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Introduction

There are increasing concerns that excess consumption of sugars may lead to metabolic and

cardiovascular pathologies. The seriousness of the issue is seen in the position statement put

forth by the American Heart Association which recommends a significant reduction in

intake of sugars 1. Indeed, an extensive clinical study in young adults showed that

consumption of sugar sweetened beverages was associated with higher waist circumference,

lipids and blood pressure 2. Consumption of more than one sugar-containing beverage per

day resulted in a marked increase in the prevalence of diabetes and hypertension 3,3,4.

An issue of importance is the amount of sugars consumed and the relationship with

morbidity. Longitudinal epidemiological data show record levels of consumption of soft

drinks, which are largely sweetened with high fructose corn syrup (HFCS, 55% fructose). In

children and adolescents, the proportion of daily energy intake provided by soft drinks

increased more than 80% in 20 years 5. This and other epidemiological studies has led to the

supposition that high dietary fructose intake is correlated with metabolic and cardiovascular

disease 6-9. Direct experimental tests of fructose loading in animals and humans show that

fructose consumption increases blood pressure and triglycerides and alters insulin

levels 10-14.

Circadian factors in nutritionally based diseases are also an important consideration. There is

evidence to support the idea that a reversal in the eating and activity patterns causes increase

in body weight, increased blood pressure and insulin resistance. In humans, this is seen in

the pathologies associated with shift work, such as, diabetes, weight gain, hypertension,

coronary artery disease and other maladies 15-18. Even a short term alteration in the day/

night rhythms, as would occur with jet lag, produced an increase in blood pressure and

metabolic derangements 19. There are also associations among circadian rhythms, CLOCK

genes and the regulation of metabolic function. Mice lacking the CLOCK gene showed a
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diabetic syndrome, obesity, hyperlipidaemia, hyperleptinemia, hyperglycaemia and

hypoinsulinemia 20. When the feeding schedule is altered, either in animals or humans, there

are consequential changes in metabolic and endocrine parameters 21-25. In humans, this is

seen in the “night time eating” syndrome”, which is associated with weight gain and

depression even though total calories consumed were similar to controls 25,26. In mice,

consumption of a high fat diet during the light, inactive period resulted in a greater increase

in body weight, even though there were no significant difference in calories or activity 21.

Likewise, a change in the light cycle, exposure to light during the normally dark phase,

resulted in a syndrome of obesity and insulin resistance 27. Leptin levels were also increased

when animals were forced to eat during the light period 22.

In view of the fact that fructose consumption and altered feeding schedules cause similar

pathologies as related to adiposity and metabolism, we designed a protocol in which both

risk factors are combined. The hypothesis is that fructose given during the light period

would accentuate the gain in body fat, produce insulin resistance and alter metabolic

hormones.

Methods

Experimental protocols were approved by the Wright State University Laboratory Animal

Care and Use Committee (Dayton, OH). All animal procedures were conducted in

accordance with the National Institutes of Health standards.

Animals and General Procedures

C57BL/6 male mice with initial body weights of 22-24 g (Harlan Inc., Indianapolis, IN)

were housed individually at 22°C with 12 hr light (270 Lux) and 12 hr dark. Z0 (Zeitgeber)

= 0700 h and Z12 = 1900h. Mice had ad libitum access to fluid (10% fructose or water) and

standard mouse chow (58% CHO, 30% PRO, and 12% FAT). Animals were assigned

randomly to one of three groups: 1) Control (C): 24 h of water access (n=10); 2) Fructose

Light (FL): 12h 10% fructose (Fisher Scientific, Pittsburgh, PA) during the light period and

12h water during the dark period (n=11); 3) Fructose Dark (FD): 12h 10% fructose during

the dark period and 12h water during the light period (n=11). Figure 1 provides a diagram of

the experimental protocol including the times of interventions. Fructose/water intake (12 or

24h), chow consumption (24 hr), body weight, body fat were evaluated at wk 2 and 6. Total

caloric intake was determined by calculating the combined intake of liquid fructose and

chow (wk 2 and 6). Measurements were made over a 2 day period with the 12 or 24 hr

average used for comparison. The amount of chow consumed was less accurate than liquid

measurements since the food pellets sometimes disintegrate. This is seen in the variation of

the intake results (Table 3). A glucose tolerance test was performed at wk 7. Mice were

euthanatized by decapitation at wk 8 (after an 8h fast). The time of termination was 0900 -

1100h (Z2 – Z4). Blood and epididymal white adipose tissue (WAT) were collected for

analyses. Blood samples were centrifuged and plasma was separated and stored at -80° C.

