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A B S T R A C T   

Recent reports suggest that arylamine N-acetyltransferases (NAT1 and/or NAT2) serve important roles in 
regulation of energy utility and insulin sensitivity. We investigated the interaction between diet (control vs. high- 
fat diet) and acetylator phenotype (rapid vs. slow) using previously established congenic rat lines (in F344 
background) that exhibit rapid or slow Nat2 (orthologous to human NAT1) acetylator genotypes. Male and fe-
male rats of each genotype were fed control or high-fat (Western-style) diet for 26 weeks. We then examined diet- 
and acetylator genotype-dependent changes in body and liver weights, systemic glucose tolerance, insulin 
sensitivity, and plasma lipid profile. Male and female rats on the high fat diet weighed approximately 10% more 
than rats on the control diet and the percentage liver to body weight was consistently higher in rapid than slow 
acetylator rats. Rapid acetylator rats were more prone to develop dyslipidemia overall (i.e., higher triglyceride; 
higher LDL; and lower HDL), compared to slow acetylator rats. Total cholesterol (TC)-to-HDL ratios were 
significantly higher and HDL-to-LDL ratios were significantly lower in rapid acetylator rats. Our data suggest that 
rats with rapid systemic Nat2 (NAT1 in humans) genotype exhibited higher dyslipidemia conferring risk for 
metabolic syndrome and cardiovascular dysfunction.   

1. Introduction 

Metabolic syndrome represents a cluster of risk factors that includes 
insulin resistance, hypertension, central obesity, and dyslipidemia [1]. It 
is estimated that in the United States, more than a third of the adult 
population has metabolic syndrome [2], and they are at a significantly 
greater risk of developing cardiovascular disease and type 2 diabetes. 
Although the underlying cause of metabolic disorders has been generally 
attributed to dysregulated energy utilization and storage, our current 
understanding of genetic and environmental factors that contribute to 
development of metabolic syndrome still remains insufficient [3]. To 
address this ever-growing health issue, it is important to identify the 
underlying mechanisms of metabolic syndrome, which would allow us 

to design and explore new therapeutic interventions. 
Arylamine N-acetyltransferases (NAT1 and NAT2) play key roles in 

detoxification of carcinogenic arylamines and xenobiotics by catalyzing 
acetyl coenzyme A-dependent biotransformation [4–6]. Recent studies 
have suggested that NATs play other physiological roles in addition to 
xenobiotic metabolism. For instance, NAT1 is frequently upregulated in 
estrogen receptor-positive breast cancers as well as triple-negative 
breast cancers [7–10]. This led us and others to investigate the role of 
NAT1 in cancer cell growth, morphology and metastasis in recent years 
[11–18]. 

Recently, polymorphisms within NAT2 have been linked to insulin 
resistance, high serum triglycerides, and coronary artery disease, as well 
as high fasting plasma glucose level [19–23], which indicate that NAT2 
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may play an important role in regulation of insulin sensitivity and 
metabolism. In support of this, analysis of Nat1 (the functional ortholog 
of human NAT2) knockout (KO) mice revealed that Nat1 deficiency 
leads to development of insulin resistance and metabolic defects at the 
systemic level without any diet challenge, highlighting the previously 
unrecognized role of NAT2 in regulating metabolism and insulin sensi-
tivity [24,25]. Moreover, insulin resistance in Nat1 KO mice was 
accompanied by mitochondrial dysfunction [25]. Similarly, deletion of 
human NAT1 in cancer cell lines resulted in decreased oxidative phos-
phorylation with a significant loss in respiratory reserve capacity via 
inhibition of pyruvate dehydrogenase [18], indicating that NAT1 may 
also serve an essential role in maintaining the mitochondrial integrity. 
Taken together, these studies suggest that NATs are involved in regu-
lating insulin sensitivity and energy utilization, possibly via mitochon-
dria, and that individuals of certain NAT acetylator genotypes may be at 
a higher risk of developing insulin resistance and metabolic syndrome. 

Currently, it is unknown how NAT polymorphism influences the 
state of metabolism or insulin sensitivity in individuals. We have pre-
viously established congenic rat lines in F344 background that carry 
naturally occurring rapid or slow Nat2 alleles [26]. In all tissues 
examined, N-acetyltransferase activities towards p-aminobenzoic acid 
(selective for rat Nat2) were Nat2-genotype dependent, with highest 
levels in homozygous rapid acetylators and lowest in homozygous slow 
acetylators. In contrast, rat Nat1 activities in each tissue remained the 
same regardless of the Nat2 genotype [26]. 

The present study was conducted to assess if Western-style diet and 
the resulting pathophysiological changes (e.g., obesity, insulin resis-
tance, and dyslipidemia, etc.) are modified by acetylator genotype. We 
subjected male and female rats of rapid and slow acetylator genotypes to 
a control or a high-fat, high-sucrose (a.k.a., Western style) diet for 26 
weeks and examined diet- and genotype-dependent changes in body and 
liver weights, systemic glucose tolerance, insulin sensitivity, and plasma 
lipid profile. 

