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Abstract

Obesity and chronic pain are often comorbid and their rates are rising. It is currently unknown 

whether increased pain is due to greater weight or poor diet quality, or both. Therefore, we utilized 

a Total Western Diet (TWD) to investigate the functional and physiological consequences of 

nutritionally-poor diet in mice. During thirteen weeks on the commercially-available TWD, based 

on the National Health and Nutrition Examination Survey (NHANES), thresholds of TWD-fed 

mice significantly increased in both thermal and mechanical tests. Quantitative magnetic 

resonance (QMR) imaging revealed a significant increase in fat mass with a concomitant decrease 

in lean mass, in the TWD-fed mice. Additionally, there were significant increases in serum leptin 

and inflammatory cytokines. Following chronic pain induction using Complete Freund’s Adjuvant 

(CFA), hypersensitivity was more pronounced and significantly prolonged in the TWD-fed mice. 

Therefore, prolonged exposure to poor diet quality resulted in altered acute nociceptive sensitivity, 

systemic inflammation and persistent pain following inflammatory pain induction.
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Introduction

Obesity and chronic pain are increasing morbidities that have significant public health 

consequences2. In fact, of the many clinical components of metabolic syndrome, obesity is 

significantly associated with chronic pain 23. Pain is most prevalent in the load-bearing 

joints 46, but is also common in non-weight bearing joints23, suggesting another underlying 

factor 21. It is possible that excess body weight results in a persistent pro-inflammatory state 
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that worsens widespread and local pain 2, but we hypothesize that diet may be the root of the 

inflammatory state that may predispose individuals to chronic pain.

Obesity is generally the result of excess energy intake and an increase in adipose tissue 

stores. Adipose tissue releases the adipokine leptin, which activates the innate immune 

system directly 1, 9. In addition, infiltrating macrophages are often recruited by adipose 

tissue to release pro-inflammatory cytokines 41. Thus obesity is a pro-inflammatory state. In 

many cases, obesity is the result of diets that are energy-dense and nutrient poor 29, 40. These 

diets are often high in carbohydrates, saturated fatty acids and omega-6 polyunsaturated fatty 

acids. Carbohydrates contribute to oxidative stress 12 and saturated fatty acids directly 

activate toll-like receptor 4 (TLR4) 20 and the inflammasome 35. Omega-6 polyunsaturated 

fatty acids are precursors for prostaglandins and have a major role in production of cytokines 

(i.e. tumor necrosis factor α (TNFα) and interleukin-6 (IL-6))17. Thus, both a gain in 

adipose tissue stores and a poor quality diet may independently contribute to a chronic 

inflammatory state.

In general, most preclinical explorations of diet quality are focused on metabolic outcomes 

related to obesity. One study, using a “cafeteria diet”, demonstrated greater diet-induced 

changes in both body fat and markers of metabolic health (i.e. glucose intolerance and 

inflammation) compared to a high-fat diet 34. More specifically, the cafeteria diet led to 

accumulation of pro-inflammatory mediators in the adipose tissue and elevated peripheral 

inflammatory markers 33, 34. Furthermore, the standard high-fat diet (HFD) in mice was 

linked with a greater than 2 fold increase in the numbers of circulating monocytes and 

neutrophils 24. Interestingly, once mice were returned to a low-fat diet they had a significant 

loss of visceral adipose tissue that was accompanied by decreases of both monocytes and 

neutrophil levels 24. Thus, a HFD is pro-inflammatory as a result of immune system 

activation. These findings may have a direct impact on pain as administration of cytokines 

elicits pain in animals 6, 10, 26 and we have shown that blockade of glial receptors 36, 38 and 

glial cells themselves 37 , the primary source of cytokines in the central nervous system, 

reduces pain in mice. It is currently unknown whether a poor quality diet and the resulting 

systemic inflammation have an effect on pain sensitivity and recovery from inflammatory 

pain induction in mice. This is a critical gap in knowledge given the current rise of obesity 

and the possibility that diet can negatively affect chronic pain susceptibility and recovery.