WAT was fixed and embedded in paraffin for histological analysis.
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Body Fat Measurements

Body fat was measured using EchoMRI (Echo Medical Systems EchoMRI™, Houston, TX).

For the test, a conscious mouse was placed in a clear plastic cylindrical holder (4.7 cm

diameter). The holder was placed in the MRI machine and the animal was scanned, a two

min procedure.

Glucose Tolerance Testing (GTT)

Mice were fasted for 8 hr before GTT. Animals were injected intraperitoneally with a sterile

glucose solution (1.5 mg/g, ~ .8 ml). Blood samples (~50ul) were taken from a small tail cut

at 0, 15, 30, 60, 90 and 120 min after injection. Glucose (mg/dl) was determined using a

portable glucometer (ACCU-CHEK, Roche Diagnostics, Indianapolis, IN). Data were

calculated as area under the curve.

Plasma Hormones, Glucose and Lipid Profile

Adiponectin, leptin, insulin, glucose, total cholesterol and triglycerides were measured in a

fasted state (8 hr fast, wk 8). Tests were performed by the University of Cincinnati Mouse

Metabolic Phenotyping Center (MMPC, Cincinnati, OH). Adiponectin concentrations were

determined by ELISA. Glucose, cholesterol, and triglyceride were measured using specific

colorimetric assays. Plasma insulin and leptin were determined using the Luminex

fluorescent bead system (Bio-Rad Lab, Hercules, CA).

Histological Evaluation of White Adipose Tissue

Epididymal WAT was fixed in 4% paraformaldehyde. Paraffin embedded tissues were

sectioned (4 μm) and stained with hematoxylin & eosin (AML Laboratories Inc., Rosedale,

MD). Tissues were examined microscopically and fat cell size was measured using a

computerized imaging system (Metamorph® 7.6, Molecular Devices Inc., Sunnydale, CA).

Four tissue sections from each animal were used for analysis with two digital images made

of each section. Images (24-bit TIF files) were used for computer processing. For each

image, the number and area of the cells were measured in a defined region. Broken cells or

damaged areas were removed from the quantification.

Statistical Analysis

Data were analyzed using Statistica 7.0 (StatSoft, Tulsa, OK). Data are reported as mean ±

SEM. Statistical significance was analyzed by one, two-way, or repeated measures of

variance (ANOVA) followed by the Tukey's post-hoc test. The significance level was

established at p<0.05.

Results

Body Weight, Body Fat and Adipocyte Size

Body weight increased significantly over the 6 wk time course (Figure 2a, time effect of

p<0.0001 without significant group effect). Concomitant changes in body fat were observed

over time (p<0.0001) with evidence of group effect (p<0.05) and time/group interactions

(p<0.02) (Figure 2b). There was no significant change in body fat in Controls. FL mice
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showed an enhanced response to fructose consumption (2.6 and 1.5 fold higher than Control

and FD, respectively). Fructose consumption also caused a change in WAT cell size (group

effect, p<0.03) (Figure 3). Adipocytes were significantly larger in the FL group when

compared to Control (p<0.05).

Insulin, Leptin, Adiponectin, Glucose, Glucose Tolerance and Lipids

Plasma levels of triglycerides, cholesterol, adiponectin and glucose were analyzed in fasted

mice (wk 8, Table 1). There were no significant differences in any of the parameters. There

were significant increases in plasma insulin and leptin in FL as compared to FD (Figure 4),

providing evidence for metabolic dysfunction in mice consuming fructose during the light

period.

Fluid and Caloric Intake

In addition to regular chow, a 10% fructose solution provided added calories with a

concomitant increase in fluid intake and total calories (Tables 2 & 3). Repeated 2-way

ANOVA for liquid fructose consumption was significant for time (p<0.001) and group

(p<0.002). In general, FD animals consumed more fructose than Control or FL (almost two

fold higher in FD as compared to FL at wk 6). Total fluid intake was significantly greater in

FD and FL than Control, but not different from each other. Overall there were no differences

in total caloric intake over the experimental period (Table 3).

