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Background: As prescriptions for off-label pharmaceutical use and autonomous administra-

tion of over-the-counter nutraceuticals become mainstream, thorough assessments of these 

compounds are warranted.

Objective: To determine the effects of gemfibrozil, rosiglitazone, metformin, taurine, and 

vitamin E on body composition, hepatic lipids, and metabolic hormone and blood metabolite 

concentrations in a healthy, outbred rat cohort.

Methods: Male Sprague Dawley rats were fed a purified 10 kcal% from fat diet for 56 days 

and assigned to either the diet alone (control) group or the diet plus oral administration of 

gemfibrozil (34 mg/kg), metformin (500 mg/kg), rosiglitazone (3 mg/kg), taurine (520 mg/kg), 

or vitamin E (200 mg/kg) group.

Results: Rosiglitazone administration resulted in a 56% increase in carcass adiposity, cautioning 

potential prescriptive off-label use. Taurine supplementation had no adverse effects on evaluated 

parameters. A modest but significant increase in liver triacylglycerol content was observed with 

vitamin E supplementation compared with control (∆ 17.2 g triacylglycerol/100 g liver lipid).

Conclusion: The evaluated pharmaceuticals had effects in a healthy population similar to the 

reported effects in their target population, and the nutraceuticals had minimal effects on the 

measured physiological parameters.
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Introduction
The evaluation of off-label pharmaceutical and over-the-counter nutraceutical use for 

therapeutic and preventative applications in health and disease has been a mainstay of 

research endeavors in recent years. With the priority of metabolic syndrome in health 

care and the growing list of associated comorbidities, pharmaceutical investigations 

frequently include compounds with efficacy against key aspects of the metabolic 

syndrome, such as biguanides, thiazolidinediones, and fibrates.1 Moreover, with 

approximately 50% of Americans consuming a dietary supplement, nutraceutical 

investigations are on the rise.2 As prophylactic prescriptions of off-label pharmaceu-

ticals and autonomous administration of over-the-counter nutraceuticals becomes the 

norm, thorough assessments of these compounds in animal models and improved 

human market surveillance are warranted.3

The original intent of the experiment described herein was to assess the preven-

tative capabilities of commonly prescribed pharmaceuticals and popular candidate 
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nutraceuticals on the development of nonalcoholic fatty liver 

disease in a diet-induced rodent model. The chosen diet failed 

to induce substantial liver lipid accumulation in the rodents, 

providing instead, a cohesive, healthy, outbred population in 

which the physiologic effects of the selected pharmaceuticals 

and nutraceuticals could be evaluated. Here, we describe 

the effects of the pharmaceuticals metformin (a biguanide), 

rosiglitazone (a  thiazolidinedione), and gemfibrozil (a 

fibrate), and the nutraceuticals vitamin E and taurine on 

total body composition, hepatic lipid characteristics, meta-

bolic hormones, and blood metabolites in a healthy cohort 

of adolescent, male Sprague Dawley rats. We hypothesized 

that the physiological effects of the pharmaceuticals would 

be consistent with previous human literature and that no 

adverse effects would be identified with excessive vitamin 

E or taurine supplementation.

Materials and methods
Animals
All animal procedures were approved by the Institutional 

Animal Care and Use Committee at Iowa State University, 

and the methods were refined to minimize animal pain 

and distress. Sixty-one, 3-month-old, male Sprague Daw-

ley rats (327–336 g) from Harlan Laboratories (Hsd:SD; 

Indianapolis, IN, USA) were used in this study. Rats were 

acquired in three different blocks to accommodate housing 

and personnel limitations, one block of 12 rats, one block of 

24 rats, and one block of 25 rats. The rats were individually 

housed in conventional caging: solid bottom, plastic, shoe-

box cages with contact bedding and a wire top. Sections of 

polyvinyl chloride pipes were placed in the cage of each rat 

as environmental enrichment. Housing rooms were kept at 

a temperature of 21°C−23°C with an automatic 12 hour/ 

12 hour light/dark cycle. Rats were habituated to the environ-

ment, routine husbandry, and handling for 1 week with free 

access to water and a standard rodent diet (2018, Teklad Diets, 

Madison, WI, USA). Rats’ health status and body weights 

were documented daily.