2. Materials and Methods 

2.1. Animals 

Rapid and slow acetylator Nat2 congenic Fischer 344 (F344.WKY) 
rats were housed in the University of Louisville AAALAC-approved an-
imal facility, and the experiments were reviewed and approved by the 
University’s Institutional Animal Care and Use Committee. The gener-
ation of rapid and slow acetylator Nat2 congenic rats was previously 
reported [26]. Briefly, F344 (homozygous for rapid Nat2 allele) males 
were mated to WKY (homozygous for slow Nat2 allele) females to pro-
duce the obligate heterozygous F1 generation. F1 females were then 
backcrossed with F344 males. Heterozygous acetylator female progeny 
from each successive backcross were identified by rat Nat2 genotype and 
were mated with F344 rapid acetylator males. After ten generations of 

backcrossing, heterozygous acetylator brother/sister progeny were 
mated to produce the homozygous rapid and slow acetylator congenic 
rat Nat2 lines. The congenic F344.WKY rats have been previously 
confirmed for rapid and slow phenotypic differences in activity across 
multiple tissues and with different substrates [26]. Of note, rat Nat1 and 
rat Nat2 each contain an intronless 870 bp open reading frame [27]. Rats 
also possess a third rat Nat3 [28] that expresses transcripts are at least 
100-1000-fold lower than rat Nat1 and rat Nat2 in hepatic and extra-
hepatic tissues [29,30]. Rat Nat1 [27] and rat Nat3 [30] coding regions 
are identical in rapid and slow acetylators and their recombinant pro-
teins exhibit equivalent N-acetyltransferase activities [27]. 

Three-week-old rats were allocated to the following 8 treatment 
groups according to their genotypes: 1) Rapid male, control diet (CD) (n 
= 7); 2) Slow male, CD (n = 7); 3) Rapid male, high-fat diet (HFD) (n =
7); 4) Slow male, HFD; 5) Rapid female, CD (n = 7); 6) Slow female, CD 
(n = 7); 7) Rapid female, HFD (n = 7); and 8) Slow female, HFD (n = 7). 
Each group was fed the corresponding diet for 26 weeks. See Fig. 1 for 
the overall experimental scheme. 

2.2. Diets 

Purified diets were purchased from Harlan Teklad (Control Diet, 
TD.08485 and HFD or “Western-style” diet, TD.88137) and provided ad 
libitum. The nutrient composition of each diet is shown in Table 1. In 
brief, the CD consisted of (in % Kcal) 19.2% protein, 67.9% carbohy-
drate, and 13% fat. The HFD consisted of 15.2% protein, 42.7% carbo-
hydrate, and 42% fat. The food intakes were monitored weekly in each 
group between 16 and 25 weeks of treatment by calculating the differ-
ence between the amount given and amount left in the cage. The amount 
of food intake was used to calculate the calorie intake using the 
following information provided by the manufacturer of the diets: 3.6 
kcal/g for CD and 4.5 kcal/g for HFD. 

2.3. Glucose and insulin tolerance tests 

Following 23 weeks of the diet treatments, oral glucose tolerance test 
(OGTT) was performed. Animals were fasted overnight and given a 
bolus dose of glucose (2 g/kg body weight) by gavage in the morning. 
Glucose levels were measured prior to the glucose gavage (0 min) and at 
15, 30, 45, 60, 90, and 120 min after the gavage. Glucose concentrations 
were determined using an Accu-Chek Aviva Plus glucometer and test 
strips (Roche) with blood obtained through tail prick. Insulin tolerance 
test (ITT) was performed following 26 weeks of the diet treatments. 
Animals were fasted overnight and given a dose of insulin (2 mU/g body 
weight; Humalog, Eli Lilly) by i.p. injection. Glucose levels were 
measured prior to the insulin injection (0 min) and at 15, 30, 45, 60, 90, 
and 120 min after the injection. For OGTT, the glucose handling over 
time was analyzed by calculating the incremental area-under-the-curve 
(AUC) [31] using GraphPad Prism v6.0c (GraphPad Software). For ITT, 

Fig. 1. Experimental scheme. Three-week-old rats (F344) of indicated sex and acetylator genotypes (rapid and slow) were fed with control (CD) or high-fat, high- 
sucrose (“Western style”) diet (HFD) for 26 weeks. Body and liver weight and plasma lipid profiles were measured in each animal at indicated time points. Animals 
were also subjected to oral glucose tolerance test (OGTT) and insulin tolerance test (ITT) towards the end of the study. 
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the insulin sensitivity over time was analyzed by calculating the inverse 
area-under-the-curve (invAUC) below baseline glucose. For calculation 
of invAUC, the glucose measurements from each animal were subtracted 
from the baseline glucose value to create an inversed line graph. Then 
the AUC above zero was calculated using GraphPad Prism v6.0c. 

2.4. Plasma biochemistry 

Following euthanasia by CO2 affixation, blood was collected via vena 
cava, added with citrate anticoagulant, and centrifuged to separate 
plasma. Plasma was aliquoted and stored at − 80 ◦C until analysis. 
Plasma samples were analyzed using COBAS MIRA-plus chemistry 
analyzer (Roche) as previously described [32]. 

2.5. Body and liver weights 

Each animal was weighed on an analytical balance prior to the diet 
treatments (3 weeks of age) and at the end of the study (29 weeks of 
age). The liver weights were measured following euthanasia at the end 
of the study. 