Discussion

The epidemic of obesity and diabetes, which is occurring in industrialized and developing

nations, is likely to end in a worldwide public health crisis. There is evidence which

associates consumption of high levels of sugars with insulin resistance, obesity, and

cardiovascular and lipid abnormalities, symptoms which are also observed in persons with

type 2 diabetes 9,11,28-30. In the present study, we tested the hypothesis that the time period

(day or night) of fructose consumption could influence adiposity and endocrine and

metabolic parameters. The idea was based on clinical studies, which showed that the “night

time eating syndrome” produced adiposity without alterations in total caloric

consumption 25,26. Confirming our hypothesis, we observed that light phase consumption of

fructose (inactive period for mice) produced a marked increase in body fat and white

adipose cell size as well as alterations in circulating leptin and insulin.

Circadian rhythms play an important role in cardiovascular disease, obesity, and diabetes. It

is well established that shift-work is associated with increased cardiovascular morbidity/

mortality, obesity, and diabetes 16,17,31,32. Experimentally-induced misalignment in the

sleep/wake cycle in humans produced an increase in blood pressure along with metabolic

changes, indicative of insulin resistance 19. Likewise, in hamsters subjected to a reversed

light/dark cycle, there was a reduction in survival in animals subjected to experimentally

induced heart failure 33. We reported that there are day/night variations in stress-induced

pressor responses with peak changes occurring during the light phase 34. Using

radiotelemetry for chronic blood pressure monitoring in mice, we found that there was a

light/dark pattern in the hypertensive response to a high fructose diet 11. When fructose was
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given in the drinking water only during the light phase, there was an absence in the light/

dark blood pressure rhythm 35. Changes in circadian patterns are also associated with the

risk of cardiovascular pathologies in humans; the peak period for heart attacks and strokes is

seen in the early waking hours 36,37.

There is much information on the pathological effects of a high fructose intake in

experimental models. For example, fructose produced high levels of plasma insulin, glucose,

cholesterol and triglycerides in rats 38-41. Mice demonstrate similar scenarios indicative of a

model of insulin resistance, that is, obesity, high blood pressure and vascular

dysfunction 11,13,42-44. A diet which combined fructose with fat produced a profound

syndrome with pathologies seen in multiple organ systems 45. We showed that dietary and

liquid fructose produced autonomic aberrations along with changes in brain expression of

catecholaminergic and angiotensinergic markers 11,35. As mentioned previously, changes in

sleeping or eating patterns may have detrimental effects on physiological function. This is

seen in humans required to perform shift work or animals exposed to various experimental

conditions, such as when food is provided during the “wrong” time of the daily life cycle.

There is some evidence that daytime feeding in nocturnal rodents shifts circadian

oscillations in peripheral organs such as liver, heart, adipose tissue and kidney 23,46. Adipose

tissue is often altered in disease states and is tightly coupled to metabolic dysfunction. For

example, night-shift workers, whose activity period is chronically reversed, show an

increased prevalence of metabolic syndrome associated with increased body weight 15,47.

Shift workers also consume diets high in sugar and carbohydrates, which may bear a

relationship to the metabolic changes 48. Moreover, adipose tissue is a source for leptin and

adiponectin, which display a circadian pattern 49. Our data provide new evidence that

alteration in the time period of fructose consumption alters adiposity (total body fat) as well

as white adipose cell size. This occurs when fructose access is restricted to the light period

as compared to the dark, suggesting that the timing is critical in the response. It is important

to note that the increase in body fat in the fructose light group occurred even though total

caloric intake was similar among groups. The conclusions are mitigated by the fact that there

was variation in the intake data, probably reflecting methodological issues. In the human

syndrome of night time snacking, there is evidence of increased BMI and altered patterns of

metabolic hormones without changes in total food intake 25,50. In a unique experimental

model for shift work, rats were exposed to constant slow movement and provided food only

during the light period 51. The result was obesity and loss of blood glucose rhythms.

Likewise, Arble et al. reported that a high fat diet given during the light period resulted in

greater weight gain in mice 21. There was no difference in body fat or activity patterns.

Evidence for a role of light/dark cycle in modulating weight gain was seen in mice exposed

to dim light during the dark period 27. The light exposed mice gained more weight and

showed glucose intolerance, a pattern similar to that seen in our experiments which tested

the effect of light restricted fructose access.