Dietary treatments and preparation
The original objective of this study was to compare the effi-

cacy of gemfibrozil, metformin, rosiglitazone, taurine, and 

vitamin E on the prevention of liver triacylglycerol accumu-

lation induced by a choline-deficient diet. Choline-deficient 

diets have been documented to induce accumulation of triacyl-

glycerols in the liver through impairment of very low-density 

lipoprotein synthesis and export.4 Thus, upon acclimation, rats 

were randomly assigned to either a 10 kcal% from fat diet 

or a 10 kcal% from fat, choline-deficient diet (D12450B or 

D05010401, respectively; Research Diets, Inc., New Bruns-

wick, NJ, USA). The only variation between the diets was 

choline content (Table S1). The choline-deficient diet did not 

cause the development of hepatic lipidosis (Table S2) or any 

other significant differences in physiologic outcomes, thus 

resulting in a singular dietary cohort (10 kcal% from fat diet) 

and a normal, healthy population for evaluation.

Rats were randomly assigned to either no additional treat-

ment (control) or one of five oral pharmaceutical or nutraceuti-

cal treatments: gemfibrozil, metformin, rosiglitazone, taurine, 

or vitamin E. Ten rats were assigned to each treatment (n=10) 

in a balanced, complete block design, with the exception of the 

control group (n=11) to which the additional rat in block 3 was 

assigned. The utilized pharmaceutical and nutraceutical dosages 

were selected on the basis of previous literature and added to 

the feed for oral administration. Gemfibrozil (Sigma-Aldrich, St 

Louis, MO, USA) was prepared in a 200 mg/mL medium-chain 

triglyceride oil solution and administered at 34 mg/kg of body 

weight.5 Metformin (1,1-dimethylbiguanide hydrochloride, 

Sigma-Aldrich) was prepared as a 300 mg/mL water solution 

and administered at 500 mg/kg of body weight.6 Rosiglitazone 

(rosiglitazone maleate, ChemPacific Corporation, Baltimore, 

MD, USA) was prepared as a 7 mg/mL water solution and 

administered at 3 mg/kg of body weight.7 Taurine (Acros 

Organics, Fair Lawn, NJ, USA) was prepared in a 225 mg/mL 

water solution and administered at 520 mg/kg of body weight.8 

Vitamin E (α-tocopherol, Sigma-Aldrich) was administered at 

200 mg/kg of body weight.9

All treatments were provided for 56 days, with dosages 

recalculated weekly on the basis of body weight and feed 

intake recorded daily. The daily treatment dosage was applied 

to several feed pellets for oral administration. Rats were given 

free access to the diets but denied access in the final 6 hours of 

the light cycle to encourage rapid consumption of the feed pel-

lets upon which the pharmaceutical or nutraceutical dose was 

provided. Treated pellets were fed at the beginning of the dark 

cycle, and, once consumed, untreated pellets were provided 

for free access feeding. All doses were consumed by the rats. 

As gemfibrozil is lipid soluble, medium-chain triglyceride oil 

(SciFit, Tulsa, OK, USA) was used as the vehicle. Thus, all 

diets had additional medium-chain triglyceride oil added to 

balance for the lipid content of the gemfibrozil treatment.

Measurement of blood hormones  
and metabolites
Blood samples were collected from each rat prior to the 

beginning of the dark cycle on days 0, 28, and 56 of the study. 
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The day 0 and day 28 blood samples were collected from the 

lateral saphenous vein. The blood sample on day 56 of the 

study was collected perimortem via cardiocentesis under 

carbon dioxide anesthesia. All blood samples were stored 

on ice for no more than 1 hour before plasma (potassium 

ethylenediaminetetraacetic acid anticoagulant) and serum 

samples were centrifuged at 4°C at 3,000×g for 10 minutes 

and stored at −20°C until analysis. In all assays, samples from 

rats in multiple treatment groups were processed together 

to minimize confounding of interassay variability and treat-

ment effects.