2.6. Statistical analysis 

Males and females were analyzed separately when comparing the 
effects of diets and genotypes. For assessing the effects of diets, data 

from two genotypes within each diet and sex group were combined. 
Differences between the indicated groups were analyzed with the 
appropriate parametric or non-parametric test according to the data by 
one-way or two-way ANOVA followed by Dunn’s, Tukey or Sidak post 
hoc test where appropriate. All statistical analyses were performed using 
GraphPad Prism v6.0c (GraphPad Software). The results are expressed 
as the mean ± the standard deviation (SD). Values of p < 0.05 were 
considered statistically significant. 

3. Results 

3.1. Food and Calorie Intake 

3.1.1. CD vs. HFD 
We subjected 3-week old, rapid and slow acetylator rats of both sexes 

to either control diet (CD) or high-fat (“Western style”) diet (HFD) for 26 
weeks (Fig. 1). The food and caloric intakes were monitored in each 
group between 16 and 25 weeks of treatment. Males consumed 
considerably more food than females in both diet groups (Fig. 2A). 
Among males, rats in the CD group consumed a significantly larger 
amount of food (approximately 10% greater) on average (14.8 ± 1.3 g/ 
day), compared to their HFD counterparts (13.5 ± 1.2 g/day) (Fig. 2A). 
Females on CD also consumed approximately 8% more food per day (8.6 
± 0.8 g/day) than HFD females (7.9 ± 0.6 g/day) (Fig. 2A), but the 
difference was not statistically significant. Although CD rats consumed 

Table 1 
Composition of the Diets.   

Control Diet (CD) High-Fat Diet (HFD)   

Components % by weight % kcal from % by weight % kcal from Source of Fat: Anhydrous milk-fat 

Protein 17.3 19.1 17.3 15.2   
Carbohydrates 61.3 67.9 48.5 42.7  % of total fatty acids 
Fat 5.2 13.0 21.2 42.0 Saturated 61.8 ± 2.0 % 
Sucrose 12.0 13.3 34.6 30.5 Monounsaturated 27.3 ± 2.1 % 
Cholesterol 0.0 - 0.2 - Polyunsaturated 4.7 ± 0.8 %  

Fig. 2. Food and calorie consumption. Food consumption was monitored weekly in each group between 16 and 25 weeks of the diet regime. Amount of food 
consumed per day per rat (panels A-C) and total calorie intake per day per rat (panels D-F). A and D, Comparison between CD and HFD groups in each sex. B and E, 
Comparison between male rapid and slow acetylators in each diet group. C and F, Comparison between female rapid and slow acetylators in each diet group. Data are 
expressed as mean ± SD. Inter-group differences were analyzed via two-way ANOVA followed by a Bonferroni test. *, p < 0.05; **, p < 0.01; ***, p < 0.001. CD, 
control diet; HFD, high-fat diet. ‘Rapid’ and ‘Slow’ indicate the acetylator genotype. 
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more food per day than the HFD rats, HFD male and female rats 
consumed significantly higher calories than the CD counterparts 
(approximately 14% and 15% more, respectively) (Fig. 2D). CD males 
consumed 53.2 ± 4.6 kcal/day, while HFD males consumed 60.8 ± 5.2 
kcal/day (Fig. 2D). CD females consumed 30.9 ± 2.89 kcal/day, while 
HFD females consumed 35.7 ± 2.48 kcal/day (Fig. 2D). 

3.1.2. Rapid vs. slow acetylator 
Within CD diet groups, there were genotype-dependent differences 

in food consumption. Within CD, male rapid acetylator rats consumed 
significantly greater amount of food on average (15.6 ± 0.8 g/day) than 
the slow acetylator rats (14.0 ± 1.2 g/day) (Fig. 2B). Similarly, rapid 
acetylator female rats of CD consumed significantly larger amount of 
food on average (9.1 ± 0.6 g/day) than the slow acetylator female rats 
(8.1 ± 0.7 g/day) of CD (Fig. 2C). Consequently, male and female rapid 
acetylator rats of the CD group consumed a significantly greater calories 
per day than slow acetylator CD rats (56.0 ± 2.8 kcal/day for rapid 
acetylator males vs. 50.4 ± 4.4 kcal/day for slow acetylator males; 32.7 
± 2.10 kcal/day for rapid acetylator females vs. 29.2 ± 2.54 kcal/day for 
slow acetylator females) (Fig. 2E and F). Overall, rapid acetylator rats 
consumed 10-11% greater amount of calories compared to the slow 
acetylator rats within CD groups. A similar trend was also observed 
within HFD groups, where rapid acetylator rats consumed more calories 
than the slow acetylator rats on average, although the difference did not 
reach statistical significance (Fig. 2E and F). 

3.2. Body and Liver Weights 

3.2.1. CD vs. HFD 
At the end of the study, we measured the total body weight and the 

liver weight of each animal. The male rats weighed considerably more 
than the females (Fig. 3A). In males, HFD resulted in a significant in-
crease in the body weight, compared to CD (Fig. 3A). On average, males 
(443.4 ± 25.0 g) and females (228.3 ± 12.8 g) of HFD weighed 
approximately 9% and 11% more than their CD counterparts (405.7 ±
40.7 g for males and 205.5 ± 12.8 g for females), respectively (Fig. 3A). 
Within each diet/sex group, rapid and slow acetylator rats shared 

similar body weights, and we did not observe acetylator genotype- 
dependent differences in body weight (Fig. 3B and C). Obesogenic 
diets are known to cause hepatomegaly, driven by both hepatocyte 
hypertrophy and hyperplasia. HFD increased the liver weight (expressed 
as % body weight) in male rats by 20% (Fig. 3D). In contrast, such an 
HFD-induced hepatomegaly was not observed among female rats (2.58 
± 0.54% for HFD females vs. 2.69 ± 0.16% for CD females) (Fig. 3D). 
Within the HFD group, male rats had a significantly higher liver to body 
ratio (3.41 ± 0.25%) compared to female rats with HFD (2.58 ± 0.54%) 
(Fig. 3D and data not shown). 

