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Abstract

Original Article

IntRoductIon

Postprandial hypertriglyceridemia has been shown to lead to 
development of insulin resistance, and predict prediabetes 
and diabetes in diet‑induced experimental models of type 2 
diabetes mellitus.[1] However, development of diabetes in 
this model was not associated with hypoadiponectinemia.[2] 
Studies have reported the association of both hypo‑[3,4] as well 
as hyper‑ adiponectinemia[2,5] with metabolic syndrome and 
insulin resistance[3‑5] thereby suggesting that adiponectin may 
not be a critical determinant of insulin resistance and other 
factors may be more important.

It is also believed that leptin resistance and hyperleptinemia 
can result in insulin resistance[6‑9] and could be the underlying 
mechanism for its development,[9,10] particularly in the obese. 
Several studies using experimental models have demonstrated 
leptin resistance and hyperleptinemia in diet‑induced obesity 

and metabolic syndrome.[11‑13] Leptin resistance occurs 
predominantly centrally at the level of the hypothalamus 
and is believed to work at two levels.[14] At the blood‑brain 
barrier (BBB), this is due to the inability of leptin to cross 
the BBB and reach the hypothalamus in sufficient quantities 
to modulate leptin signaling. Further, leptin resistance also 
results from impaired signaling at the level of the hypothalamic 
neurons secondary to several dietary[15] and other factors.[14,15]

Introduction: Leptin resistance is believed to cause insulin resistance though the exact mechanism is not fully understood. The present study 
aims to investigate the temporal profile of postprandial triglyceride (PPTG) and leptin levels, and their association with each other as well as 
with markers of metabolic syndrome. Materials and Methods: Serum leptin and PPTG levels were measured longitudinally till 26 weeks in 
Wistar rats fed on controlled diet (group 1) and high sucrose diet (HSD) (group 2). Two additional groups fed on HSD were taken and treated 
with pioglitazone (group 3) and atorvastatin (group 4). Body weight, homeostasis model assessment of insulin resistance (HOMA‑IR), and 
glucose intolerance were also measured during this period. Comparison of the groups were done and Pearson’s correlation coefficient was 
used to ascertain the association. Results: Leptin levels were significantly higher in all three groups receiving HSD compared to controlled 
diet group from week 2 to week 26 (P < 0.01). The postprandial triglyceride area under the curve (PPTG AUCs) were significantly higher 
in group 2 than controls during this period (P < 0.001). Body weight, HOMA‑IR and glucose AUC were found to be significantly higher 
in group 2 rats than controls only from week 6, 8, and 12 respectively. In HSD‑fed rats, but not in control, mean serum leptin levels from 
2‑26 weeks as well as peak (10th week) and 26th week were strongly associated with corresponding as well as preceding PPTG levels. Leptin 
levels significantly predicted HOMA‑IR and prediabetes in group 2. Conclusion: This study found significant hyperleptinemia associated 
with postprandial hypertriglyceridemia that predicted insulin resistance and prediabetes in high sucrose diet–fed rats.
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Saturated triglycerides are believed to be major modulators of 
leptin resistance at the level of the BBB.[16] Acute infusion of 
triglycerides but not fatty acids in rats have been shown to block 
leptin transport across the BBB.[16] Similarly, leptin resistance 
has also been consistently demonstrated in high fructose diet–
fed rats which are known to induce hypertriglyceridemia.[17,18] 
Rats that were fed cream with saturated triglycerides have 
also been shown to induce leptin resistance both acutely at the 
BBB[16] as well as sub‑chronically at the level of the central 
leptin signaling pathways.[16]

We hypothesized that the significantly higher postprandial 
triglyceride burden which develops very early in experimental 
models of diet‑induced diabetes using high sucrose feeding 
could result in leptin resistance, hyperleptinemia and lead to 
the development of insulin resistance and metabolic syndrome. 
To test this hypothesis, levels of postprandial triglycerides as 
well as leptin were measured longitudinally in this study during 
the development of metabolic syndrome to determine their 
temporal profile and association with each other, as well as 
with the development of metabolic syndrome and prediabetes.

MAteRIAls And Methods

This longitudinal study was conducted in eight‑week‑old 
male Wistar rats who were randomized into four groups i.e., 
group 1, 2, 3 and 4 (n = 24 per group). Group 1 was given a 
standard chow diet. The three remaining groups were given 
a HSD. In addition to a HSD, group 3 rats were treated with 
pioglitazone (10 mg/kg body‑weight/day) and group 4 rats 
were treated with atorvastatin (20 mg/kg body‑weight/day) 
for 26 weeks.

