
www.elsevier.com/locate/metabol
Metabolism Clinical and E
Rapamycin, an mTOR inhibitor, disrupts triglyceride metabolism
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Abstract

This study was designed to define some of the mechanisms by which rapamycin (RAPA), an mTOR inhibitor, induces

hypertriglyceridemia when used as an immunosuppressive or antiproliferative agent and to determine whether low doses result in less

undesirable side effects. Thirty male guinea pigs (n = 10 per group) were randomly assigned to control (no RAPA), low-RAPA (0.08 mg/d),

or high-RAPA (0.85 mg/d) treatment for 3 weeks. Rapamycin treatment resulted in more than a 2-fold increase in plasma triglycerides (TG)

(P b .01), whereas no differences were observed in plasma cholesterol between RAPA and control groups. Low-RAPA treatment resulted in

lower concentrations of cholesterol in the aorta (28.6%) and lower hepatic acyl-CoA cholesteryl acyltransferase activity compared to control

and high-RAPA groups (P b .01). In addition, acyl-CoA cholesteryl acyltransferase activity was positively correlated with aortic cholesterol

(r = 0.43, P b .05). In contrast, aortic TG concentrations were higher in RAPA-treated guinea pigs than in control (P b .01). Very low

density lipoprotein and low-density lipoprotein particles isolated from guinea pigs treated with RAPAwere larger in size and contained more

TG molecules than particles from control animals. Interestingly, plasma free fatty acids and fasting plasma glucose were 65% and 72% higher

in the high-RAPA group than in control (P b .01). Tumor necrosis factor-a concentrations in the aorta were 3.6- and 10.4-fold higher in the

low-RAPA and high-RAPA groups than in control guinea pigs (P b .01). These results suggest that RAPA interferes with TG metabolism by

altering the insulin signaling pathway, inducing increased secretion of very low density lipoprotein and promoting deposition of TG in the

aorta. Low RAPAwas found to decrease cholesterol accumulation in tissue (liver and aorta) compared to high RAPA, suggesting that lower

doses could be less detrimental to transplant patients.

D 2006 Elsevier Inc. All rights reserved.
1. Introduction

Rapamycin (RAPA), a lipophilic macrolide, has antifun-

gal as well as potent antiproliferative and immunosuppres-

sive effects. Because of its immunosuppressive properties,

RAPA (also known as sirolimus) is a Food and Drug

Administration–approved drug to prevent organ rejection in

transplant patients. Furthermore, because of its antiprolifer-

ative action, RAPA-eluting stents are used in angioplasty

and RAPA analogs hold promise as a novel anticancer agent

[1]. Rapamycin unique effects are due to binding to the

immunophilin FK506 binding protein (FKBP12). This

binary complex of RAPA and FKBP12 interacts with

RAPA binding domain (FRB) and thus inactivates a

serine-threonine kinase termed the mammalian target of
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rapamycin or mTOR, which is known to control proteins

that regulate mRNA translation initiation and G1 progres-

sion [2]. mTOR is an integrator of multiple signals

receiving input from insulin, growth factors, amino acids,

and energy to signal to the downstream targets and adjust

cell growth and proliferation as well as metabolic homeo-

stasis [3,4]. mTOR signaling is negatively regulated by

tumor suppressor gene products Tuberous Sclerosis Com-

plex (TSC-1 and TSC-2), PTEN, and LKB, and positively

by proto-oncogene Ras homolog enriched in brain (Rheb),

thus adding to the intricacy of mTOR regulation [5].