3.2.2. Rapid vs. slow acetylator 
Within the HFD group, the percentage liver to body weight was 

consistently higher in rapid acetylator rats than in slow acetylator rats 
among both male and female rats. Following HFD, the liver to body 
weight ratios increased approximately by 8% in rapid acetylator males 
(3.5 ± 0.3%), compared to the slow acetylator males (3.3 ± 0.1) 
(Fig. 3E). Similarly, rapid acetylator females of the HFD group also 
showed an approximately 19% increase in the liver to body weight ratio 
compared to the slow acetylator females of the same group (2.8 ± 0.6% 
in rapid vs. 2.4 ± 0.5% in slow) (Fig. 3F). In contrast, rapid and slow 
acetylator males or females in the CD group did not show a significant 
difference in their liver to body weight ratio (Fig. 3E and F). These re-
sults suggest that there are Nat2 genotype-dependent changes in liver 
weight among rats subjected to fat-enriched diet. 

3.3. Glucose Tolerance 

3.3.1. Baseline glucose 
In order to assess diet and genotype-dependent changes in glucose 

handling, we measured the baseline glucose level and conducted oral 
glucose tolerance test (OGTT) in each animal. The baseline/fasting 
glucose levels were largely unaffected by the diet or acetylator genotype 
(Fig. 4). Only the female rapid acetylator rats exhibited significantly 
lower baseline glucose levels, compared to slow acetylators, but such 
finding was not observed with HFD or among male rats (Fig. 4B and C). 

Fig. 3. Body and liver weights. Body (panels A-C) and liver (panels D-F) weights were measured for each animal at the end of the study, and compared between 
different diet groups (panels A and D) or between two genotypes (i.e., rapid and slow) within each sex (panels B and E for males; panels C and F for females). The 
body weight is expressed in grams. The liver weight is expressed as liver-to-body weight ratio (%). Data are expressed as mean ± SD. Inter-group differences were 
analyzed via two-way ANOVA followed by a Bonferroni test. ***, p < 0.001. CD, control diet; HFD, high-fat diet. ‘Rapid’ and ‘Slow’ indicate the acetylator genotype. 
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3.3.2. OGTT (CD vs. HFD) 
For OGTT which was performed at 23 weeks of diet, animals were 

fasted overnight, given a bolus glucose by gavage, and the blood glucose 
levels were measured up to 120 min after the gavage (Fig. 5). Based on 
the area under the curve (AUC) analysis, the HFD groups showed a 
larger, incremental AUC compared to the CD groups in both males and 
females, although the difference was not statistically significant 
(Fig. 5A, D, and G). 

3.3.3. OGTT (Rapid vs. slow acetylator) 
When OGTT results were compared between two genotypes in each 

group, rapid acetylator rats showed significantly higher glucose levels at 
some of the time points. For instance, among CD males, rRapid acety-
lator males had a significantly higher level of glucose at 40 min post- 

bolus glucose (Fig. 5B), and the OGTT AUC for rapid acetylator males 
(7661 ± 1498) were also significantly larger than that for slow acety-
lator males (5871 ± 1194) (Fig. 5I), suggesting that it takes a longer time 
for rapid acetylator males to clear excess glucose. In the HFD male 
group, the average OGTT AUC value was also higher in rapid acetylator 
male rats (7904 ± 906), compared to the slow acetylator males (7506 ±
1019) (Fig. 5I). However, the difference was statistically significant only 
in the CD male group. Similarly, with regard to female rats, the mean 
OGTT AUC values were also higher in rapid acetylator females 
compared to slow acetylator females with both CD and HFD regimes 
(Fig. 5J). 

3.4. Insulin Sensitivity 

3.4.1. ITT (CD vs. HFD and male vs. female) 
Each animal was also subject to insulin tolerance test (ITT) at 26 

weeks of diet to assess any changes in whole-body insulin sensitivity. 
Animals were fasted overnight, given a dose of insulin by i.p., and 
measured of blood glucose levels up to 120 min after the injection 
(Fig. 6). In all groups, an unexpected spike in the glucose level appeared 
at 15 min post-insulin injection, but the level started to decline after-
wards as expected. We then calculated the inverse area-under-the-curve 
(invAUC) below baseline glucose for each treatment group as an index of 
whole-body glucose sensitivity. In either sex, the HFD did not result in a 
significant change in invAUC (Fig. 6G). In both diet groups, however, 
males exhibited significantly lower invAUCs compared to females, 
suggesting that the males have a relatively lower sensitivity to insulin 
than the females (Fig. 6H). The males of the HFD and CD groups had 
invAUCs of 506.7 ± 459.0 and 457.2 ± 469.6, respectively, and the 
females of the HFD and CD had invAUCs of 1058.0 ± 669.5 and 1568.0 
± 864.0, respectively (Fig. 6H). 