Plasma insulin concentrations were measured using a 

commercially available rat insulin radioimmunoassay kit 

(SRI-13K, Linco Research, St Charles, MO, USA). The lower 

limit of detection was 0.1 ng/mL, and the reported intra-assay 

coefficient of variation was ,5%. Plasma adiponectin con-

centrations were measured using a commercially available 

adiponectin radioimmunoassay kit (MADP-60HK, Linco 

Research). The lower limit of detection was 1 ng/mL, and 

the reported intra-assay coefficient of variation was ,5%. 

Plasma samples also were analyzed for glucose concentra-

tions by using a commercially available enzymatic kit (Pointe 

Scientific Inc., Canton, MI, USA). By utilizing commercially 

available enzymatic kits, serum samples were analyzed for 

total cholesterol and triacylglycerol concentrations (Pointe 

Scientific Inc.) and nonesterified fatty acid (NEFA) concen-

trations (NEFA-C kit, Wako Chemicals USA, Inc., Richmond, 

VA, USA).

Evaluation of body composition  
and liver characteristics
On day 56 of the study, rats were euthanized by cardiocentesis 

exsanguination under carbon dioxide anesthesia, followed 

by decapitation. The liver was collected from each rat, 

rinsed in 0.15 M sodium chloride, minced, frozen in liquid 

nitrogen, and stored at −80°C until analysis. The rat livers 

were analyzed for total lipid concentrations via a wet tissue 

lipid extraction procedure.10 The extracted liver lipids were 

analyzed for total triacylglycerol concentrations by utilizing a 

commercially available enzymatic kit (Pointe Scientific Inc.), 

following solubilization with Triton X-100.11

The carcasses, minus skin, feet, head, tail, and entrails, 

were collected for compositional assays and stored at −20°C 

until analysis. Rat carcasses were weighed and homogenized. 

Carcasses were analyzed for dry matter by placing 1 g of 

sample in an oven at 100°C for 24 hours. Protein content of 

the carcasses was assessed via a micro-Kjeldahl procedure 

to determine nitrogen content.12 Total protein was calculated 

with a factor of 6.25 times the nitrogen content. Carcass lipids 

were analyzed using a 2:1 chloroform:methanol (v:v) modi-

fied Folch procedure.13

Statistical analyses
Choline or choline-by-treatment interactions were not signifi-

cant for any measurements in this study when estimated as 

fixed effects in the models described in this section; therefore, 

rat assignment to a choline or choline-deficient diet was treated 

as a fixed blocking effect. Repeated measures analysis of vari-

ance (ANOVA) was used to test differences among timepoints 

for blood metabolites by using block, choline, treatment, 

timepoint, and treatment-by-timepoint as fixed effects and 

rats as subjects. Within-rat covariance across timepoints was 

modeled using an autoregressive covariance structure. The 

type I error rate of multiple comparisons within timepoints 

between treatments was corrected using simulated P-values 

with logical constraints.14 Multiple comparisons within treat-

ments compared with day 0 were corrected using Dunnett’s 

adjustment separately from the between treatment corrections. 

Treatment effects on carcass and liver endpoint measurements 

were compared by ANOVA with choline, block, and treat-

ment as fixed effects. Multiple comparisons were corrected 

as described earlier.14 Growth curves were modeled similar 

to the methods of Eskridge and Stevens.15 Briefly, cubic poly-

nomials were fit for each rat’s weights over the 56 days and 

the intercept, linear, quadratic, and cubic parameter estimates 

were each compared by ANOVA with block, diet, and treat-

ment as fixed effects. Multiple comparisons within coefficients 

were corrected as described earlier.14 A significance level of 

P,0.05 was used for all statistical tests. Data are expressed 

as means ± pooled standard errors of means (SEM). Statistics 

were calculated using SAS software, Version 9.3 of the SAS 

system for Windows (SAS Institute Inc., Cary, NC, USA).