Furthermore, mTOR phosphorylates 2 well-characterized

downstream targets, namely, ribosomal protein S6 kinases 1

and 2 (S6K-1 and S6K-2) and the eukaryotic initiation

factor 4E (eIF-4E) binding protein (4E-BP1). Thus, RAPA,

an mTOR inhibitor, leads to translational arrest by

regulating S6K-1 and 4E-BP1. The immunosuppressive

action of RAPA is due to inhibition of T-cell activation at a
xperimental 55 (2006) 794–802



Table 1

Composition of experimental diets

Component Control Low RAPA High RAPA

g/100 g % Energy g/100 g % Energy g/100g % Energy

Proteina 22.3 23 22.3 23 22.3 23

l- Methionine 0.5 0.5 0.5

Fat mixb 15.1 35 15.1 35 15.1 35

Corn starch/sucrosec 40.5 42 40.5 42 40.5 42

Mineral mixc 8.2 – 8.2 – 8.2 –

Vitamin mixc 1.1 – 1.1 – 1.1 –

Cellulose 10 – 10 – 10 –

Guar gum 2.5 – 2.5 – 2.5 –

Cholesterol 0.08 – 0.08 – 0.08 –

RAPA 0 – 0.0028 – 0.028

a Mixture of soybean-casein (30:60). Fat mix contains olive oil–palm kernel oil–safflower oil (1:2:1.8), high in lauric and myristic acids.
b Corn starch–sucrose ratio (1:1.43).
c Mineral and vitamin mix adjusted to meet National Research Council requirements for guinea pigs.
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later stage of the cell cycle, G1, and inhibition of S6K-1.

However, this highly beneficial drug has an adverse effect

of causing hyperlipidemias in renal, pancreatic, and liver

transplant patients [6-9]. Rapamycin-associated dyslipide-

mia has been reported in 45% of liver transplant patients

[10] and in about 40% of renal transplant patients [11]. In

addition, phase II clinical trials described the occurrence of

hypertriglyceridemia or hypercholesterolemia with admin-

istration of a RAPA analog (CCI-779) in the treatment of

metastatic melanoma and glioblastoma multiforme [12].

Taken together, these observations indicate that hyperlipid-

emia is a considerable side effect of RAPA administration in

both organ transplantation and as an antitumor treatment

and may contribute to deteriorating the patients’ condition.

Understanding how the mTOR pathway regulates insulin

signaling and triggers hyperlipidemia will help reduce risk

of cardiovascular disease and insulin resistance (IR), 2

major medical problems of the United States.

The objective of this study was to define some of the

parameters by which RAPA induces hypertriglyceridemia.

A second objective was to evaluate the extent of side

effects induced by low and high doses of RAPA. For this

purpose, guinea pigs were used as the animal model

because of their similarities to humans in terms of hepatic

cholesterol and lipoprotein metabolism [13]. Previous

studies done in our laboratory report the suitability of

guinea pigs for evaluating various drugs affecting lipid

metabolism [14-16].
2. Methods

2.1. Materials

Enzymatic cholesterol and TG kits, cholesterol oxidase,

cholesterol esterase, and peroxidase were purchased

from Roche-Diagnostics (Indianapolis, IN). Phospho-

lipid (PL) and free cholesterol (FC) enzymatic kits were

obtained from Wako Pure Chemical (Osaka, Japan). Quick-

seal ultracentrifuge tubes were from Beckman (Palo Alto,

CA). dl-Hydroxy-[3-14C]methyl glutaryl coenzyme A
(1.81 GBq/mmol), dl-[5-3H]mevalonic acid (370 GBq/

mmol), cholesteryl-[1,2,6,7-3H]oleate (370 GBq/mmol),

Aquasol, Liquiflor (toluene concentrate), and [14C]choles-

terol were purchased from DuPont NEN (Boston, MA).

Oleoyl-[1-14C]coenzyme A (1.8 GBq/mmol) and dl-3-

hydroxy-3-methyl glutaryl coenzyme A were obtained from

Amersham (Clearbrook, IL). Cholesteryl oleate, glucose-6-

phosphate, glucose-6-phosphate dehydrogenase, nicotin-

amide adenine dinucleotide phosphate, sodium fluoride,

Triton, bovine serum albumin, and sucrose were obtained

from Sigma (St Louis, MO). Glass silica gel plates were

purchased from EM Science (Gibbstown, NJ).