3.4.2. ITT (Rapid vs. slow acetylator) 
There were genotype-dependent differences in whole-body insulin 

sensitivity. In both CD and HFD male groups, the decline in glucose level 
by insulin appeared attenuated in rapid acetylator males, compared to 
slow acetylator males, and the glucose levels of rapid acetylator males 
were significantly higher at some of the time points measured (Fig. 6B). 
In both CD and HFD male groups, the mean invAUCs were lower in rapid 
acetylator males (406.9 ± 432.7 HFD and 261.3 ± 290.4 CD), compared 
to those in slow acetylator males (606.6 ± 495.8 in HFD and 653.1 ±
551.3 in CD) (Fig. 6I), suggesting that the systemic response to insulin is 
relatively blunted in rapid acetylator males. In contrast, the opposite 
trend was observed among females. In case of females, regardless of the 
diet regime, invAUCs were considerably higher in rapid acetylator fe-
males (1399 ± 770 in HFD and 1816 ± 976 in CD), compared to those in 
slow acetylator females (716.9 ± 337.5 in HFD and 1270 ± 687 in CD) 
(Fig. 6J). 

3.5. Plasma Biochemistry 

3.5.1. Lipid profile (CD vs. HFD and male vs. female) 
Prior to euthanasia, we collected blood to measure parameters of 

plasma biochemistry in individual rats. The measured parameters 
included triglyceride, total cholesterol, HDL (high-density lipoprotein), 
and LDL (low-density lipoprotein) (Fig. 7). With respect to total 
cholesterol, the male rats had a significantly higher levels compared to 
the females with both diet regimes, and the HFD increased the total 
cholesterol level significantly in both sexes (Fig. 7A). Among male rats, 
the average cholesterol levels in CD and HFD groups were 110.5 ± 12.4 
and 149.0 ± 13.8 mg/dl, respectively, and among females, they were 
87.3 ± 11.2 and 109.2 ± 11.6 mg/dl, respectively (Fig. 7A). HFD also 
resulted in a significant increase (by 1.6-1.7-fold) in the LDL level in 
both male and females. CD and HFD males had LDL levels of 7.61 ± 2.10 
mg/dl and 13.0 ± 2.41 mg/dl, respectively, and the females had 4.09 ±
1.36 mg/dl and 6.64 ± 1.29 mg/dl, respectively (Fig. 7E). Males showed 

Fig. 4. Baseline (fasting) glucose levels. Following 26 weeks of the diet 
treatment, animals were fasted overnight and measured of their blood glucose 
levels (in mg/dL) using a glucometer, prior to the insulin tolerance test. A, 
Comparison between two diets within each sex. B, Comparison between two 
genotypes (rapid and slow) within each diet group among male rats. C, Com-
parison between two genotypes (rapid and slow) within each diet group among 
female rats. Data are expressed as mean ± SD. Inter-group differences were 
analyzed via two-way ANOVA followed by a Bonferroni test. *, p < 0.05. CD, 
control diet; HFD, high-fat diet. ‘Rapid’ and ‘Slow’ indicate the acetyla-
tor genotype. 
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significantly higher LDL levels, compared to the females, regardless of 
the diet regime (Fig. 7F). With respect to HDL, the HFD-associated 
change was not as pronounced as LDL, and the difference reached the 
statistical significance only with male rats (40.6 ± 10.4 mg/dl in CD vs. 
51.9 ± 4.75 mg/dl in HFD) (Fig. 7I). With regard to triglycerides, the 
male rats had significantly higher level than the females, regardless of 
the diet regime (Fig. 7N). Among males, HFD resulted in a markedly 
higher level of triglycerides (436.9 ± 133.3 mg/ml), compared to CD 
(299.2 ± 105.3 mg/ml), congruent with their diet regime (Fig. 7M). 

3.5.2. Lipid profile (Rapid vs. slow acetylator) 
Acetylator genotype modified LDL and HDL levels. The average LDL 

levels were consistently higher in rapid acetylator rats, regardless of sex 
or diet (Fig. 7G and H). For instance, the rapid acetylator male rats of CD 
showed an average LDL of 9.28 ± 0.77 mg/dl which was approximately 
56% higher than that in slow acetylator males of the same group (5.94 ±
1.58 mg/dl) (Fig. 7G). The rapid acetylator females of HFD had an 
average LDL of 7.60 ± 1.10 mg/dl which was approximately 30% higher 
than that in slow acetylator females of the same group (5.85 ± 0.84 mg/ 
dl) (Fig. 7H). The genotype-dependent differences in plasma LDL level, 
however, did not seem to be augmented by HFD (Fig. 7G and H). In 

Fig. 5. Oral glucose tolerance test (OGTT). OGTT was performed at 23 weeks of the diet treatment. Following an overnight fasting, animals were given a bolus oral 
glucose (2 g/kg body weight). Blood glucose levels were measured prior to and after the bolus glucose at indicated time intervals. The data was analyzed for each sex 
separately. The line graphs show the changes in blood glucose levels as a function of time for male (panels A-C) and female (panels D-F) rats. The bar graphs (panels 
G-J) show incremental, area-under-the-curve (AUC) calculated based on the OGTT line graphs. Data are expressed as mean ± SD. Inter-group differences were 
analyzed via two-way ANOVA followed by a Bonferroni test. *, p < 0.05; **, p < 0.01; ***, p < 0.001. CD, control diet; HFD, high-fat diet. ‘Rapid’ and ‘Slow’ indicate 
the acetylator genotype. 
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contrast to LDL, the HDL levels were lower in rapid acetylator rats 
within CD groups. The rapid acetylator male rats of CD showed 31.5 ±
4.69 mg/dl of HDL which was approximately 37% lower than that in 
slow acetylator males of the same group (49.7 ± 4.29 mg/dl) (Fig. 7K). 
Similarly, the rapid and slow acetylator females of CD showed HDL 
levels of 34.0 ± 4.23 mg/dl and 44.3 ± 4.04 mg/dl, respectively 
(Fig. 7L). However, no such genotype-dependent differences were found 
in rats treated with HFD (Fig. 7K and L). 

