, 15% for 24 h, and 20%
for 24 h) and embedded in a 2:1 ratio of Tissue-Tek Optimal Cut-
ting Temperature compound (Fisher Scientific) and 20% sucrose,
and frozen. Spinal cord sections (30 �m;  L4–L6) were prepared on
the Leica CM1850 cryostat slicer (Leica Microsystem, Buffalo Grove,
IL) and mounted on gelatin-coated slides for a subsection of rats
(3–4/condition). Sections were blocked with 3% bovine serum albu-
min  (BSA) and 10% serum (from the host of the secondary antibody)
for 1 h. For antigen retrieval, sections were incubated in citrate
buffer for 10 min  at 37 ◦C followed by 20 min  at room temperature.
Tissue was  then incubated with primary antibodies (rabbit anti-
Iba-1, 019-19741-SAR 6502, Wako; 1:500; 24 h in 5% serum in 0.3%
Triton X PBS with 3% BSA) and secondary antibodies (Alexa fluor 488
donkey anti-rabbit, 439378, Invitrogen; 1:1000; 1 h in 5% serum in
0.3% TritonX PBS with 3% BSA). Sections were coverslipped with
ProLong Gold anti-fade mounting media (Invitrogen). Four repre-
sentative images were captured on a Leica confocal microscope for
each rat and quantified using ImageJ software. Images were con-

verted to 8-bit and thresholds adjusted to display proper contrast.
The region of interest was the dorsal horn of the spinal cord and
number of particles was analyzed using a custom macro that iden-
tified cells within a specific range of area (microns2). In each case,
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Fig. 1. Weight changes and behavioral sensitivity during diet. (a) Body weights (g) for male (squares) and female (circles) rats fed the SAD (dark shades) or REG diet (light
shades) every 4 weeks. The shaded area defines the period after CFA injection and includes weekly measures. (b) Mechanical thresholds over the course of the 20-week
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xposure for SAD-fed male (dark blue squares) and female (dark red circles) and
ithdrawal threshold (in grams). (c) Radiant heat paw-withdrawal thresholds (2

0-week exposure period. All data are expressed as mean ± SEM.

umber of Iba-1 positive cells was counted in the gray matter of
he dorsal horn on the left and right sides (L4–L6 region).

.10. Blood analyses

After sacrifice, cardiac blood was allowed to sit at room tem-
erature for 20 min  and then was spun at 4 ◦C for 20 min  to

solate serum. All perfusions were carried out in the morning
0800–1200 h).

.11. Serum leptin

Blood samples were sent to the Human Physiology Core (Dia-
etes Research Center) at the University of Alabama at Birmingham.
eptin concentrations were determined in duplicate using a Milli-
ore rat leptin ELISA kit. The intra-assay coefficient of variation was
.66% and the detection limit was 0.2 ng/ml.

.12. Inflammatory cytokines

Blood samples were analyzed by the Human Physiology Core
sing a rat multiplex cytokine assay for interleukin-4 (IL-4),

nterleukin-5 (IL-5), interleukin-10 (IL-10), interleukin-1� (IL-1�),
nterleukin-6 (IL-6), interleukin-13 (IL-13), interferon gamma (IFN-
), chemokine (C-X-C motif) ligand 1 (CXCL1), and tumor necrosis

actor alpha (TNF�), as per manufacturer instructions (MesoScale
iscovery).

.13. Triglycerides

Blood samples were analyzed by the Human Physiology Core
sing the Sirrus Chemical Analyzer (Stanbio; Boerne, TX).

.14. Statistical analysis

Data are shown as means ± standard error of the mean (SEM).
 one-way analysis of variance (ANOVA) was performed for body
eight, blood glucose, Iba-1 positive cell counts and fat mass and

 two-way ANOVA was performed for spontaneous pain and open
eld data. ANOVA results were followed up with appropriate post
oc tests. Linear regression was performed for the mechanical and
hermal sensitivity data. The slopes of the 2 lines were compared
ith 0 (no change from baseline) and with each other. A repeated
easures ANOVA was performed on allodynia measures follow-
ng CFA using Sex as a variable. In addition, analysis of covariance
ANCOVA) was used to determine the effects of Diet (independent
ariable) and Fat Mass (covariate) on leptin levels in separate analy-
es. A multivariate ANOVA was used to analyze the cytokine levels.
ed male (light blue squares) and female (light red circles) rats expressed as 50%
l intensity, expressed as latency to withdraw from light source) for rats over the

2. Results

Due to our previous research demonstrating the existence of
sex differences [10,11], all analyses were carried out with Sex as a
variable. Where significant, or if there was a trend, each sex was
further analyzed separately.