2.2. Diets

Diets were prepared and pelleted by Research Diets

(New Brunswick, NJ). Isocaloric diets were designed to

meet all the nutritional requirements for guinea pigs. The

3 diets had identical composition except for the dose of

tested drug (Table 1). The amount of drug incorporated

in the diet of the 2 RAPA groups was calculated to

provide 0.08 mg/d low RAPA, which mimics a 10 mg/d

RAPA dose administered to renal transplant patients [7] or

0.85 mg/d (high RAPA), a dose comparable to that used in

animal models [17,18] over a period of 3 weeks for each

guinea pig. The amount of cholesterol in the diets was

adjusted to be 0.08 g/100 g, an amount equivalent to

600 mg/d in the human diet [19].

2.3. Animals

To identify the metabolic pathway(s) leading to RAPA-

mediated hyperlipidemia, 30 male guinea pigs (Harlan

Sprague-Dawley, Hills, CT), weighing about 450 g, were

randomly assigned to either a control, low dose of RAPA

(low RAPA), or high dose of RAPA (high RAPA) for

3 weeks. All guinea pigs were fed a weighed amount of

their respective test diet everyday, and the leftover was

weighed the next morning. Two animals were housed per

metal cage in a light cycle room (light from 7:00 am to

7:00 pm) and had free access to water. Overnight fasted

guinea pigs were sacrificed by heart puncture after
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isoflurane anesthesia. Blood, livers, and aortas were

harvested for analysis and were stored at �808C for further

analysis. All animal experiments were conducted in

accordance with US Public Health Service/US Department

of Agriculture guidelines. Experimental protocols were

approved by the University of Connecticut Institutional

Care and Use Committee.

2.4. Aortic tissue collection

After sacrificing, the heart and aorta were removed and

the aorta was divided into 2 sections. The ascending aorta,

aortic arch, and the upper portion of the descending aorta

were removed and stored in phosphate buffered saline

(PBS) at 48C until homogenization could be performed for

analysis of protein concentrations of tumor necrosis factor a
(TNF-a). A section of thoracic aorta was stored in formalin

at 48C for measurement of aortic lipid concentration.

2.5. Lipoprotein isolation

Plasma samples were collected from blood obtained by

heart puncture from guinea pigs under anesthesia. A

preservation cocktail of aprotonin, phenyl methyl sulfonyl

fluoride, and sodium azide was added to plasma samples to

minimize changes in lipoprotein composition during isola-

tion. Plasma was aliquoted for plasma lipid analysis,

lipoprotein isolation, plasma free fatty acids (FFAs), and

plasma insulin.

Lipoproteins were isolated by sequential ultracentrifuga-

tion in an LE-80K ultracentrifuge (Beckman Instruments,

Palo Alto, CA). Very low density lipoprotein was isolated at

d = 1.006 kg/L at 125000 � g at 158C for 19 hours in a

Ti-50 rotor (Beckman). Low-density lipoprotein (LDL) was

isolated at d = 1.019 to 1.09 kg/L in quick-seal tubes at

158C for 3 hours at 200000 � g in a vertical Ti-65 rotor

[20]. Low-density lipoprotein samples were dialyzed in

0.9 g/L sodium chloride–0.1 g/L EDTA, pH 7.2, for 12 hours

and stored at 48C for further analysis.