Results
Body composition and liver 
characteristics
All measured body composition characteristics are summa-

rized in Table 1. The average carcass weight for rats in the 

metformin treatment group was significantly lower than that 

of rats in the rosiglitazone (∆=27.04 g, adjusted P=0.0006) 

and vitamin E treatment groups (∆=22.57 g, adj P=0.0055), 

but not that of rats in the control group. The rosiglitazone 

treatment group had a significantly higher carcass dry matter 

(adj P#0.0008 for all comparisons) and lipid percentage 

(adj P,0.0001 for all comparisons) than all other treat-

ment groups. The rosiglitazone treatment group also had 
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Table 1 Pharmaceutical and nutraceutical effects on liver and carcass characteristics

Characteristic Control Gemfibrozil Metformin Rosiglitazone Taurine Vitamin E

Carcass weight (g) 228.93±4.05a,b 222.33±4.24a,b 212.71±4.24b 239.75±4.24a 228.70±4.24a,b 235.28±4.24a

Carcass dry matter (%) 28.15±0.53a 27.51±0.56a 28.52±0.56a 32.58±0.56b 28.47±0.56a 29.21±0.56a

Carcass lipid (% on wet basis) 7.09±0.60a 6.82±0.63a 7.01±0.63a 12.68±0.63b 7.87±0.63a 8.15±0.63a

Carcass protein (% on wet basis) 19.61±0.23a 19.10±0.24a 19.46±0.24a 18.06±0.24b 19.14±0.24a 19.02±0.24a,b

Liver lipid (g/100 g liver) 3.62±0.10a–c 3.89±0.10a 3.37±0.10b 3.32±0.10b 3.46±0.10b,c 3.83±0.10a,c

Liver triacylglycerol (g/100 g liver lipid) 21.71±3.39a 24.42±3.54a 17.79±3.54a 17.19±3.54a 30.78±3.54a,b 38.96±3.54b

Notes: Values are expressed as means ± pooled SEM; n=10 for all treatments except for control (n=11). Means in a row with superscripts without a common letter are 
significantly different (adjusted P,0.05) by ANOVA with choline, block, and treatment as fixed effects, correcting for muliple comparisons.
Abbreviations: ANOVA, analysis of variance; SEM, standard error of mean.
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Table 2 Pharmaceutical and nutraceutical effects on plasma glucose and serum triacylglycerol concentrations

Treatment  
group

Plasma glucose (mg/dL) Serum triacylglycerol (mg/dL)

Day 0 Day 28 Day 56 Day 0 Day 28 Day 56

Control 136.70 (6.1)a 141.67 (6.1)a 186.52 (6.4)b 40.37 (8.5)a 85.59 (8.5)b 78.11 (8.5)b

Gemfibrozil 130.62 (6.4)a 141.62 (6.4)a 176.76 (6.4)b 30.35 (8.9)a 66.67 (8.9)b 69.82 (8.9)b

Metformin 139.01 (6.4)a 131.28 (6.4)a 180.69 (6.4)b 39.37 (8.9)a 91.06 (8.9)b 65.44 (8.9)a

Rosiglitazone 135.86 (6.4)a 136.75 (6.4)a 176.48 (6.4)b 38.08 (8.9)a 54.29 (8.9)a 55.14 (8.9)a

Taurine 128.85 (6.4)a 148.92 (6.4)a 199.15 (6.7)b 41.70 (8.9)a 100.16 (8.9)b 98.52 (9.4)b

Vitamin E 130.53 (6.4)a 132.68 (6.4)a 187.91 (6.4)b 37.70 (8.9)a 94.85 (8.9)b 96.76 (9.4)b

Notes: Values are expressed as means ± pooled SEM; n=10 for all treatments except for control (n=11). Means in a row with superscripts without a common letter are 
significantly different (adjusted P,0.05) by ANOVA with choline, block, and treatment as fixed effects, correcting for muliple comparisons.
Abbreviations: ANOVA, analysis of variance; SEM, standard error of mean.

significantly lower carcass protein percentage than all other 

treatment groups except vitamin E (adj P=0.0643 for vitamin 

E; adj P#0.04 for all other comparisons).