2.1. Body weight

Initially, the goal of this study was  to determine whether this
novel diet influences peripheral metabolic measures such as body
weight. For the weeks prior to CFA induction, there were signif-
icant main effects of Sex (F(1,31) = 499.616, p < 0.001), and Time
(F(20,620) = 2475.088, p < 0.001) on body weight. There were sig-
nificant interactions of Time and Diet (p < 0.001), Time and Sex
(p < 0.001), Diet and Sex (p < 0.05) and a three-way interaction of
Time, Diet and Sex (p < 0.001) (Fig. 1a).

In females there was a significant main effect of Time
(F(26,390) = 356.568, p < 0.001) and Diet (F(1,15) = 9.497, p < 0.05).
There was  a significant Time by Diet Interaction (F(26,390) = 9.52,
p < 0.05). In males there was a significant main effect of Time
(F(26,390) = 1190.078, p < 0.001), but no main effect of Diet
(p > 0.05). There was a significant Time by Diet Interaction
(F(26,390) = 4.736, p < 0.05). Diet consumption increased body
weight in female rats, but had no significant effect on the male
rats. These data support the notion that sex differences exist in the
metabolism of diet and deposition of adipose tissue.

2.2. Sensitivity thresholds

No sex differences were found for mechanical (Fig. 1b) or
thermal sensitivity (Fig. 1c). Following linear regression, SAD
increased mechanical thresholds over 20 weeks of diet exposure
(F(1,19) = 11.64, p < 0.01), relative to baseline thresholds. Thresh-
olds for the REG group did not differ from zero (p > 0.05). The slopes
for the diets were not significantly different from one another
(p > 0.05). Thresholds for thermal sensitivity increased over 20
weeks for SAD (F(1,19) = 7.742, p < 0.05) and REG (F(1,19) = 8.648,
p < 0.01). The slopes for the diets were not significantly different
(p > 0.05).

2.3. Spontaneous pain
There were no differences in spontaneous pain in any group
(p > 0.05; Fig. 2). Baseline images were lost due to technical mal-
function.
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Fig. 2. Spontaneous pain at experimental weeks 4, 8, 12, 16 and 20 of diet consump-
tion as measured by Rat Grimace Scale scores for female (red hues, circles) and male
(blue hues, squares) rats fed the REG (light colors) or SAD (dark colors). All data are
expressed as mean ± SEM.

Fig. 3. Locomotor activity at baseline and weeks 4, 8, 12, 16 and 20 of diet consump-
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ion for female (red hues, circles) and male (blue hues, squares) rats fed the REG (light
olors) or SAD (dark colors). All data are expressed as mean ± SEM distance traveled
m)  in 15 min.

.4. Open field

There was a Time by Diet interaction (F(5,155) = 3.186, p < 0.01)
nd a trend towards a main effect of Sex (p = 0.06). No other differ-
nces were found in locomotor activity (p’s > 0.05; Fig. 3).

.5. Blood glucose

A diet high in carbohydrates is expected to increase blood
lucose levels acutely and can lead to the development of Type

 Diabetes mellitus over time. Here, there was  a significant
ain effect of Time (F(3,90) = 29.349, p < 0.001) and Diet (F(1,

0) = 23.084, p < 0.001) but there was no effect of Sex (p > 0.05).
here was a significant Time by Sex by Diet interaction (F(3,
0) = 5.713, p ≤ 0.001) (Fig. 4). Blood glucose levels were signifi-
antly elevated in SAD-fed rats at 8 weeks (F(1,33) = 7.565, p < 0.05),
2 weeks (F(1,32) = 7.794, p < 0.01), 16 weeks (F(1,33) = 4.906,

 < 0.05) and 20 weeks (F(1,33) = 25.297, p < 0.001).