In order to explore the relationship between diet and pain, the present study aimed to 

investigate the effect of diet quality on behavioral and physiological indices of pain and 

inflammation in mice. To accomplish this, the Total Western Diet (TWD) was utilized 

modeled on the National Health and Nutrition Examination Survey (NHANES)14. The TWD 

contains the median values of a number of micro- and macro-nutrients from the NHANES 

and we feel more accurately represents the diet quality of a significant proportion of 

Americans as compared to the standard HFD.
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Methods

Animals

Male CD1 (ICR:Crl) mice were housed in groups of 2, under a 12 h light cycle (lights on at 

07:00 h) and provided with standard chow (Harlan Teklad) and sterile water (Hydropac) ad 
libitum. Male mice were used in this study based on pilot data showing that male mice 

showed greater diet-induced weight gain. All mice were fed standard chow for two weeks 

before introduction to experimental diet. Upon assignment of diets, mice were assigned to 

either ad libitum AIN-93M (Harlan-Teklad) chow as a maintenance and comparator diet 

(Control, n=8) or provided commercially available Total Western Diet (TWD, n=10)14. The 

TWD has fewer calories from protein and carbohydrates and increased calories from 

saturated and monounsaturated fats over the control diet 14. The diet exposure lasted for 13 

weeks. In contrast to typical HFD (60% kcal from fat, 20% from carbohydrates), the TWD 

has 34.5% and 54.5% daily kcal from fat and carbohydrates, respectively. Thus, the TWD is 

a high-carbohydrate diet, as opposed to high-fat. All of the animals used in the present study 

have been obtained, housed, cared for and used in accordance with the guidelines of the 

University of Alabama at Birmingham Institutional Animal Care and Use Committee.

von Frey Testing

Mice were placed individually in transparent Plexiglas cubicles placed on a perforated metal 

floor and habituated for 2 h prior to behavioral testing. Nylon monofilaments (Stoelting 

Touch Test Sensory Evaluator Kit #2 to #9; 0.015–1.3 g) were firmly applied to the plantar 

surface of the hind paw. Both paws were tested and data presented represent the average of 

the two paws. The up-down method of Dixon 5, 8 was used to estimate 50% withdrawal 

thresholds. Mice were only tested when alert or resting. Testing for mechanical sensitivity 

was carried out at baseline and once per week during diet exposure.

Radiant Heat Paw Withdrawal Testing

Thermal sensitivity was tested using a modified Hargreaves’ method 13. Mice were placed 

individually in transparent Plexiglas cubicles placed on an elevated glass table with a 

portable radiant heat source (IITC Inc.) under the glass table. The heat source was focused 

on the ventral surface during testing. Both paws were tested and data presented represent the 

average of the two hind paws. The withdrawal latency was defined as the time to withdraw 

the hind paw from the heat source with a maximum of 40 sec set as the cut-off point.

Quantitative Magnetic Resonance (QMR) Imaging

At the end of 13 weeks of TWD exposure, mice were sent to the Small Animal Phenotyping 

Subcore at the University of Alabama at Birmingham. Body composition (fat and lean mass) 

was measured in vivo using quantitative magnetic resonance (QMR, Echo 3-in-1, Echo 

Medical System, Houston, TX, USA). Three hours prior to the scans, food was removed 

from the cage. This fasting period helped avoid any potential effect of gut fill on body 

composition results.
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Inflammatory chronic pain

After testing for mechanical and thermal sensitivity (as described above) on two separate 

occasions separated by at least 24 h (after 13 weeks of TWD exposure), mice were injected 

with Complete Freund’s Adjuvant (CFA; 50%, in a 20 μl injection volume) into one hind 

paw. Mice were retested 24 h later to confirm the presence of mechanical allodynia and 

thermal hyperalgesia, and then on days 3, 5, 8, 11 and 14 following CFA injection.

Serum Leptin

At baseline, blood was collected by submandibular bleed 11, serum was isolated and frozen 

until final analysis. Following recovery from inflammatory pain (day 15 post-CFA) mice 

were sacrificed via rapid decapitation and trunk blood was collected between 0900–1100 h. 