Additionally, there was also a genotype-dependent difference in the 
triglyceride level within the male HFD group. The rapid acetylator HFD 
males exhibited a significantly higher triglyceride level (529.3 ± 108.4 

mg/dl) than the slow acetylators (344.5 ± 82.7 mg/dl) (Fig. 7O). 
Although the rapid acetylator males of the CD group also showed a 
higher average triglyceride level than slow acetylator males (Fig. 7O), 
the difference did not reach statistical significance. In contrast, the 
plasma triglyceride level was not significantly elevated in females of the 
HFD group. Among females, the triglyceride levels were 128.7 ± 36.0 
mg/dl and 186.5 ± 141.1 mg/dl in the HFD and CD groups, respectively 
(Fig. 7M). Although the average plasma triglyceride level was not 
significantly influenced by the type of diet in females, there was a ge-
notype type-dependent differences particularly within the CD group. 
Rapid acetylator females of CD showed a noticeably high level of 

Fig. 6. Insulin tolerance test (ITT). ITT was performed at 26 weeks of the diet treatment. Following an overnight fasting, animals were given an insulin injection (i. 
p.). Blood glucose levels were measured prior to and after the insulin injection at indicated time intervals. The data was analyzed for each sex separately. The line 
graphs show the changes in blood glucose levels as a function of time for male (panels A-C) and female (panels D-F) rats. The bar graphs (panels G-J) show inversed 
area-under-the-curve (invAUC) (i.e., AUC below the baseline glucose) calculated based on the ITT line graphs. Data are expressed as mean ± SD. Inter-group dif-
ferences were analyzed via two-way ANOVA followed by a Bonferroni test. *, p < 0.05; **, p < 0.01; ***, p < 0.001. CD, control diet; HFD, high-fat diet. ‘Rapid’ and 
‘Slow’ indicate the acetylator genotype. 
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Fig. 7. Plasma lipid profiles. Following 26 weeks of the diet treatment, plasma concentrations (in mg per dL) of triglyceride (panels A-D), total cholesterol (panels 
E-H), high-density lipoprotein (HDL) (panels I-L) and low-density lipoprotein (LDL) (panels M-P) were measured in each animal. Data are expressed as mean ± SD. 
Inter-group differences were analyzed via two-way ANOVA followed by a Bonferroni test. *, p < 0.05; **, p < 0.01; ***, p < 0.001. CD, control diet; HFD, high-fat 
diet. ‘Rapid’ and ‘Slow’ indicate the acetylator genotype. 

Fig. 8. Total cholesterol-to-HDL (TC:HDL) and HDL-to-LDL (HDL:LDL) ratios. Based on the plasma levels of total cholesterol, HDL, and LDL (see Fig. 7), TC:HDL 
(panels A-D) and HDL:LDL ratios (panels E-H) were calculated for each animal. The TC:HDL and HDL:LDL ratios serve as important indicators of cardiovascular risk 
[49]. Data are expressed as mean ± SD. Inter-group differences were analyzed via two-way ANOVA followed by a Bonferroni test. *, p < 0.05; **, p < 0.01; ***, p <
0.001. CD, control diet; HFD, high-fat diet. ‘Rapid’ and ‘Slow’ indicate the acetylator genotype. 
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triglyceride (284.5 ± 83.8 mg/dl), compared to the slow acetylators 
(39.6 ± 5.9 mg/dl) (Fig. 7P), and interestingly, its level was even 
significantly higher than the ones observed in the HFD females (130.4 ±
29.9 and 127.1 ± 44.1 mg/dl in rapid and slow acetylator females of 
HFD, respectively) (Fig. 7P). 

3.6. TC:HDL and HDL:LDL ratios 

Based on the plasma lipid profile measurements, we calculated the 
total cholesterol (TC)-to-HDL ratio (TC:HDL ratio) and HDL-to-LDL 
(HDL:LDL) ratio (Fig. 8). The HFD did not result in a significant in-
crease in the TC:HDL ratio in both males and females (Fig. 8A), 
compared to CD. When two genotypes were compared, however, rapid 
acetylator rats showed consistently higher values, regardless of sex or 
diet. For instance, CD-fed, rapid acetylator males had a TC:HDL ratio of 
3.46 ± 0.26 which was significantly higher than that in slow acetylator 
males (2.28 ± 0.25) (Fig. 8C). Similarly, CD-fed rapid females exhibited 
a statistically significant higher TC:HDL ratio (2.48 ± 0.20), compared 
to slow acetylators (2.03 ± 0.13) (Fig. 8D). The analysis of HDL:LDL 
ratios was consistent with the TC:HDL ratios in that rapid acetylators 
had significantly lower values than slow acetylators in both sexes, 
regardless of the diet (Fig. 8G and H). These results reflect that rapid 
acetylators showed higher LDL levels while having lower HDL levels, 
compared to slow acetylators (Fig. 7). 