Liver lipid and triacylglycerol concentrations for each 

treatment group are also summarized in Table 1. Rats 

receiving metformin and rosiglitazone had significantly 

lower liver lipid percentages compared with rats receiv-

ing gemfibrozil (∆=0.52 g lipid/100 g liver, adj P=0.0064; 

∆=0.57 g lipid/100 g liver, adj P=0.0024, respectively) 

and vitamin E (∆=0.46 g lipid/100 g liver, adj P=0.0188; 

∆=0.51 g lipid/100 g liver, adj P=0.0075, respectively), but 

not those of the control rats. Liver lipid percentages in the 

gemfibrozil treatment group were significantly higher than 

those in the taurine group (∆=0.43 g lipid/100 g liver, adj 

P=0.0310). Liver triacylglycerol concentrations for rats in 

the vitamin E treatment group were significantly higher than 

those for rats in the control (∆=17.2 g triacylglycerol/100 

g liver lipid, adj P=0.0098), gemfibrozil (∆=14.5 g 

triacylglycerol/100 g liver lipid, adj P=0.049), metformin 

(∆=21.2 g triacylglycerol/100 g liver lipid, adj P=0.0013), 

and rosiglitazone (∆=21.8 g triacylglycerol/100 g liver lipid, 

adj P=0.0009) treatment groups.

Blood hormones and metabolites
The treatment effects on plasma glucose and insulin concen-

trations are presented in Table 2 and Figure 1A, respectively. 

No treatment differences in plasma glucose concentrations 

were identified. On day 28, rats receiving rosiglitazone and 

metformin had significantly lower plasma insulin concentra-

tions (0.72 and 0.86±0.13 ng/mL, respectively) than did those 

of the control group (1.36±0.13 ng/mL, adj P,0.05), consis-

tent with their established therapeutic action, although this 

did not equate to differences in blood glucose concentration. 

On day 56, plasma insulin concentrations converged among 

treatment groups, associated with higher plasma glucose 

concentrations (overall 56 day mean: 184.59 mg/dL, overall 

∆=51.05 mg/dL, adj P,0.0001; Table 2).

Plasma adiponectin concentrations (Figure 1B) in rats 

receiving rosiglitazone were higher than those in all other 

treatment groups on days 28 and 56 (adj P,0.0001 for all 

comparisons), which is consistent with its mechanism of 

action.16 Plasma adiponectin concentrations were signifi-

cantly different from day 0 for all treatment groups on day 56 

(adj P,0.0001 for all comparisons), supporting its positive 

association with increasing age in healthy populations.17

On day 28, serum NEFA concentrations were significantly 

higher in the gemfibrozil treatment group than those in all 

other treatment groups (adj P#0.0453 for all comparisons; 

Figure 2A). The rosiglitazone treatment group had sig-

nificantly lower serum NEFA concentrations compared with 

those of the control (∆=4.01 mg/dL, adj P=0.0272) and taurine 

treatment groups (∆=6.15 mg/dL, adj P=0.0002) on day 28. 
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On day 56, serum NEFA concentrations for the rosiglitazone 

treatment group were significantly lower than the serum 

NEFA concentrations for the gemfibrozil (∆=7.11 mg/dL, 

adj P,0.0001) and taurine (∆=4.79 mg/dL, adj P=0.0079) 

treatment groups, but not those of the control group.

Serum cholesterol concentrations are presented in 

Figure 2B. On days 28 and 56, serum cholesterol concen-

trations for rats receiving gemfibrozil were significantly 

higher than those for rats in all other treatment groups 

and those at day 0 (P,0.0001). On day 28, metformin and 

vitamin E groups had serum cholesterol concentrations 

that were significantly lower than those at day 0 (∆=19.40 

mg/dL, adj P=0.0149; ∆=16.23 mg/dL, adj P=0.0465, 

respectively).

A 1.8

1.6

Control

a*

a*

a,b*

b,c

c

c b
a,b

a,b
a,b
a,b*
a*

Gemfibrozil
Metformin
Rosiglitazone
Taurine
Vitamin E

1.4

1.2

1.0

0.8

In
su

lin
 (

n
g

/m
L

)

0.6

0.4

0.2

0.0
0 28 56

B

a*

b*

a*

bA
d

ip
o

n
ec

ti
n

 (
µ

g
/m

L
)

0

5

10

15

20

25

30

0 28

Time of treatment (day)

56

Figure 1 Pharmaceutical and nutraceutical effects on plasma insulin (A) and 
adiponectin (B) concentrations.
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The rosiglitazone treatment group maintained consistent 

serum triacylglycerol concentrations on days 28 and 56 

compared to day 0 (adj P#0.27). However, aside from the 

metformin treatment group on day 56 (adj P=0.0616), all 

remaining treatment groups had higher serum triacylglycerol 

concentrations on days 28 and 56 (adj P#0.0030) than those 

on day 0. Data are listed in Table 2.