An important and unique facet of the present study is that animals had time-limited access to

fructose. Most studies use models in which fructose is provided continuously. Our results

show that there are significant differences in the response, dependent on whether the sugar is

provided during the active/waking or inactive/sleeping period. Mice given fructose during

the light period show insulin resistance as determined by high insulin and leptin levels as
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well as enhanced adiposity. An association between high-fructose intake and metabolic

alterations such as impairment of glucose tolerance and hyperinsulinemia was recognized in

other studies 52,53. Our data are in accordance with the idea that fructose-induced insulin

resistance is closely associated with lipid deposition. Indeed, we found specific time induced

effects, high body fat as measured using non-invasive Echo-MRI and increased size of white

adipocytes. The changes developed with time on the diet; significant differences were noted

at 6 weeks between the FL and FD groups. Fructose fed rats also showed increased

epididymal fat and cell size in association with high insulin and reduced sensitivity 14.

Numerous studies have linked high lipids, triglycerides and cholesterol with fructose

although no changes were seen in the present study using the limited access paradigm.

Experimental and clinical studies showed an association between obesity and elevated serum

leptin, an adipocyte-derived hormone that plays an important role in regulation of feeding

and energy expenditure 53. Circulating leptin concentrations are directly correlated with

body adiposity 54 and exhibit a diurnal pattern 55-57. Moreover, there is a positive correlation

between insulin and leptin. Leptin gene expression and leptin secretion are increased by

insulin and insulin plays a role in the diurnal pattern of secretion 58,59. In our study, fructose

intake during the light period was associated with higher leptin levels (samples taken during

the morning hours), suggesting a model of leptin resistance. There are questions as to the

precise relationship between the changes in the behavioral cycles induced by the feeding

paradigms and the hormonal results. It would be important to expand the studies to provide

detailed information on the time course and the relationship with the various cycles. Similar

findings indicated that there was fructose induced leptin resistance which may provide a link

between fructose intake and obesity 60.

The prevalence of obesity and diabetes is increasing rapidly in the human population and

may be correlated with an increase in sugar (fructose) consumption. It is important to know

that not only is the amount of fructose intake important, but also the timing. In a test of

intake rhythms, we found that fructose taken during the light, inactive phase in mice has

pathological consequences. This is seen as enhanced adiposity and high leptin and insulin. In

conclusion, our results have clinical implications in control of adiposity deposition and

metabolic syndrome that may contribute to increased cardiovascular risk.
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SUMMARY

1. Overconsumption of fructose produces glucose intolerance, autonomic

abnormalities, and renal dysfunction and may be related to the worldwide

epidemic of obesity and diabetes.

2. Experiments were conducted to determine whether the time period (light or

dark) of fructose consumption influenced the pathological consequences.

C57BL mice were given standard chow and assigned to one of three groups:

Control (n=10, water 24h); FL (n=11, 10% fructose solution during 12h light

period); and FD (n=11, 10% fructose solution during 12h dark period).

3. There was a time-related increase in body weight (BW) (p<0.0001). Body fat as

measured with Echo-MRI showed a greater increase in the FL group as

compared to Control and FD. The changes in adiposity occurred even though

the total caloric intake was not significantly different among groups (~18 kcal/

day). Total fluid (water plus fructose) consumption was greater in FD and FL

than Controls at 6 wk. Significant increases were noted for plasma insulin and

leptin with highest levels in FL as compared to FD (p<0.05). There were no

significant changes in glucose, glucose tolerance, cholesterol, triglycerides or

adiponectin.

4. Results suggest that there was a mismatch in caloric consumption, metabolism,

and adiposity as related to the light/dark cycle of fructose consumption. These

findings have clinical implications in the control of body weight, abdominal fat

accumulation, and type 2 diabetes.
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Figure 1.
Schedule of general procedures. Week 1, male mice began the dietary challenge with

fructose (10%) given during either the 12 hr light (0700h -1900h) or 12hr dark period

(1900h-0700h). At weeks 2 and 6, body composition (body weight and body fat), fluid

intake and chow comsumption were evaluated ( n = 9-11/group). Glucose tolerance test

(GTT) was performed at week 7. At week 8, animals were euthanatized for tissue and

plasma collection for measurement of adipocyte size and metabolic related plasma analytes.
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Figure 2.
Body Weight, Body Fat and Adipocyte Size Body weight increased significantly over the 6

wk time course (Figure 2a, time effect of p<0.0001 without significant group effect).