2.6. Plasma, hepatic, and aortic lipids

Plasma samples were analyzed for cholesterol and TG by

enzymatic methods [21]. Hepatic total and FC and TG were

determined according Carr et al [22] after extraction of

hepatic lipids with chloroform-methanol (2:1). Cholesteryl

ester (CE) concentrations were calculated by subtracting

free from total cholesterol. The section of thoracic aorta

saved in formalin was cleaned thoroughly of any excess

tissue and fat. Aortic cholesterol concentrations were

analyzed as previously reported [23]. From the cleaned

tissue, aortic lipids were extracted from approximately

0.05 g of aortic tissue arch using 10 mL of chloroform-

methanol (2:1) overnight at room temperature. The extrac-

tion solution was mixed with acidified water to separate the

solution into 2 phases, which was then filtered by gravity

filtration and the lower phase extracted with a separatory

funnel. An aliquot of 200 lL was then evaporated

completely and reconstituted with 200 lL ethanol for
enzymatic determination of total cholesterol. Another 2 mL

was taken from the extract for TG determination using the

enzymatic method.

2.7. Lipoprotein characterization

Very low density lipoprotein and LDL composition

was calculated by determining free and esterified choles-

terol [21], protein by a modified Lowry method [24], and

TG and PLs by enzymatic kits. Very low density

lipoprotein apolipoprotein B (apo B) was selectively

precipitated with isopropanol [25]. The number of

constituent molecules of LDL was calculated on the basis

of one apo B per particle with a molecular mass of

412000 kd [20]. The molecular weights were 885.4,

386.6, 645, and 734 for TG, FC and CE, and PLs,

respectively. LDL diameters were calculated according to

Van Heek and Zilversmit [26] as previously reported [16].

High-density lipoprotein (HDL) cholesterol was deter-

mined by a modified procedure, which consisted of using

2 mol/L MgCl2 for precipitation of apo B–containing

lipoproteins [14].

2.8. Hepatic microsome isolation

Hepatic microsomal fraction was isolated by two

25-minute centrifugations at 10000 � g (JA-20 rotor,

J221) followed by ultracentrifugation at 100000 � g in

a Ti-50 rotor at 48C for 1 hour [15]. Microsomes were

resuspended in the homogenization buffer and centrifuged

for an additional hour at 100000 � g. After centrifuga-

tion, microsomal pellets were homogenized and stored

at �708C.

2.9. Hepatic acyl-CoA cholesteryl acyltransferase activity

Hepatic acyl-CoA cholesteryl acyltransferase (ACAT)

(EC 2.3.1.26) activity was measured by the incorporation of

[14C]oleoyl CoA in CE in hepatic microsomes by preincu-

bating 0.8 to 1 mg of microsomal protein per assay with

84 g/L albumin and buffer for microsomal isolation [27].

Recoveries of [3H]cholesteryl oleate were about 90%.

2.10. Plasma FFA concentration

Free fatty acids were determined from plasma by using

acyl-CoA synthetase- and acyl-CoA oxidase. Briefly, 50 lL
of plasma was treated with acyl-CoA synthetase in the

presence of ATP, magnesium cations, and CoA to form acyl-

CoA as well as AMP and pyrophosphate. Afterwards, acyl-

CoA was oxidized by acyl-CoA oxidase to produce

hydrogen peroxide which, in the presence of added

peroxidase, allows the oxidative condensation to form a

purple-colored adduct, which was read by the spectropho-

tometer at 550 nm.

2.11. Plasma glucose, insulin, and IR

Plasma glucose was determined enzymatically [28].

Briefly, 3 mL of working solution was added to 0.20 mL

of sample and mixed, transferred to cuvettes, incubated at



Table 2

Total cholesterol, LDL-C, HDL-C, and TGs of guinea pigs treated with 0

(control), low dose, and high dose of RAPA4

Plasma lipids Control

(10) (mg/dL)

Low dose

(10) (mg/dL)

High dose

(10) (mg/dL)

TC 95.7 F 14.7 83.8 F 16.6 84.1 F 43.3

VLDL-C 6.5 F 1.1 7.8 F 3.6 7.6 F 4.3

LDL-C 78.4 F 14.3 65.8 F 17.2 68.3 F 45.4

HDL-C 10.8 F 3.3 10.2 F 4.2 8.5 F 2.6

TG 24.5 F 5.9a 55.2 F 31.0b 56.9 F 29.9b

4 Values are mean F SD for the number of guinea pigs indicated in

parentheses. Values with different superscripts are significantly different as

analyzed by 1-way ANOVA and LSD as post hoc test ( P b .01). Weight

gain was used as a covariate.