.6. Immunohistochemistry

To explore a central effect of the SAD, we examined microglial
mmunoreactivity in the dorsal horn of the spinal cord at the level
orresponding to our mechanical and thermal sensitivity testing.

here was no difference in cell counts between ipsilateral and con-
ralateral sides; therefore the data presented represent the average
f the two sides. There was a main effect of Diet (F(1,9) = 32.343,

 < 0.001) in which animals on the SAD had significantly more Iba-1
Fig. 4. Blood serum glucose levels (mg/dL) following 8, 12, 16 and 20 weeks of
diet consumption for REG- (white) or SAD-fed (purple) rats. *p < 0.05, **p < 0.01,
***p  < 0.001. All data are expressed as mean ± SEM.

stained cells compared to REG animals (Fig. 5; REG, n = 7; SAD, n = 6;
3 males in each condition; 4 sections/animal). There was  no signifi-
cant effect of Sex (p > 0.05) or Sex by Diet interaction (p > 0.05). Thus,
chronic consumption of the SAD resulted in elevated microglial
recruitment and/or activation – evidence of an activated immune
system.

2.7. Body composition and physiology

2.7.1. Body fat
At the time of the scan, body weight was  analyzed. There was

a significant main effect of Diet (F(1,31) = 6.806, p < 0.05) and Sex
(F(1,31) = 476.256, p < 0.001). To account for different body weights
between groups, fat and lean mass weights were converted to per-
cent of total body mass for comparison. When percent fat mass
was analyzed (Fig. 6a), there was a significant main effect of Sex
(F(1,31) = 7.868, p < 0.01) and of Diet (F(1,31) = 73.463, p < 0.001).
Similar effects were seen for percent lean mass [Sex (F(1,31) = 8.176,
p < 0.01), Diet (F(1,31) = 74.647, p < 0.001)]. Following diet expo-
sure, female rats that consumed the SAD had increased percent
fat mass (F(1,15) = 56.014, p < 0.001) and lower percent lean mass
(F(1,15) = 58.081, p < 0.001) compared to REG-fed females. Male
rats on the SAD had increased percent fat mass compared to REG
(F(1,16) = 26.807, p < 0.001) with a concomitant decrease in per-
cent lean mass (F(1,16) = 26.929, p < 0.001). For both sexes, the SAD
increased percent of body weight that was  fat and decreased lean
mass.

2.7.2. Serum leptin
There was no main effect of Sex when serum leptin levels were

analyzed. However, due to the significant Sex effect when ana-
lyzing percent fat mass, we  opted to consider each sex separate
for this analysis. For both male (F(1,16) = 7.21, p < 0.05) and female
(F(1,15) = 5.776, p < 0.05) rats there was  a significant Diet effect. Rats
that consumed the SAD had higher serum leptin levels (Fig. 6b). An
analysis of covariance (ANCOVA) was conducted using fat mass as
the covariate. For female rats, there was a main effect of Fat Mass
(F(1,14) = 10.934, p < 0.01), but no effect of Diet (p > 0.05). For male
rats, there was a similar main effect of Fat Mass (F(1,15) = 16.467,
p < 0.001) and no effect of Diet (p > 0.05). Together, these data sug-
gest that the difference in leptin could be accounted for by adipose
tissue differences; greater fat mass resulted in greater circulating
leptin.
2.7.3. Triglycerides
There was a significant main effect of Diet (F(1,31) = 3.336,

p < 0.05) but no effect of Sex on triglycerides (p > 0.05, data not
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Fig. 5. Effects of the SAD on Iba-1 immunoreactivity in rat spinal cord dorsal horn. (a) Representative spinal dorsal horn image for REG-fed (b) and SAD-fed rats. (c)
Quantification of number of cells in each representative slide (n = 7, REG; n = 6, SAD; 3 males in each condition; 4 sections/animal). ***p < 0.001. All data are expressed as
mean  ± SEM.