Whole blood (clotted for 1 h at room temperature) aliquots were centrifuged and the 

supernatant fractions were collected. Serum was collected and frozen until final analysis. 

Samples were sent to the Human Physiology Core (Diabetes Research Center) at the 

University of Alabama at Birmingham. Leptin concentrations were determined in duplicate 

using a Millipore leptin ELISA kit. The intra-assay coefficient of variation was 6.66% and 

the detection limit was 0.2 ng/ml.

Inflammatory Cytokines

Samples were analyzed by the Human Physiology Core using 7-plex mouse assay for 

Interferon gamma (IFN-γ), interleukin-10 (IL-10), interleukin-12 (IL-12p70), interleukin-1β 

(IL-1β), IL-6, TNFα, and keratinocyte chemoattractant/growth-regulated oncogene (KC/

GRO), as per manufacturer instructions (MesoScale Discovery).

Corticosterone

Serum samples were analyzed using a corticosterone ELISA kit from Abcam (ab108821). 

Directions were followed as per included instructions.

Statistics

Data are shown as means ± SEM. A linear regression was performed for mechanical and 

thermal sensitivity data. The slopes of the two lines were compared to zero (change from 

baseline) and to each other. Post-hoc t-tests were performed to compare weekly mechanical 

and thermal sensitivity measures between groups, corrected for multiple comparisons. A t-

test was performed on QMR and corticosterone results and on allodynia/hyperalgesia 

measures, corrected for multiple comparisons. In addition, analysis of covariance was used 

to determine the effects of diet (independent variable) and fat mass (covariate) on leptin and 

cytokine levels in separate analyses. Following CFA, area above the curve was calculated 

using the trapezoid method and analyzed by one-way ANOVA. Group data were further 

analyzed by paired sample t-test comparing each day to the week 13 baseline. A t-test at 

baseline and week 16 was used to analyze the leptin levels. A multivariate ANOVA was used 

to analyze the cytokine levels.
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Results

Body weight

There was a significant main effect of Time for all mice (F(12,204) = 66.451, p <0.001) (Fig 

1A). There was a significant Time by Diet interaction (F(12,204) =2.256, p<0.05), but no 

main effect of Diet (p>0.05).

Sensitivity Thresholds

Following linear regression, TWD increased mechanical thresholds over 13 weeks (F(1,11) 

= 21.33, p<0.001) (Fig 1B). Thresholds for the control diet did not deviate from zero 

(p>0.05). Importantly, the slopes for TWD and regular diet differed significantly from each 

other (F(1,22) = 25.6133, p<0.001). The thresholds were significantly different between the 

groups starting on week 9 until the end of the experiment (p’s<0.05). Thresholds for thermal 

sensitivity increased over 13 weeks for the TWD (F(1,11) = 33.19, p<0.001) (Fig 1C). 

Thresholds for control diet-fed mice did not differ from zero (p>0.05). The slopes for the 

diets were significantly different (F(1,22) = 13.6108, p<0.01). Thresholds were significantly 

different between the two groups starting on week 8 until the end of the experiment 

(p’s<0.05). The TWD significantly changed baseline sensitivity to acute pain stimuli.

Inflammatory Chronic Pain

Mice on the TWD displayed significant allodynia on days 1–8 (p<0.001) (Fig 2A) and 

returned to pre-CFA sensitivity by day 11 (t(9) = 0.489, p>0.05). In contrast, mice on the 

control diet were allodynic on days 1–3 (p <0.001) and returned to pre-CFA sensitivity by 

day 5 (p>0.05).

Similarly, mice on the TWD were significantly hyperalgesic from days 1–11 (p<0.05) while 

mice on control diet were only hyperalgesic for 8 days (p<0.05) (Fig 2B). Mice on the 

control diet returned to pre-CFA sensitivity on day 11 (t(7) = 0.173, p>0.05) while mice on 

TWD returned on day 14 (t(9) =0 .867, p >0.05).