Body weight and feed intake
Growth curves are shown in Figure 3. There were no signifi-

cant differences in body weight among treatment groups at 

day 0. The growth curves for all treatment groups are overall 

similar in shape, but with metformin-treated rats having 

the lowest growth trajectory (lower linear and shallower 
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hypothesized, the pharmaceuticals had effects in a healthy 

population similar to the reported effects in their target 

population, and the nutraceuticals had minimal effects on 

the measured physiologic parameters.

A potential limitation to the comparison of longitudinal 

metabolic data in this study is the disparity in blood sample 

collection technique between days 0 and 28 versus day 

56. The day 56 sample was taken during euthanasia as a 

methodological refinement to decrease animal stress. This 

difference in conditions surrounding blood collection may 

acutely affect some of the measured blood parameters on 

day 56, particularly plasma glucose and insulin, as observed 

in this study. On day 56, the observed hyperglycemia is 

classified as a physiologic hyperglycemia, consistent with 

a stress response to the euthanasia process which triggers 

release of catecholamines, promoting acute hepatic gly-

cogenolysis and gluconeogenesis.18,19 This hyperglycemia 

results in compensatory insulin secretion, demonstrated by 

the convergence of plasma insulin concentrations on day 56 

compared to day 28 in this study. However, this limitation 

does not affect interpretation of differences between treat-

ment groups within a given day.

Gemfibrozil is a fibrate commonly prescribed for the 

treatment of dyslipidemia, functioning to lower serum triacyl-

glycerol and cholesterol concentrations, and improve the ratio 

of high-density lipoproteins to low-density lipoproteins.20 

No changes in serum triacylglycerol concentrations were 

identified in this normolipidemic cohort, inconsistent with 

previous reports in normolipidemic rats and humans, which 

have reported decreased serum triacylglycerol concentra-

tions with gemfibrozil dosages equivalent to those utilized 

herein.21,22 However, consistent with this report, null effects 

of gemfibrozil on serum triacylglycerol concentrations have 

been documented under varied dietary conditions in rats.23 

Notably, and again inconsistent with the mechanism of action, 

gemfibrozil increased serum cholesterol concentrations. 

Although not measured in this study, this cholesterol increase 

is hypothesized to be due to an increase in high-density lipo-

protein synthesis with minimal to no change in low-density 

lipoprotein synthesis.20 Increased total cholesterol has been 

reported in normolipidemic rats administered gemfibrozil 

via this proposed mechanism.23

Metformin is a biguanide effective in the treatment of 

type 2 diabetes mellitus, serving as an antihyperglycemic 

agent via reduction of hepatic gluconeogenesis, insulin sen-

sitization of skeletal muscle, and anorexigenic properties.24 

In this normoglycemic, nondiabetic rodent population, 

insulin sensitization was demonstrated by a plasma insulin 

475

450

425

400

375

350

325

300
0

0 7 14 21

Time of treatment (day)

B
o

d
y 

w
ei

g
h

t 
(g

)

28 35 42

Control
Gemfibrozil
Metformin
Rosiglitazone
Taurin
Vitamin E

49 56

Figure 3 Pharmaceutical and nutraceutical effects on rat growth curves.
Notes: Rats were weighed daily during the 56-day treatment period and the 
values are means; n=10 for all treatments except for control (n=11). The line of fit 
coefficients is listed in Table 3.

Table 3 Pharmaceutical and nutraceutical effects on regression 
coefficients for cubic growth curves

Treatment 
group

Intercept Linear Quadratic Cubic 
(×10-3)