Fig. 6. Effects of the SAD on fat physiology and bone mineral density in rats. (a) Percent of body weight composed of fat (top, white portion) and lean mass (bottom, colored
portion) in rats, measured by DXA. (b) Leptin levels in serum (ng/ml) following 26 weeks of diet exposure and recovery from inflammatory injury. (c) Bone mineral density
( .01, ***p < 0.001. All data are expressed as mean ± SEM. Female animals in shades of red,
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Fig. 7. Allodynia following CFA administration is prolonged with SAD consump-
tion.  (a) Allodynia following CFA administration as measured by 50% withdrawal
threshold for REG-fed (white circles) and SAD-fed (purple circles) rats. Dotted lines
represent the baseline sensitivity. Both groups were considered as returned to base-
line sensitivity when group thresholds achieved 90% of pre-CFA thresholds. Both
lines stop at the point of return to baseline sensitivity. (b) Allodynia following CFA
administration separated by Sex and Diet measured by 50% withdrawal thresh-
old for female (red hues, circles) and male (blue hues, squares) rats fed the REG
g/cm2) following 20 weeks of diet exposure as measured by DXA. *p < 0.05, **p < 0
ales in shades of blue with dark shades reflecting SAD-fed animals.

hown). The SAD increased triglyceride levels in both male and
emale rats.

.7.4. Bone mineral density
There was a significant main effect of Sex (F(1,31) = 8.184,

 < 0.05) for bone mineral density. Males that consumed the SAD
ad significantly lower bone mineral density (F(1,16) = 23.661,

 < 0.01). There was no difference in bone mineral density in female
ats, though there was a trend (p = 0.055) (Fig. 6c).

.8. Inflammatory cytokines

Main effects of Sex were found for many cytokines (p’s < 0.05),
herefore data were analyzed by Sex (Table 3). Female rats on
he SAD had significantly higher IL-10 (F(1,15) = 7.596, p < 0.05), IL-
3 (F(1,15) = 8.317, p < 0.05), IL-4 (F(1,15) = 6.013, p < 0.05), TNF-�
F(1,15) = 4.945, p < 0.05), IFN-� (F(1,15) = 11.307, p < 0.01) and IL-6
F(1,15) = 11.902, p < 0.01) compared to REG-fed rats. Male rats on
he SAD had significantly higher IL-1� (F(1,16) = 11.597, p < 0.01)
ompared to REG males.

.9. Persistent inflammation

Following induction of persistent inflammation, we  felt that it
as important to examine recovery from injury as a diet-related

utcome measure. Therefore, we measured mechanical sensitiv-
ty in rats following CFA. As above, animals were considered
ecovered when group thresholds were at least 90% of baseline

echanical thresholds. There was a significant main effect of Time

F(15,300) = 11.248, p < 0.001) and Diet (F(1,20) = 5.388, p < 0.05)
nd a Time by Diet interaction (F(15,300) = 1.740, p < 0.05). There
as no main effect of Sex (p > 0.05) (Fig. 7a).

(light colors) or SAD (dark colors). Groups were considered as returned to base-
line  sensitivity when group thresholds achieved 90% of pre-CFA thresholds. All lines
stop at the point of return to baseline sensitivity. All data are expressed as mean ±
SEM.
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Table 3
Levels of pro- and anti-inflammatory mediators in serum (pg/ml) following 26 weeks of diet exposure. All data are expressed as mean ± SEM.

Analyte Male Female

REG SAD p value REG SAD p value

IL-1� 86.34 ± 8.93 125.89 ± 7.42 0.004 83.72 ± 6.51 199.02 ± 88.62 0.010
IL-4  3.95 ± 0.35 3.96 ± 0.22 0.994 2.93 ± 0.11 3.57 ± 0.25 0.027
IL-5  34.19 ± 3.87 36.69 ± 3.28 0.629 39.27 ± 8.30 87.11 ± 47.96 0.314
IL-6  223.33 ± 14.99 256.11 ± 11.11 0.098 190.78 ± 8.53 289.88 ± 29.03 0.004
IL-10  18.18 ± 1.53 21.63 ± 1.39 0.114 15.90 ± 0.80 19.45 ± 1.03 0.015
IL-13  13.27 ± 0.69 13.97 ± 0.65 0.471 10.55 ± 0.52 13.55 ± 0.94 0.011
IFN-�  9.93 ± 0.55 11.02 ± 0.68 0.229 8.23 ± 0.37 10.69 ± 0.66 0.004
TNF-�  5.12 ± 0.32 6.12 ± 0.43 0.079 4.42 ± 0.26 5.51 ± 0.43 0.042
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CXCL1 369.78 ± 53.02 391.89 ± 41.56 0

tatistically significant results are shown in bold font.