Body weight, fasting serum leptin, and insulin levels 
were measured every fortnight in all the four groups from 
baseline (week 0 of study, 8‑week‑old rats) to 26th week. Fat 
challenge test (to study postprandial triglyceride levels) and 
oral glucose tolerance test (to study glucose intolerance) were 
also done alternatively at fortnight intervals up to the 26th week 
of the study.

Fat challenge test and oral glucose test were performed 
after overnight fasting. Following fasting blood sampling, 
olive oil (2 ml/kg body‑weight) was given in fat challenge 
test, and blood samples were collected two‑hourly till eight 
hours for estimation of postprandial triglyceride levels. Oral 
glucose tolerance tests were performed with glucose (2 gm/kg 
body‑weight) and blood samples were collected every thirty 
minutes till two hours.

HSD had 230 gm added sucrose and 66 gm added palm oil per 
kilogram of diet. Diet and water were given ad libitum unless 
specified. Standard environmental conditions, i.e., 20–25 0C 
room temperature, 50 ± 20% humidity and 12‑hour light/dark 
cycle were maintained during the entire study.

Body weight was recorded on a dedicated electronic 
weighing balance. Serum leptin and insulin levels were 
measured by radioimmuno assay method (kit: Millipore, 

USA). Coefficient of variation were <5% intra‑assay 
and <10% inter‑assay.

Merck lab kits (Spain) were used for estimation of serum 
triglyceride. Inter‑assay and intra‑assay coefficients of variation 
were <2% for these kits. Quality control sera (BioRad, USA) 
were run along with each assay to ensure accuracy of test results. 
Blood glucose was measured by glucometer (OneTouch, 
LifeScan’s SURESTEP, Johnson & Johnson). The glucometer 
was calibrated every time before each use. The estimation 
of some samples (n = 197) was also done through Glucose 
Oxidase Peroxidase (GOD‑POD) method to further validate the 
accuracy of the glucometer. The glucose value obtained from 
both methods (GOD‑POD method and glucometer) showed 
good correlation (r = 0.97).

HOMA‑IR was calculated as: fasting insulin (μU/ml) x fasting 
glucose (mg/dl)/2430. This formula is applicable for animal 
models.[19]

Statistical analysis: Postprandial triglyceride/glucose area 
under the curves (AUC) were calculated by trapezoidal 
rule. Study variables between the groups were compared via 
generalized estimating equations followed by least significant 
difference pair wise comparisons. Association between the 
study variables were estimated by Pearson’s correlation 
coefficient followed by linear regression. Cox regression was 
used (group 1 + 2) to predict incident prediabetes from leptin 
levels. Data were considered significantly different/associated 
if P values were <0.05 (SPSS 20.0).

Results

Baseline parameters such as body weight, fasting serum leptin, 
insulin, glucose and lipids were similar in all the four study 
groups.

Serum leptin levels were significantly higher in all the three 
groups receiving HSD, viz., groups 2, 3, and 4 compared to 
control group 1 from week 2 to week 26. The highest increase 
in serum leptin levels was in group 2 followed by groups 3 and 
4. The peak leptin levels in HSD–fed rats who did not receive 
any treatment were observed at week 10 [Figure 1a].

Postprandial triglyceride responses as indicated by PPTG AUC 
were found to be significantly higher in group 2 compared 
to group 1 from week 2 to week 26. PPTG AUC was also 
significantly higher in group 3 compared to group 1 at week 2 
and 10 but was comparable thereafter at most of the time points. 
Similarly, PPTG AUC was significantly higher in group 4 
compared to group 1 at week 2 and 6 but was comparable 
thereafter at all time points [Figure 1b].

Before 6 weeks, there was no significant difference in body 
weight between any of the study groups. Body weight was 
found to be significantly higher in group 2 compared to 
group 1 rats from week 6 (283.54 ± 21.27 vs 266.50 ± 25.42 
gm, P = 0.01) and continued to be significantly higher in this 
group till week 26. The maximum weight gain was achieved 
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by week 20 by the HSD–fed groups (group 2: 365.33 ± 33.72; 
group 3: 347.38 ± 38.89 gm; and group 4: 327.25 ± 30.61 gm) 
as well as the control group (339.54 ± 27.99 gm). There was a 
modest but non‑significant increase in body weight in group 3 
rats compared to group 1. No increase in body weight was seen 
in 4 rats compared to group 1.