Table 4

Distribution of cholesterol in LDL fractions, LDL size, and LDL number of

CE, FC, PL, and TG molecules4

LDL Control (n = 9) Low dose (n = 8) High dose (n = 9)

Number of molecules

CE 1728 F 648 1793 F 1048 2205 F 1234

FC 626 F 395 240 F 249 514 F 282

PL 427 F 142 537 F 345 703 F 435

TG 105 F 55a 147 F 67b 170 F 41b

LDL-1 (mg/dL) 46.1 F 7.8 39.1 F 13.1 41.6 F 16.5

LDL-2 (mg/dL) 15.3 F 3.9 12.1 F 4.0 17.7 F 17.5

LDL-3 (mg/dL) 11.8 F 4.0a 4.8 F 2.6b 5.3 F 3.1b

LDL size (nm) 25.83 F 0.31a 26.16 F 0.49ab 26.30 F 0.36b

4 Values are mean F SD for the number of guinea pigs indicated in

parentheses. Values with different superscripts are significantly different as

analyzed by 1-way ANOVA and LSD as post hoc test ( P b .001).
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378C for 5 minutes, and then read at 505 nm on a DU-640

UV spectrophotometer (Beckman Coulter, Fullerton, CA).

To measure plasma insulin, we used a Rat/Mouse Insulin

ELISA Kit by Linco Research (St Charles, MO), which was

found to cross-react with guinea pig. Homeostatic model

assessment (HOMA) [29] was used to calculate IR accord-

ing to the following equation: HOMA IR = fasting insulin

(lU/mL) � fasting glucose (mmol/L) H 22.5.

2.12. Aortic TNF-a

The section of ascending aorta, aortic arch, and the upper

portion of the descending aorta stored in PBS were

processed for cytokine determination. Aortas were thor-

oughly cleaned of excessive tissue and fat to avoid

erroneous determinations of TNF-a concentrations in the

aortic tissue. The cleaned portion of the aorta was rinsed

with PBS and then cut into small segments and homoge-

nized in 1 mL of lysis buffer in a rotor-stator (VirTis,

Gardiner, NY) on ice for 60 to 90 seconds to ensure

complete disruption of the aorta, then briefly in a Potter-

Elvehjem homogenizer in another 2 mL of lysis buffer on

ice for another 60 seconds. The homogenized tissue was

centrifuged at 400 � g for 10 minutes at 48C, and

the supernatant collected and stored at �808C for measure-

ment of the aortic TNF-a [30]. Tumor necrosis factor-a
was determined in duplicate using mouse ELISA kit

from Endogen (Rockford, IL). The sensitivity of TNF-a
was less than 10 pg/mL and the intra-assay coefficient of
Table 3

Very low density lipoprotein number of CE, FC, PL, and TG molecules,

and VLDL size of guinea pigs treated with 0 (control), low dose, and high

dose of RAPA4

VLDL Control (9) Low dose (8) High dose (9)

Number of molecules

CE 117 F 105 272 F 246 459 F 612

FC 2033 F 810 2964 F 1399 3097 F 2348

PL 1416 F 530 2445 F 1209 2051 F 1443

TG 2246 F 1041a 13455 F6187b 7877 F 6068b

Size (nm) 18 F 1.0a 63 F 2b 47 F 2b

4 Values are mean F SD for the number of guinea pigs indicated in

parentheses. Values with different superscripts are significantly different as

analyzed by one way ANOVA and LSD as post hoc test ( P b .01). Weight

gain was used as a covariate.
variation was 8.5%. Absorbances were read in a Titertek

microplate reader (BioRad, Hercules, CA).