Male and female rats that consumed the SAD demonstrated
llodynia on days 1–36 and returned to 90% pre-CFA sensitivity
y day 40. In contrast, male rats on the REG were allodynic on
ays 1–26 and returned to 90% pre-CFA sensitivity by day 29. Addi-
ionally, female rats on the REG were allodynic on days 1–22 and
eturned to 90% pre-CFA sensitivity by day 26, 14 days earlier than
AD-fed females (Fig. 7b). There was no main effect of Sex or Diet
p’s > 0.05) in the contralateral paw (data not shown).

. Discussion

Chronic pain as a possible outcome related to obesity/diet and
he interaction is a growing concern worldwide including the
nited States. In fact, a population-based survey in the U.S. revealed

hat more than half of participants reporting chronic pain were
verweight or obese [42]. In a large-scale study in Norway, both
MI  and inflammatory cytokine levels were positively associated
ith pain severity [6] and BMI  was a predictor of musculoskele-

al complaints [43]. Furthermore, levels of C-reactive protein were
ositively associated with cold sensitivity in chronic pain-free con-
rol subjects [44], together suggesting that adipose tissue and/or
ystemic inflammation is a risk factor for chronic pain and pain
ensitivity. Poor quality diet is a significant contributor to obesity
nd our previous studies in male mice reveal that poor quality diet
an affect pain thresholds and recovery [34]. However, our previ-
us work focused on median values of nutrients instead of a more
ranslatable diet pattern and used only male animals. Therefore, we
ndertook to expand our findings to females and to another related
pecies using a translatable diet. We  utilized a Standard American
iet (SAD) to investigate how poor diet affects function and physi-
logy in rats of both sexes in order to mimic  the poor diet choices
ade by a number of Americans.
Over the course of 20 weeks, male and female rats gained a sig-

ificant amount of weight. However, female rats on the SAD gained
ignificantly more weight than their regular diet counterparts. In
ontrast, there was no difference in weight for males. As previ-
usly found in a different strain of rat, a high-fat diet resulted in
reater group differences in weight for female animals [45]. This
uggests that a poor quality diet has a greater impact on females
ver males in terms of weight gain. Female SAD-fed animals also
ad increased triglyceride levels, which were not seen to the same
xtent in males. Male and female SAD-fed animals had elevated
ercent body fat and decreased percent lean mass. However, only
he female SAD-fed rats showed a significant weight gain, possibly
ue to the greater increase in percent fat mass (18.33% vs. 30.61% in
emales and 22.72% vs. 33.90% in males). The shift from lean to fat

ass for males due to SAD consumption is likely the reason for the

ack of difference in weights between the males of both groups. This
s in line with our previous findings in male mice using the TWD
34]. Additionally, males consuming the SAD had lower bone min-
ral density compared to males on the REG. It should be noted that
320.89 ± 24.35 446.63 ± 66.13 0.081

there was  a reduction in bone mineral density in female SAD-fed
rats that was non-significant. In sedentary obese children and ado-
lescents, there is also a decrease in bone mineral density [46] and
there are known links between bone mineral density, inflammation
and diet [47].

The SAD is high in refined sugar and prolonged exposure to
the diet could contribute to hyperglycemia and insulin resistance
(and potentially type 2 diabetes mellitus). Not surprisingly, rats on
the SAD had higher blood glucose levels compared to control ani-
mals. While not measured, it is likely that the SAD-fed animals had
higher insulin levels, potentially contributing to the development
of inflammatory metabolic disorders.