Insulin resistance as indicated by HOMA‑IR was significantly 
higher in group 2 rats compared to group 1 at week 8. It peak 
at week 16, and remained higher thereafter at most of the 
time points. Groups 3 and 4 also showed significantly higher 
HOMA‑IR compared to group 1 from week 14 at some of the 
time points [Figure 2a].

Postprandial glucose area under the curve (PPGl AUC) 
indicating glucose intolerance was found to be significantly 
higher in group 2 compared to group 1 from week 12 to week 
26. Group 3 showed significantly higher PPGl AUC compared 
to group 1 at weeks 24 and 26. There was no significant 
difference in PPGl AUC between group 4 and 1 at any of the 
time points [Figure 2b].

Serum leptin levels showed significantly strong positive 
correlation with corresponding PPTG AUC at weeks 10 and 
26 in group 2 only. Similarly, serum leptin levels (week 10) 
of group 2 showed significantly strong positive correlation 
with body weight (week 10) and HOMA‑IR of succeeding 
weeks (weeks 12, 16, and 26) and PPGl AUC (week 
16) [Table 1]. Also, in group 2, mean serum leptin levels 
from weeks 2–26 were positively associated with postprandial 
triglyceride burden (cumulative postprandial triglyceride 
burden from weeks 2–26), HOMA‑IR (week 26) and PPGl 
AUC (week 26) [Table 1].

Linear regression analyses in HSD–fed group 2 showed that 
serum leptin levels were significantly predicted by postprandial 
triglyceride parameters [Table 1]. Also, serum leptin levels at 
weeks 10 and 26 as well as mean leptin levels significantly 
predicted succeeding weeks HOMA‑IR and postprandial 
glucose AUC in this group [Table 1].

Similarly, serum leptin levels (week 10) significantly predicted 
HOMA‑IR of weeks 16 (r = 0.48, B = 0.14, P = 0.020, 

CI = 0.025 – 0.26) and week 26 (r = 0.46, B = 0.061, P = 0.033, 
CI = 0.005 – 0.116) in control group 1 also. Serum leptin levels 
in control group 1 did not show any significant association 
with postprandial triglyceride levels, body weight and PPGl 
AUC at any time point.

Cox regression analysis revealed that serum leptin levels 
significantly predicted the risk of prediabetes with hazard 
ratio (HR) of 1.47 (CI = 0.90 – 2.41, P = 0.001) [Figure 3].

dIscussIon

This study found elevated postprandial triglyceride and 
leptin levels as early as two weeks after HSD consumption in 
eight‑week‑old male Wistar rats. Leptin levels continued to rise 
and peaked at 10 weeks; they were significantly higher than 
in rats fed standard chow diet at all time points, and remained 
elevated till 26 weeks of follow up. Weight gain in these rats 
was observed much later from week 6 with peak weight gain 
achieved at week 20. Insulin resistance by HOMA‑IR was 
demonstrable only by week 8 which peaked by the week 16 
of HSD feeding. By week 26, most rats in HSD–fed groups 
developed prediabetes.

In the HSD–fed rats, but not in control group, mean serum 
leptin levels from weeks 2–26 as well as peak (week 10) and 
week 26 were strongly associated with corresponding as well 
as preceding PPTG levels and burden.

These findings when taken together along with the temporal 
profiles of different parameters indicate that both postprandial 
hypertriglyceridemia and hyperleptinemia occur much before 
the onset of obesity, insulin resistance, and prediabetes. Clearly 
high leptin levels are not due to weight gain and obesity, and 
could be secondary to leptin resistance independent of obesity. 
Early hyperleptinemia before the onset of diet‑induced obesity 
has been reported earlier[15,16,20] and believed to be secondary 
to leptin resistance at the level of blood‑brain barrier (BBB). 
The strong association of leptin levels with previous as well 
as current PPTG levels in our study points to postprandial 
hypertriglyceridemia as the cause of leptin resistance. 
Triglycerides have been implicated in the development of 

Figure 1: Serum leptin levels and postprandial triglyceride responses over the period of 26 weeks
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central leptin resistance in earlier studies.[16] Acute infusions 
of saturated triglycerides in rats have been shown to cause 
leptin resistance by blocking its transport across the BBB.[16] 
Also, rats given cream in their diet failed to respond to leptin 
with inhibition of feeding both acutely and sub‑chronically, 
suggesting that hypertriglyceridemia is secondary to 
consumption of cream induced leptin resistance.[16] These 

effects were believed to be due to leptin resistance at the BBB 
level in the acute group and secondary to more lasting effects 
of triglycerides on leptin signaling pathways in the central 
nervous system.