Area over the curve analysis revealed that mice on the TWD were significantly more 

hypersensitive than mice on control diet for mechanical (F(1,16) = 20.273, p<0.001) and 

thermal (F(1,16) = 67.536, p<0.001) tests (Fig 2C).

QMR

Mice on TWD had more fat mass than mice on control diet (F(1,16) = 4.576, p<0.05) (Fig 

3A), despite there being no significant difference in weight at the time of imaging (F(1,16) = 

2.093, p>0.05) (Fig 3A inset). Consequently, TWD-fed mice had a greater percentage of 

their body weight as fat (not shown, F(1,16) = 5.857, p<0.05).

Serum Leptin

There was no difference in leptin levels between the diet groups at baseline, prior to diet 

exposure (data not shown, p>0.05).There was an increase over time for both diet groups with 

increased adipose tissue deposits accompanying normal aging. Following diet exposure, 

mice who consumed the TWD had higher serum leptin levels compared to the mice who 
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consumed the control diet (t = 1.979, p<0.05) (Fig 3B). When final leptin levels were 

adjusted for fat mass (covariate), there was no effect of Diet (p>0.05), but there was an effect 

of Fat Mass (F(1,15) = 46.546, p<0.001), suggesting that fat mass itself was contributing to 

the increased leptin levels. This supports the known relationship between adipose tissue and 

leptin release.

Inflammatory Cytokines

Mice on the TWD had significantly elevated TNF-α (F(1,16) = 6.04, p<0.05) and IL-6 

(F(1,16) = 8.276, p<0.05) compared to control diet (Fig 3C). There was a similar trend in 

IL-1β, though not significant (p = 0.059). When adjusted for fat mass (covariate), there were 

consistent effects of Diet alone (p<0.05), but not Fat Mass (p>0.05), indicating that the diet 

quality was influencing the pro-inflammatory state and not obesity per se. That is, 

consuming the TWD resulted in more pro-inflammatory cytokine activity irrespective of 

adipose tissue mass or obesity.

Corticosterone

As stress is known to increase IL-6 3, we examined corticosterone levels in the same serum 

samples. There were no effects of Diet on corticosterone levels (Fig 3D) in our mice 

(p>0.05), suggesting similar levels of stress as a result of the sacrificing and that cytokine 

levels elevations were the result of the TWD and not a byproduct of stress.

Discussion

Obesity rates in the United States are climbing rapidly and obesity is a significant risk factor 

for many disorders (e.g., cardiovascular disease, diabetes, metabolic syndrome), including 

chronic pain 16. In a population-based survey in the US, 26% of participants reported 

chronic pain conditions. Of those reporting chronic pain, 58% were overweight or obese 42, 

indicating that more chronic pain sufferers are above “normal” weight than not. Obesity is 

often the result of excess caloric intake and/ or poor diet quality, thus we undertook to 

examine the effect of diet quality on measures of nociception in mice. We utilized a Total 

Western Diet (TWD) to investigate the functional and physiological consequences in mice in 

order to model an American-like diet with translatable levels of micro- and macro-nutrients.

In our study, thresholds of the TWD-fed mice were significantly elevated in both thermal 

and mechanical tests during diet exposure, suggesting changes in baseline sensitivity. QMR 

analysis revealed a significant increase in fat mass in the TWD mice in spite of no 

significant difference in weights at the time of imaging. Interestingly, this suggests that the 

distribution of weight was shifted from lean to fat mass as a result of TWD exposure. 

Perhaps as a direct consequence of increased adipose tissue, serum leptin levels were 

elevated. Leptin, an adipokine satiety signal released from adipose tissue, directly activates 

the innate immune system and can stimulate the release of pro-inflammatory cytokines 1, 9. 