3.7. Data summary 

A listing of all data described in the manuscript is provided in Sup-
plemental Table 1. 

4. Discussion 

Differences in carcinogen-induced liver DNA adducts [33] and 
mammary cancer [34] have been reported between the rapid and slow 
acetylator Nat2 congenic strains. These strains differ significantly be-
tween rapid and slow acetylators with respect to Nat2 activity in every 
tissue examined whereas differences between males and females is not 
observed [26]. In the current study, we investigated the interaction 
between diet and NAT acetylator genotype and its impact on patho-
physiological changes associated with “Western-style diet”. Overall, 
HFD-induced changes in physiological variables measured in the study 
were marginal in both male and female rats. However, there were 
notably significant differences between rapid and slow acetylator ge-
notypes (see below). 

HFD induced significant dyslipidemia (see Fig. 7), consistent with 
the adipogenic nature of the diet. However, it resulted in only marginal 
changes in glucose tolerance and insulin sensitivity (see Figs. 5 and 6). In 
other words, the HFD did not cause or augment overt insulin resistance 
or other indicators of metabolic syndrome in our congenic rats. It is well- 
known that the dietary effect is sensitive to strain of model animals 
[35–38]. Our congenic acetylator rats had been previously established in 
F344 background [26]. Historically most diet studies in rats have been 
conducted with Sprague-Dawley and Wistar rats [39,40]. Thus, it ap-
pears that F344 rats are relatively resistant to the deleterious impact of 
HFD on glucose homeostasis and insulin sensitivity. A study by Pancani 
et al. explored the effects of HFD on metabolic changes and cognitive 
decline in F344 rats, an animal model of brain aging [41]. The authors 
reported that a chronic HFD in F344 rats resulted in lipid dysregulation, 
accompanied by an increase in liver weight. However, HFD-fed animals 
maintained normal peripheral glucose regulation. Our current results 
are consistent with their findings. Interestingly, Pancani et al. also 
observed that the level of circulating adiponectin in the F344 rats was 
much higher (20 μg/ml) [41], compared to that in other rodent models 
[42–45]. Elevated adiponectin levels have been shown to protect from 
metabolic dysregulation associated with HFD [46] and inversely corre-
late with insulin resistance [47]. Based on this, it is plausible that the 

inherently high levels of adiponectin in F344 rats may provide protec-
tive effects against the HFD-induced changes. 

With regard to systemic glucose tolerance, genotype-dependent dif-
ferences were present. Rapid acetylator males of the CD group had a 
significantly higher OGTT AUC (7661 ± 1498) compared to slow ace-
tylator males (5871 ± 1194) in the same group (see Fig. 5I). Although 
not statistically significant, such trend also held true in other diet and 
sex groups, with rapid acetylator animals exhibiting higher OGTT AUCs 
than slow acetylators in each group (see Fig. 5I and J). However, HFD 
feeding did not further augment the differences between two genotypes. 
These results suggest that rapid acetylator rats became relatively glucose 
intolerant over time, regardless of sex or diet regime. 

In general, the HFD led to changes in plasma lipid profiles in both 
male and female rats (see Fig. 7). The plasma triglyceride levels were 
elevated in rapid acetylator male rats, regardless of the diet (see 
Fig. 7O). Such increase was also observed with rapid acetylator females 
that were fed the CD (see Fig. 7P). Of note, hypertriglyceridemia is a 
strong predictor of coronary heart disease [48]. The relative hyper-
triglyceridemia seen with rapid acetylator rats accompanied marginal 
increases in liver-to-body ratio in response to HFD feeding (see Fig. 3E 
and F). The increased sizes of liver in these rapid acetylator rats are 
likely due to increased accumulation of fat in the liver. Histological 
assessment of liver sections showed that the HFD increased lipid accu-
mulation in the liver, especially in male rats (data not shown). 

The relative hypertriglyceridemia observed in rapid acetylator rats 
was in line with other lipid markers (see Fig. 7). These results are 
consistent with adipogenic nature of the HFD. Rapid acetylator rats 
exhibited significantly higher total cholesterol to HDL lipoprotein (TC: 
HDL) ratio than the slow acetylators, regardless of the diet or sex (see 
Fig. 8C and D). The TC:HDL ratio, known as the atherogenic or Castelli 
index is an important indicator of cardiovascular risk, for its predictive 
value is greater than the isolated parameters [49]. It is well-known that 
an increase in total cholesterol (specifically LDL cholesterol) is athero-
genic and is associated with a greater risk of coronary artery disease 
[50], while reductions in HDL correlates with risk factors of metabolic 
syndrome [49,51,52]. Consistent with this observation, the average 
HDL:LDL ratios in rapid acetylator groups were significantly lower than 
those in slow acetylators (see Fig. 8G and H). Thus, the current results 
indicate that the differences in plasma lipid profiles of rapid acetylator 
rats may place them at a higher risk for cardiovascular dysfunction. 
Overall, the rapid acetylator rats of either sex tended to show higher 
plasma triglyceride, higher LDL, lower HDL levels, and higher TC:HDL 
ratios, when compared to the slow acetylator rats of the same sex 
groups. Taken together, the current findings indicate that rapid acety-
lator rats may be more prone to dysregulation of lipid storage and 
metabolism and subsequent cardiovascular outcomes and metabolic 
disease. 