Hyperlept inemia can also resul t  in  postprandial 
hypertriglyceridemia.[21‑23] Since elevation of PPTG and 
leptin levels were both observed from week 2, this possibility 
cannot be ruled out completely. Hepatic leptin resistance 
increases hepatic very low density lipoproteins (VLDLc) by 
promoting lipogenesis and impairing triglyceride breakdown 
and clearance in the liver which can cause postprandial 
hypertriglyceridemia.[21] However, these effects on the liver 
do not occur early even at 8 weeks, and have been reported 
in rats only after 14 weeks of high fat feeding.[23] Leptin 
regulation of lipid metabolism in the liver are believed to 
be long term effects[23] and the consequences of hepatic 
leptin resistance are believed to occur later in the course of 
diet‑induced obesity.[23] In view of these observations, we 
believe that although possible, it is highly unlikely that it 
was hepatic leptin resistance that led to hyperleptinemia and 
hypertriglyceridemia in our study. As discussed above, it is 
far more likely that it is postprandial hypertriglyceridemia 
that is driving leptin resistance at the BBB level and 
hyperleptinemia.

Table 1: Linear regression analyses to predict leptin levels, HOMA‑IR and PPGl‑AUC in high sucrose diet‑fed rats

Predictor Dependent variable Pearson’s correlation 
coefficient (r)

Regression 
coefficient (B)

Significance 
(P)

95% C. I.

PPTG‑AUC wk10 Leptin wk10 0.48 0.008 0.019 0.001‑0.014
PPTG‑AUC wk26 Leptin wk26 0.46 0.009 0.026 0.001‑0.017 
Cumulative PPTG burden wk2‑26 Mean Leptin wk2‑26 0.55 0.001 0.005 0.000‑0.001
Leptin wk10 HOMA‑IR wk12 0.50 0.064 0.014 0.015‑0.114
Leptin wk10 HOMA‑IR wk16 0.53 0.063 0.009 0.018‑0.108
Leptin wk10 HOMA‑IR wk26 0.60 0.050 0.003 0.019‑0.080
Leptin wk10 PPGl‑AUC wk16 0.43 2.90 0.035 0.230‑5.580
Mean Leptin wk2‑26 HOMA‑IR wk26 0.51 0.080 0.015 0.017‑0.143
Mean Leptin wk2‑26 PPGl‑AUC wk26 0.43 5.77 0.043 0.213‑11.33
Confidence interval (CI), homeostasis model assessment of insulin resistance (HOMA‑IR), postprandial glucose area under the curve (PPGl‑AUC), 
postprandial triglyceride area under the curve (PPTG‑AUC), week (wk)

Figure 3: Cox regression analysis predicting prediabetes from serum 
leptin levels

Figure 2: HOMA‑IR and glucose intolerance over the period of 26 weeks
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We  h a v e  p r e v i o u s l y  s h o w n  t h a t  p o s t p r a n d i a l 
hypertriglyceridemia predicts diet‑induced diabetes and insulin 
resistance in a diet‑induced rat model,[1] and that development 
of metabolic syndrome in this setting is not associated with 
hypoadiponectinemia.[2] It would appear from the present study 
that the postprandial hypertriglyceridemia related diabetes 
risk reported by us earlier is secondary to the leptin resistance 
induced by them, as demonstrated in the current study.

Peak leptin levels predicted HOMA‑IR of succeeding weeks in 
both HSD–fed rats as well as control. These findings confirm 
several earlier reports that leptin resistance precedes and 
leads to the development of insulin resistance.[6‑10] We also 
demonstrated significant association of mean leptin levels from 
weeks 2–26 with glucose intolerance at week 26 in HSD groups 
only. Further, in cox regression analysis, high leptin levels 
predicted the development of prediabetes. Taken together, these 
findings further support the theory that leptin resistance could 
be the underlying condition that results in insulin resistance 
and glucose intolerance in diet‑induced diabetes.

Leptin levels were not associated with body weight at most 
time points in the HSD groups, and all time points in those 
fed standard chow diet. This clearly points to a dissociation 
of serum leptin levels and body weight at least in rats and is 
contrary to the view that they primarily reflect the adipose 
tissue stores of the body. It further reinforces the conclusion 
that hyperleptinemia represents leptin resistance in the course 
of diet‑induced obesity that is unrelated to obesity itself. 
Healthy men given fructose for four weeks displayed elevated 
serum fasting leptin levels without any change in weight 
confirming[18] similar observations in rats.