As expected, pro-inflammatory cytokine (IL-6 and TNF-α) levels were also elevated in 

TWD mice. However, this increased systemic inflammation was the result of the diet and not 

correlated with the increased fat mass in these mice. We believe that this increase was due to 

diet for two possible reasons. First, both groups received CFA 15 days prior to blood 
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collection. If the rise in inflammatory cytokines was the result of CFA, we would expect a 

similar rise in both groups. The differential effect suggests that the TWD may have 

enhanced the responsiveness to CFA administration. Second, following CFA administration, 

inflammatory cytokines peak in the local tissue in a matter of hours to days 48. The local 

levels decline shortly after that, though hypersensitivity persists for a number of days. In our 

hands, the circulating levels of inflammatory cytokines are elevated beyond the presence of 

hypersensitivity. Together, we believe it highly unlikely that the circulating cytokines are the 

result of CFA itself, but that either the diet elevated these levels alone or caused an increase 

in immune system responsiveness to CFA that persisted beyond the appearance of 

hypersensitivity. We believe that the most parsimonious conclusion is that the diet itself 

elevated inflammatory cytokines and that this chronic activation resulted in prolonged 

hypersensitivity. This is a critical finding in that those consuming a poor quality diet high in 

carbohydrates and saturated fats may be experiencing chronic inflammation even in the 

absence of obesity.

Perhaps as a result of this chronic inflammatory state, the mice fed the TWD showed 

prolonged hypersensitivity following CFA administration. There is evidence that high levels 

of inflammatory cytokines such as TNFα can contribute to the demyelination of A-δ fibers 

which are responsible for the rapid “first pain” transmission 39, which could explain the 

decreased sensitivity to acute pain as assessed during the weekly diet exposure tests. Chronic 

inflammation, and increased TNF specifically, can contribute to sensitization of C fibers 31. 

Thus, when injury occurs, the nociceptive system is hypersensitive for a prolonged period of 

time. While we have no direct evidence that demyelination of A-δ fibers or C-fiber 

sensitization has occurred as a result of the TWD exposure, we are suggesting this as a 

possible explanation for our results. We measured elevated levels of pro-inflammatory 

cytokines (TNFα and IL-6) that are unlikely the result of any acute event that preferentially 

affected the TWD-fed mice. These levels were associated with the diet exposure and likely 

were elevated chronically.

The hyper-responsive state following TWD exposure may have been due to increased 

immune system activation and/or obesity itself. Although not examined in our experiment, 

the HFD has been shown to increase the extent of damage following ischemic injury in 

mice 22 and to increase immune cell entry into the central nervous system 4. We hypothesize 

that the TWD led to a hyper-responsive immune system that enhanced the hypersensitivity 

and prolonged the recovery from inflammatory pain induction. In addition, obesity is 

considered a pro-inflammatory state with increased adipose tissue recruitment of 

macrophages that promote pro-inflammatory cytokine production and release. In rats, 

obesity is associated with greater sickness response to LPS challenge27, suggesting the 

presence of a hyper-responsive immune system. In humans, obesity is associated with longer 

recovery from injury compared to normal weight controls in youths 47 and obesity reduced 

the functional recovery of trauma patients upon discharge7. Therefore, both obesity and diet 

are likely to have activated the immune system and led to protracted hypersensitivity.

A number of studies reveal that obesity treatment (e.g. surgical or lifestyle intervention) 

reduces chronic pain as a secondary result to weight loss but few studies examine pain as a 

primary outcome 16. However, certain diets have been investigated and shown to affect pain 
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sensitivity and particular foods have direct immune-cell activating/suppressing effects 43. 

For example, saturated fats are known to activate innate immune cell receptors 20 while 

omega-6 fatty acids are precursors for prostaglandins. Both TLR4 activation and 

prostaglandin synthesis can be inhibited by administration/consumption of omega-3 fatty 

acids 20. In terms of pain sensitivity, mice fed concentrated fish oil showed significant 

reduction in thermal nociception compared to mice fed safflower oil 45, likely the result of 

higher omega-3 fatty acid content. A ketogenic (high-fat, low-carbohydrate) diet has also 

been shown to increase withdrawal latency 32 and reverse diabetic neuropathy pain 28 in 

rodents. In contrast, rats fed a HFD had a significant increase in tail flick latency compared 

to rats on a control diet that was correlated with body weight 30. This is in line with our 

results showing a gradual decline in sensitivity (increase in thresholds) with the TWD. 