Control 323.25 (3.26)a 5.47 (0.29)a,b -0.11 (0.01)a,b 9.70 (1.02)a

Gemfibrozil 316.44 (3.41)a 4.83 (0.30)b -0.10 (0.01)a,b 8.51 (1.07)a

Metformin 312.48 (3.41)a 4.28 (0.30)b -0.09 (0.01)a 8.78 (1.07)a

Rosiglitazone 322.28 (3.41)a 6.17 (0.30)a -0.14 (0.01)b 12.70 (1.07)a

Taurine 318.69 (3.41)a 5.37 (0.30)a,b -0.11 (0.01)a,b 9.85 (1.07)a

Vitamin E 325.43 (3.41)a 5.46 (0.30)a,b -0.12 (0.01)a,b 11.42 (1.07)a

Notes: Rats were weighed daily for 56 days, and the above regression equations 
were fit to those data. The intercept, linear, quadratic, and cubic parameter 
estimates were compared by ANOVA with block, choline, and treatment as fixed 
effects, correcting for multiple comparisons. Means in a column with superscripts 
without a common letter are significantly different, adjusted P,0.05.
Abbreviation: ANOVA, analysis of variance.

quadratic terms; Table 3) and rosiglitazone-treated rats hav-

ing the highest growth trajectory (higher linear and steeper 

quadratic terms; Table 3).

Average daily feed intake measurements between rats 

were not significantly different (data not shown). A main 

choline effect was present, with the daily feed intake of 

choline-deficient rats being 0.5 g/day higher than rats fed 

the standard diet (∆=0.57 g, adj P,0.0001). This difference 

equates to less than 3% of the average daily feed intake.

Discussion
This paper provides a comprehensive assessment of the 

body composition, hepatic lipid characteristics, metabolic 

hormones, and blood metabolite effects of gemfibrozil, met-

formin, rosiglitazone, taurine, and vitamin E administration 

on a systemically healthy cohort of outbred rats. Overall, as 
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concentration significantly lower than control rats. Although 

not mechanistically investigated in this work, this observa-

tion may be explained by the increased central and periph-

eral insulin receptor expression, activation, and signaling 

documented to occur with metformin therapy, reducing 

systemic insulin secretion for normal glucose homeostasis.25 

Metformin-treated rats had the lowest growth trajectory, 

although body composition was similar to the control rats, 

and an anorexigenic effect was not elucidated as feed con-

sumption was similar to all other rats.

The thiazolidinedione, rosiglitazone, improves insulin 

sensitivity via binding to the peroxisome proliferator-

activated receptor gamma, increasing plasma adiponectin 

concentrations, and decreasing hepatic lipid content.16 

Significant increases in plasma adiponectin concentrations 

were documented in this study, and the rosiglitazone-treated 

rats had the lowest hepatic lipid and triacylglycerol concen-

trations, though not significantly different from the control 

rats. Unfavorably, rosiglitazone administration resulted in the 

highest growth trajectory, consistent with the 56% increase in 

carcass adiposity, a phenomenon hypothesized to be the result 

of its adipose depot-specific effects on lipid redistribution.26 

Considering the comorbidities associated with obesity, this 

finding indicates that caution should be exercised with poten-

tial prescriptive off-label use of rosiglitazone.

Taurine (2-aminoethanesulfonic acid) is an amino acid 

with a wide variety of physiologic effects, namely, muscle 

contraction, cell membrane stabilization, and neutralization 

of free radicals.27 No human tolerable upper intake level for 

taurine has been identified.28 Consistent with the absence of 

documented toxicity to date, of all the compounds evaluated 

in this study, taurine alone had no significant effect on any 

characteristic or parameter assessed in this cohort of healthy 

rats. As a common over-the-counter dietary supplement with 

presence in a variety of popular energy drinks, prophylactic 

doses of taurine similar to that used in this study may be 

encountered in the general population.29 Investigations into 

taurine supplementation for efficacy against a variety of 

common maladies, including heart disease, hepatic lipido-

sis, diabetes, inflammatory bowel disease, and others are on 

the rise, underscoring the importance of its null effects in a 

healthy population in this study.