We used the HSD model in this study, 50% of which got 
converted to fructose. Hence, it is also possible that the 
significant postprandial hypertriglyceridemia as well as 
hyperleptinemia observed by us as early as the 2nd week 
of HSD was secondary to fructose. It is well known that 
fructose causes a much higher level of hypertriglyceridemia 
than glucose[18,24‑26] and amounts of 30% or more of energy 
intake as a sugar sweetened beverage can cause postprandial 
hypertriglyceridemia within 24 hours.[27] This could perhaps 
be due to impaired triglyceride‑rich lipoproteins and increased 
hepatic overproduction. High fructose diets have also been 
demonstrated to cause hepatic leptin resistance,[11,28] which could 
be centrally mediated at the hypothalamus[29] or peripherally 
mediated at the level of the liver,[29] resulting in marked 
hyperleptinemia.[30,31] It has been reported that diets containing 
50% or more fructose rapidly induce hypertriglyceridemia 
within days and marked insulin resistance within four weeks.[17] 
However, diets containing less than 10% w/v fructose cause 
hypertriglyceridemia and leptin resistance early (few days to 
two weeks), but insulin resistance develops only after several 
weeks.[32] The relatively low fructose content (approximately 
10%) of the high sucrose diet used in our study explains 
the observation of postprandial hypertriglyceridemia and 
hyperleptinemia which developed early at 2 weeks and 

peaked at 10 weeks, while insulin resistance was demonstrated 
much later. This pattern of fructose intake and its effects on 
triglycerides, leptin resistance, and insulin resistance is similar 
to that usually seen in humans.[18] Diet containing fructose is 
also known to have significant hepatic effects resulting in high 
VLDLc production and secretion[33,34] which also contributes to 
postprandial hypertriglyceridemia as well as hepatic steatosis 
in the long term.[29]

High sucrose diet in our study had low fat content (16%) 
overall, but included palm oil containing 44% palmitic 
acid—a saturated fatty acid. Studies have also shown that 
palmitic acid induces central leptin resistance in male mice in 
diet‑induced obesity[35] and this could also have contributed to 
the development of leptin resistance in HSD groups.

Pretreatment with atorvastatin and pioglitazone in HSD–fed 
rats blunted the postprandial triglyceride responses to oral 
fat challenge after 6 and 10 weeks respectively. However, 
the leptin levels which were initially higher at 2 weeks, if 
they received the medications, remained similar to the HSD 
groups not on any medication from the week 4 onwards. The 
dissociation of postprandial triglyceride lowering effects of 
atorvastatin from that on leptin in our study is interesting 
and points to a leptin independent action on triglycerides. 
Statins in general reduce triglycerides proportionate to their 
low density lipoproteins (LDLc) lowering effect. However, 
atorvastatin is more potent in lowering triglyceride levels 
and complete attenuation of fructose induced increase in 
circulating triglycerides has been demonstrated with this 
agent.[36] It has been shown to prevent hepatic carbohydrate 
response element binding protein (CHREBP) activation 
secondary to protein kinase C activation,[36] which results in 
increased fatty acid oxidation over synthesis and storage of 
triglycerides, all of which result in decreased hepatic VLDLc 
production. The relationship between pioglitazone and leptin 
is far more complex. Peroxisome proliferator activated 
receptor gamma (PPAR‑G) agonists decrease leptin levels 
in high fat diet–fed rats[37] while leptin itself downregulates 
PPAR‑G receptor activity, thus creating a closely regulated 
system. The effect of PPAR‑G agonists on postprandial 
hypertriglyceridemia is primarily due to increased clearance 
of triglycerides from the circulation into the subcutaneous 
adipose tissue, an effect not dependent on leptin.

The present study has few limitations. We did not measure 
leptin levels and leptin mRNA in cerebrospinal fluid, which 
would have helped to demonstrate leptin resistance at the 
BBB. Similarly, estimation of hepatic lipogenic and lipolytic 
enzymes, and hepatic fat content, as well as hepatic leptin 
receptor mRNA and protein levels could have helped identify 
hepatic leptin resistance and clarify its contribution in IR.

In conclusion, this study found significant hyperleptinemia 
associated with postprandial hypertriglyceridemia that 
predicted insulin resistance and prediabetes in HSD–fed 
rats. These findings help understand the pathogenic links of 
triglyceride‑related insulin resistance. Further, high circulating 
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leptin levels could serve as a marker to predict the risk of 
type 2 diabetes.
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