Similar to our findings in mice, obese individuals are also less sensitive to acute pain 19, 

suggesting a similar underlying mechanism.

In summary, results from the present experiments indicate that the TWD resulted in a pro-

inflammatory state that may have prolonged hypersensitivity following CFA administration. 

Protracted exposure to an energy-dense, nutrient-poor diet resulted in behavioral and 

physiological changes without significant effects on body weight. Our data support that diet 

itself was the cause of the effects observed herein. Although a time course of cytokine levels 

was not investigated, levels of CRP and pro-inflammatory cytokine concentration (IL-6 and 

TNFα) have been linked to measures of obesity 49. Elevated levels of CRP are thought to be 

a blood-borne marker of inflammation in chronic pain conditions 25 and there is evidence 

that CRP levels are high in obese patients, indicative of chronic inflammation in the absence 

of pain 15 and may be reflective of adipose tissue macrophage activity 18. Therefore, it can 

be assumed that the mice with high levels of cytokines at the end of the experiment were in a 

chronic inflammatory state. Elevated microglia activation has been seen in the hypothalamus 

after a single day on the HFD and persists for weeks 44, suggesting that the effects of poor 

diet quality are immediate and long-lasting. Consequently, patients who consume a high-fat 

diet are likely living in a state of low-grade inflammation that can have significant effects on 

recovery from injury or surgery. Therefore, obesity itself is a chronic inflammatory 

condition that may result in chronic pain, but diet quality itself may have a greater impact. 

Energy-dense and nutrient-poor diets cause a pro-inflammatory response that contributes to 

poor recovery from injury in addition to the well-characterized metabolic and obesogenic 

effects. Thus, it is important to consider that diet quality affects pain and inflammation 

independent of weight.
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Perspective

These results highlight the negative effects of poor diet quality with respect to recovery 

from hypersensitivity and susceptibility to chronic pain. A complete understanding of the 

impact of diet can aid in treatment and recovery dynamics in human clinical patients.
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Figure 1. 
Weight and sensitivity change during exposure to the TWD. A. Weight of male mice in 

TWD (black) or Control (white) conditions over the course of the 13 experimental weeks. B. 

Mechanical thresholds over the 13-week diet exposure period expressed as 50% withdrawal 

threshold (in grams). Lines represent linear regression for TWD and Control diets. C. 

Radiant heat paw-withdrawal thresholds over the 13-week exposure. Linear regression lines 

are shown. All data are expressed as mean ± SEM. * p<0.05, ** p<0.01, ***p<0.001 when 

compared to Control (t-test). In spite of no significant weight differences, the TWD-fed mice 

had progressively higher thresholds over time.
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Figure 2. 
Hypersensitivity following administration of CFA. A. Allodynia following CFA 

administration as measured by 50% withdrawal threshold for TWD (black) and control 

(white) diet-fed mice. B. Hyperalgesia following CFA administration as measured by latency 

to lick/shake back paw. * p<0.05, ** p<0.01, *** p<0.001, # p<0.05, ### p<0.001 expressed 

in comparison to baseline thresholds (Wk13) for TWD (*) or Control (#) groups by paired 

samples t-test. C. Area over the curve for both mechanical and thermal hypersensitivity. 

TWD significantly increased days to return to baseline sensitivity following CFA. *** 

p<0.001. All data are expressed as mean ± SEM. Mice fed the TWD had greater 

hypersensitivity and delayed return to baseline thresholds following CFA administration.
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Figure 3. 
Physiological effects of the TWD in mice. A. Weight (in grams) of all fat mass in mice as 

measured by QMR – weight (in grams) of the mice at the time of QMR imaging shown in 

inset. B. Leptin levels in serum following 16 weeks of diet exposure. C. Levels of cytokines 

in serum samples of mice following 16 weeks of diet exposure. D. Corticosterone in serum 

following 13 weeks of diet exposure. The TWD increased fat mass, leptin and pro-

inflammatory cytokines, but not corticosterone. *p<0.05. All data are expressed as mean ± 

SEM.
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