Previous studies that have depleted Nat1 in mice (orthologous to 
human NAT2) indicated that the absence of NAT2 activity lead to sys-
temic insulin resistance and glucose intolerance [24,25]. Nat1 (orthol-
ogous to human NAT2)-deficient mice exhibited reduced basal 
metabolic rate and exercise capacity without altered thermogenesis. 
Moreover, the KO mice had a decreased ability to utilize fatty acids for 
energy. The metabolic defects observed in Nat1 KO mice were accom-
panied by mitochondrial dysfunction both in vitro and in vivo, which 
provided a mechanistic link between insulin resistance and Nat1 [25]. It 
should be noted that the 4 single nucleotide polymorphisms that exist in 
our congenic rats are on RAT(Nat2) gene, a functional ortholog of 
HUMAN(NAT1), whereas the aforementioned knockout mice studies 
were on MOUSE(Nat1) gene, a functional ortholog of HUMAN(NAT2). 
Although human NAT1 and rat Nat2 share many common substrates, 
they clearly differ in substrate selectivity [4,6,53]. Thus, it is unknown if 
they share interchangeable roles in energy homeostasis and regulation 
of insulin sensitivity. 

A genome-wide association study (GWAS) linked two common SNPs 
[rs1208 (803A > G, K268R) and rs1801280 (341 T > C, I114 T)] located 
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within NAT2 gene to increased susceptibility to insulin resistance in 
human populations [20]. Although these two nonsynonymous coding 
SNPs are associated with slow acetylator phenotype [54], the GWAS 
studies conducted in human populations could have been confounded by 
exposures to arylamine xenobiotics, including heterocyclic amines 
(HCAs), that are metabolized by NATs. For instance, a recent epidemi-
ological study reported that insulin resistance was associated with 
exposure to HCAs via consumption of cooked meat [55]. 

Moreover, Teslovich et al. reported an association of NAT2 SNP 
(rs1495741) with higher plasma triglyceride as well as total cholesterol 
levels in their GWAS [23]. Zhang and colleagues reported an association 
of NAT2 SNP, rs1799930 with higher serum lipid parameters (e.g., tri-
glyceride) among Han people of China [56]. As discussed above, our 
results suggest that rapid acetylator rats, that exhibit higher NAT ac-
tivities, displayed a greater tendency to develop dyslipidemia and sub-
optimal handling of excess glucose, implying that they may be more 
susceptible to developing metabolic or cardiovascular disorders. Ac-
cording to the reports from the Meta-Analyses of Glucose and 
Insulin-related traits Consortium (MAGIC; http://www.magicinvestig 
ators.org), the G-allele of a human NAT2 SNP, rs1495741 (linked to 
rapid acetylator phenotype), was associated with higher HbA1c (he-
moglobin A1C) and higher fasting plasma glucose levels [23,57]. 

In our study, sex differences in response to high-fat feeding, espe-
cially in body and liver weight gain and plasma lipid profiles were 
observed (see Figs. 3 and 7). Similar to humans, laboratory rats exhibit 
clear sex differences with respect to weight gain and their cellular 
response to high-fat diet, and this has been well-documented for many 
years [58–61]. This has been attributed to many physiological, neuro-
hormonal as well as behavioral differences between the two sexes. These 
include differences in sex hormones, physical activity, feeding behav-
iors, and energy expenditure [60,62–64]. Mouse Nat1 and Nat2 
expression and activities have been reported to increase from neonatal 
day 4 to adult in a nonlinear fashion [65] suggesting that rat develop-
mental stage could be an important factor in short-term exposure sce-
narios. However, all rats used in this study were continuously treated 
with the indicated diets for 26 weeks and developmental changes in 
F344 rat Nat2 mRNA are not observed [29]. 

In summary, the HFD treatment of our acetylator congenic rats in 
F344 background did not induce an overt obesity or insulin resistance, 
but sufficiently induced dyslipidemia in both sexes. Rapid acetylator rats 
were more prone to dyslipidemia overall (i.e., higher LDL; higher tri-
glyceride; and lower HDL), compared to slow acetylator rats. The 
genotypic effects were not further augmented by HFD in this initial 
study, a finding which requires further investigation. Our data supports 
an hypothesis that rats with high systemic Nat2 (NAT1 in humans) ac-
tivity exhibit higher risk of developing metabolic syndrome as well as 
cardiovascular dysfunction. Further investigations are necessary to test 
this hypothesis regarding the role of acetylator genotype in risk of 
metabolic disorders. 
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A. Mangas, A. Hernández-Mijares, P. González-Santos, J.F. Ascaso, J. Pedro-Botet, 
Lipoprotein ratios: Physiological significance and clinical usefulness in 
cardiovascular prevention, Vasc. Health Risk Manag. 5 (2009) 757–765. 

[50] C.M. Ballantyne, Low-density lipoproteins and risk for coronary artery disease, Am. 
J. Cardiol. 82 (1998) 3Q–12Q, https://doi.org/10.1016/s0002-9149(98)00769-3. 

[51] J. Ascaso, P. Gonzalez Santos, A. Hernandez Mijares, A. Mangas Rojas, L. Masana, 
J. Millan, L.F. Pallardo, J. Pedro-Botet, F. Perez Jimenez, X. Pintó, I. Plaza, 
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