Concomitant changes in body fat were observed over time (p<0.0001) with evidence of

group effect (p<0.05) and time/group interactions (p<0.02) (Figure 2b). There was no

significant change in body fat in Controls. FL mice showed an enhanced response to

fructose consumption (2.6 and 1.5 fold higher than Control and FD, respectively).
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Figure 3.
Cell size in white epididymal fat. Fixed, H&E stained tissue was examined using light

microscopy and image analysis. Data show mean ± SEM. Control: Water; Fructose Light:

Water during dark and fructose during light; Fructose Dark: Water during light and fructose

during dark. ANOVA showed a group effect [F(2,18) = 3.80, p<0.042]. *p<0.05, Fructose

Light vs. Control.
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Figure 4.
Insulin, Leptin, Adiponectin, Glucose, Glucose Tolerance and Lipids Plasma levels of

triglycerides, cholesterol, adiponectin and glucose were analyzed in fasted mice (wk 8,

Table 1). There were no significant differences in any of the parameters. There were

significant increases in plasma insulin and leptin in FL as compared to FD (Figure 4),

providing evidence for metabolic dysfunction in mice consuming fructose during the light

period.
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Table 1

Measurement of glucose tolerance test (GTT) and plasma levels of glucose, adiponectin, triglycerides, and

cholesterol

Parameter Control (n=10) Groups† FL (n=11) FD (n=11)

GTT (AUC/min) 204 ± 8.6 192 ± 7.4 187 ± 7.5

Glucose (mg/dL) 157 ± 23.6 139 ± 22.0 154 ± 21.0

Adiponectin (μg/mL) 12 ± 1.8 11 ± 2.4 11 ± 2.1

Triglycerides (mg/dL) 77 ± 9.3 89 ± 12.0 63 ± 5.3

Cholesterol (mg/dL) 83 ± 6.3 93 ± 8.0 90 ± 5.5

†
CONTROL: Water (24h); Fructose Light (FL): Fructose during 12h light period; Fructose Dark (FD): Fructose during 12h dark period. There

were no significant differences among groups for any variable at 8 wk. Values are expressed as mean ±SEM.
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Table 2

Fluid intake in Control, FL and FD at 2 and 6 wk

Water 24h or 12h (ml) Fructose 12h (ml) Total Fluid Intake 24h (ml)

2 wk 6 wk 2 wk 6 wk 2 wk 6 wk

Control 13 ± 0.8 14 ± 0.3 ..... ..... 13 ± 0.8 14 ± 0.3†

FL 6 ± 0.5 8 ± 0.3 11 ± 0.5 13 ± 0.4 16 ± 0.8 19 ± 1.4†

FD 9 ± 0.6 7 ± 0.7 13 ± 1.0 19 ± 0.8** 22 ± 1.3‡ 26 ± 1.0

Control: Water (24 h), n=10; FL: Fructose during 12 h light period, n=9-11; FD: Fructose during 12 h dark period, n=9-11. Values are mean ±
SEM. Repeated 2-way ANOVA for fructose intake was significant over time ([F(1,17) = 61.07, p<0.0001] and time/group [F(1,17) = 12.82,
p<0.002]. Total fluid intake was significant for time [F(1,24) = 17.05, p<0.0004] and group [F(2,24) = 71.00, p<0.0001]

**
p<0.001 vs FL 6 wk

†
p<0.01 vs. FD 6 wk

‡
p<0.01 vs. Control and FL 2 wk
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Table 3

Caloric intake in Control, FL and FD at 2 and 6 wk

Chow (kcal/24 h) Fructose (kcal/12 h) Total (kcal/24 h)

Groups 2 wk 6 wk 2 wk 6 wk 2 wk 6 wk

Control 16 ± 0.3 16 ± 0.3 ..... ..... 16 ± 0.3 16 ± 0.3

FL 15 ± 0.5 16 ± 1.7 4 ± 0.2 3 ± 0.2 19 ± 1.0 19 ± 2.0

FD 23 ± 0.6 12 ± 0.3 5 ± 0.4 6 ± 0.2 28 ± 1.0 18 ± 2.0

Control: Water (24 h), n=10; FL: Fructose during 12 h light period, n=11; FD: Fructose during 12h dark period, n=9-11. Values are mean ± SEM.
Repeated 2-way ANOVA showed no significant differences among groups. CV: Coefficient Variation (%)
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