Vitamin E, a lipid-soluble vitamin known for its anti-

oxidant properties, is prevalent in the supplement market as 

29% of Americans consume a supplement product containing 

vitamin E.2 Healthy rats receiving vitamin E supplementation 

had the highest liver triacylglycerol concentrations, signifi-

cantly different from control rats. On a body weight basis, 

the 200 mg/kg dose of vitamin E supplied to the rats in this 

study is eleven times the human tolerable upper intake level 

(1,500 IU/day) of vitamin E.30 Recent evidence has indicated 

that supplementation with vitamin E more than double the 

human tolerable upper intake level is necessary for suppres-

sion of oxidative stress, and these doses are currently being 

investigated in human clinical trials of common oxidative 

stress disorders such as heart disease and Parkinson’s dis-

ease.31 In addition, humans typically ingest nutraceuticals 

in highly concentrated forms; so, it is not inconceivable that 

this excessive dose may be used by the general public. The 

extreme dose utilized conceivably contributed to the hepatic 

triacylglycerol accumulation observed. This side effect has 

been historically documented in rats and chicks, but the 

mechanism and clinical relevance of this finding remains 

unclear.32,33

Conclusion
In a healthy cohort of adolescent, outbred rats, gemfibrozil, 

metformin, and rosiglitazone demonstrated physiologic 

effects predominantly consistent with their mechanisms of 

action, with rosiglitazone administration being the most det-

rimental. Taurine supplementation caused no adverse effects 

on evaluated parameters, and vitamin E supplementation 

resulted in modest hepatic triacylglycerol accumulation; the 

implications of this result warrant further investigation.
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Table S1 Composition of diets fed to rats for 56 daysa

Diet Standard diet  
(kcal%)

Choline-deficient  
diet (kcal%)

Protein 20.0 20.0
Carbohydrate 70.0 70.0
Fatb 10.0 10.0
Ingredients (g/kg diet)
Casein, 80 mesh 200 200
l-Cystine 3 3
Corn starch 315 315
Maltodextrin 10 35 35
Sucrose 350 350
Cellulose, BW200 50 50
Soybean oil 25 25
Lard 20 20
Mineral mix, S10026c 10 10
Dicalcium phosphate 13 13
Calcium carbonate 5.5 5.5
Potassium citrate, 1 H2O 16.5 16.5
Vitamin mix, V10001d 10 10
Choline bitartrate 2 0
Additions (g/day)
Medium-chain  
triglyceride oile

0.05 0.05

Notes: aAll purified diets were supplied by Research Diets, Inc., New Brunswick, 
NJ, USA. bAddition of medium-chain triglyceride oil not included; base diet 
percentage only. cMineral mix S10026 contains the following (g/kg mineral mix): 
sodium chloride, 259; magnesium oxide, 41.9; magnesium sulfate, 257.6; ammonium 
molybdate tetrahydrate, 0.3; chromium potassium sulfate, 1.925; cupric carbonate, 
1.05; ferric citrate, 21; manganese carbonate hydrate, 12.25; potassium iodate, 0.035; 
sodium fluoride, 0.2; sodium selenite, 0.035; zinc carbonate, 5.6; and sucrose, 399.1. 
dVitamin mix V10001 contains the following (g/kg vitamin mix): retinyl palmitate, 
0.8; cholecalciferol, 1; all-rac-α-tocopherol acetate, 10; menadione sodium bisulfite, 
0.08; biotin (1%), 2; cyanocobalamin (0.1%), 1; folic acid, 0.2; nicotinic acid, 3; calcium 
pantothenate, 1.6; pyridoxine-HCl, 0.7; riboflavin, 0.6; thiamin HCl, 0.6; and sucrose, 
978.42. eMedium-chain triglyceride oil, SciFit, Tulsa, OK, USA.

Table S2 Marginal effects of standard versus choline-deficient 
diet on liver lipidsa

Standard diet  
(10 kcal%  
from fat)

Choline-deficient  
diet (10 kcal%  
from fat)

P-valueb

Liver lipid (g/100 g liver)
Control only 3.57±0.07 (5) 3.60±0.07 (6) 0.7460
All rats 3.42±0.17 (30) 3.83±0.16 (31) 0.1300
Liver triacylglycerol (g/100 g liver lipid)
Control only 25.80±2.44 (5) 24.38±2.40 (6) 0.6809
All rats 23.39±1.50 (30) 18.76±1.40 (31) 0.0739

Notes: aNo significant interactions between diet and treatment were detected, so 
data presented here are marginal effects of diet pooled across treatment. Values are 
expressed as means ± pooled SEM (n); bP-values represent comparisons between the 
standard diet and choline-deficient diet, controlling for block, and not controlling for 
multiple comparisons.
Abbreviation: SEM, standard error of mean.
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