2.13. Statistical analysis

One-way analysis of variance (ANOVA) (SSPS for

Windows version 12, SPSS, Chicago, Ill) was used to

evaluate significant differences among groups in regard to

plasma, hepatic and aortic lipids, lipoprotein composition,

FFA, ACAT activity, glucose, insulin, and TNF-a. The least
significant difference (LSD) post hoc test was used to

evaluate the differences among groups. Data are presented

as the mean F SD. Differences were considered significant

at P b .05. Because of the differences in weight gain

among groups, weight gain was used as a covariate in the

determination of the different variables in this study.
3. Results

Guinea pigs treated with the higher dose of RAPA for

3 weeks had significantly lower (P b .01) weight gain than

the other 2 groups. Weight gains over the period of 3 weeks
Fig. 1. Correlation between plasma glucose and TGs in VLDL (r = 0.572,

P b .01) of guinea pigs treated with 0 (R , control), low (D), or high (n)

doses of rapamycin.



Table 5

Free fatty acids, plasma glucose, insulin, and calculated IR of guinea pigs

treated with 0 (control), low dose, or high dose of RAPA4

Control Low dose High dose

FFA (meq/L) 0.47 F 0.13a 0.64 F 0.13ab 0.78 F 0.30b

Glucose (mg/dL) 148.5 F 37.5a 211.1 F 54.1b 255.0 F 53.4b

Insulin (AU/L) 0.46 F 0.08 0.54 F 0.15 0.57 F 0.29

Calculated IR 4.77 F 1.00a 8.12 F 3.57b 10.22 F 5.60b

4 Values are mean F SD for 10 guinea pigs per group. Values with

different superscripts are significantly different as analyzed by 1-way

ANOVA and LSD as post hoc test ( P b .01). Weight gain was used as

a covariate.

Fig. 2. Correlation between hepatic ACAT activity and cholesterol in aorta

(r = 0.43, P b .05) of guinea pigs treated with 0 (R , control), low (D), or

high (n) doses of rapamycin.
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were 40.7F 10.9, 38.7F 6.4, and 9.5F 9.1 g for guinea pigs

treated with 0, low-, or high dose of RAPA, respectively.

However, the amount of food consumed by the control

(30 F 5 g/d), low-dose (32 F 4), or high-dose groups

(28 F 5 g/d) was not different.

3.1. Plasma lipids and composition of lipoproteins

The 2 doses of RAPA tested did not lead to any changes

in plasma TC or cholesterol carried by any of the

lipoproteins (ie, VLDL, LDL, or HDL) as compared to

the control group (Table 2). However, there was more than

a 2-fold increase in plasma TG values in both the RAPA

groups as compared to the control (P b .001).

The composition of the VLDL particle was modified by

RAPA intake as indicated by the larger size of VLDL

isolated from RAPA-treated guinea pigs. The increase in

size was associated with the number of TG molecules

present in the VLDL particle, which contained 83.3% and

71.4% more TG molecules in the low-dose and high-dose

groups, respectively, compared with VLDL isolated from

control guinea pigs (Table 3). There were no significant

differences in the number of CE, FC, or PL in VLDL

isolated from the 3 treatment groups.

Similarly, the LDL particle isolated from the RAPA-

treated guinea pigs had 28.1% and 38.2% higher number of

TG molecules compared to the control animals (Table 4).