Adipose tissue is known to release leptin, an adipokine sati-
ety signal, which directly activates the immune system [23,48]
and contributes to the release of pro-inflammatory cytokines. All
SAD-fed rats had increased leptin levels due to the increase in adi-
pose tissue. As anticipated, pro-inflammatory cytokine levels were
elevated in SAD animals. In other hands, following administration
of CFA in rats there is a significant increase in IL-1� at 3 h post-
CFA that steadily declines for the following 120 h with no changes
in the non-inflamed paw. Taken together, this suggests that local
cytokine levels peak shortly after injection of CFA and then steadily
decrease over time with limited effects on circulating peripheral
levels [49]. Therefore, because we  assessed cytokine levels 40 days
post-CFA and after hypersensitivity had abated, it is reasonable to
assume that the diet exposure, and not CFA administration, led to
the observed inflammatory state. This potential chronic state of
inflammation could feasibly have resulted in the prolonged sensi-
tivity following administration of CFA. One explanation we consider
is that chronic inflammation may  lead to sensitization of C fibers
[50] and demyelination of nociceptive fibers [51], both contribut-
ing to prolonged hypersensitivity. Thus, the observed persistent
inflammation was  possibly due to immune system activation in
the peripheral nervous system.

To investigate a possible central mechanism for our behav-
ioral observations, we performed immunohistochemistry on the
rat spinal cords, specifically looking at microglial activation. In addi-
tion to responding to injury or pathogens, glial cells in the central
nervous system have a major role in chronic pain [7,8,14] and block-
ing their activity can reduce pain [9,11,12]. Interestingly, following
a high-fat diet, glial cells are found in high levels in multiple brain
regions [52–54] and their activation leads to the release of pro-
and anti-inflammatory cytokines and subsequent inflammation in
the central nervous system. As expected, animals that consumed
the SAD had significantly more Iba-1 immunoreactivity, suggest-
ing more microglial activation or recruitment in the dorsal horn
compared to animals that were on the regular diet. In either case,

it is clear that the immune system of the SAD-fed rats was more
active. This diet-induced immune activation may  play a role in the
prolonged recovery that is seen in the SAD animals. There was  no
sex difference in the level of microglial activation, which is in line
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ith previous research in which we and others have shown similar
icroglial activation in male and female animals following injury

11,55].
Following CFA injection, mechanical thresholds for both male

nd female rats were significantly decreased. However, recovery
ime for SAD-fed rats was approximately double that of their REG-
ed counterparts. Microglial activation is similar between male and
emale rats, but we have yet to explore intracellular pathway acti-
ation with respect to microglia. It has been reported that male
nd female mice use different cells within the immune system to
ediate chronic pain; whereas males utilize microglia, females rely

n T cells [11]. In addition, spinal toll-like receptor 4 (TLR4) con-
ributes to pain in male but not female mice [10]. Our findings show
hat differential inflammatory mediator expressions were present
n male and female rats due to the SAD. Females had increased
evels of IL-1�, IL-4, IL-6, IL-10, IL-13, TNF-�, and IFN-� whereas

ales had increased levels of IL-1�. Of note, IL-13, IL-4 and CXCL1
p = 0.081) are often associated with T cell-related activity, while
L-1�, TNF� and IL-6 are related to both microglia and T cells. This
esult suggests that there may  be two different sex-dependent cel-
ular populations being activated by the SAD resulting in similar
hronic systemic inflammation.

. Conclusions

Taken together, our findings indicate that the SAD led to a slower
ecovery of CFA-induced hypersensitivity in male and female rats,
erhaps due to prolonged immune system activation peripherally
elevated mediators) and centrally (increased Iba-1 immunoreac-
ivity). It is known that an inflammatory challenge can result in
ociceptive priming of the immune system [56–58] and persistent
ypersensitivity following a future challenge. It is possible that the
hronic pro-inflammatory state induced by the SAD resulted in a
rimed state that increased susceptibility to CFA-induced hyper-
ensitivity. As such, it is further possible that the excess prevalence
f chronic pain in obese individuals is due to an immune system in

 state of chronic low-grade activation. Finally, sex differences exist
n the effects of an American diet on physiology and immune sys-
em activation. Future studies directed at examining the underlying

echanisms of these effects should take sex into account.
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