There were no differences among groups in the number of

CE, FC, or PL molecules. In addition, LDL particle size was

also significantly (P b .001) larger in the 2 drug groups as

compared to their control counterparts. In agreement with
Table 6

Hepatic TC, FC, CE, and TG of guinea pigs treated with 0 (control) low

dose, and high dose of RAPA4

Control Low dose High dose

Hepatic lipids

TC (mg/g) 2.08 F 0.23 2.00 F 0.17 2.24 F 0.46

FC (mg/g) 1.43 F 0.26a 1.39 F 0.41a 1.83 F 0.56b

CE (mg/g) 0.65 F 0.18 0.61 F 0.32 0.41 F 0.40

TG (mg/g) 4.62 F 2.85 2.66 F 0.74 4.27 F 1.48

ACAT activity

(pmol/mind mg)

7.12 F 3.67a 3.32 F 1.97b 4.33 F 3.34ab

4 Values are mean F SD for 10 guinea pigs per group. Values with

different superscripts are significantly different as analyzed by 1-way

ANOVA and LSD as post hoc test ( P b .01). Weight gain was used as

a covariate.
this observation, the concentration of LDL-3, the smallest

LDL-subfraction, was lower in the RAPA-treated guinea

pigs than in control animals (Table 4). A positive correlation

was found (r = 0.572, P b .01) between the TG levels

carried by the VLDL particles and the glucose content in the

plasma (Fig. 1).

3.2. Free fatty acids, insulin, glucose, and IR

Significantly more (65.9%) fatty acids were released in

the high-RAPA group than in the control group (Table 5).

Concentrations of FFAs in the plasma of low-RAPA group

were higher than those of the control group, but the

difference failed to reach statistical significance. Fasting

plasma glucose values were significantly increased in

low-RAPA (211.1 F 54.1 mg/dL) and high-RAPA

(255.0 F 53.4 mg/dL) groups as compared to the control

group (148.5 F 37.5 mg/dL). A trend of increase in plasma

insulin levels was seen with RAPA dosage, but the values

did not reach statistical significance. Insulin resistance as

defined in humans and calculated by HOMA model was

found to be significantly different in the drug-tested groups

as compared to the controls (Table 5).

3.3. Hepatic lipids and ACAT activity

There were no differences in hepatic total cholesterol

concentrations among the 3 groups (Table 6) tested.

Interestingly, the free cholesterol content (unesterfied
Table 7

Total cholesterol, TGs, and TNF-a in aorta of guinea pigs treated with 0

(control), low dose, and high dose of RAPA4

Aorta lipids Control Low dose High dose

TC (mg/g) 11.9 F 2.0a 8.5 F 2.7b 10.8 F 2.7a

TG (mg/g) 16.1 F 11.0a 33.5 F 12.7b 27.6 F 13.4b

TNF-a (pg/mL) 14.5 F 10.9a 52.5 F 40.3ab 151.0 F 140.9b

4 Values are mean F SD for the 10 guinea pigs per group. Values with

different superscripts are significantly different as analyzed by 1-way

ANOVA and LSD as post hoc test ( P b .01). Weight gain was used as

a covariate.



Fig. 3. Correlation between TNF-a and free fatty acid (r = 0.362, P b .05)

of guinea pigs treated with 0 (R , control), low (D), or high (n) doses of

rapamycin.

D. Aggarwal et al. / Metabolism Clinical and Experimental 55 (2006) 794–802 799
cholesterol) was significantly higher only in the high-dose

(1.83 F 0.56 mg/g) group of RAPA, whereas no difference

was observed between the low-dose group (1.39F 0.41mg/g)

and the control group (1.43 F 0.26 mg/g). No significant

differences among groups were observed for the esterified

cholesterol content in the liver. In addition, TG content in the

livers of low RAPA was significantly reduced, whereas no

major difference was found in the high RAPA as compared to

the controls. Similarly, hepatic ACAT activity was signifi-

cantly lower in the low-RAPA group (P b .01) than in the

control and high-RAPA groups (Table 6). Furthermore, a

positive correlation was observed between hepatic ACAT

activity and the TC content in the aorta (Fig. 2), confirming

that hepatic ACAT activity is associated with higher

cholesterol content in aortas.

3.4. Aortic lipids and TNF-a

Total cholesterol content in the aorta was significantly

lower in the low-dose group (28.6%) than in the control and

high-RAPA groups (Table 7). Total cholesterol in the aorta

of high-RAPA and control groups was not different.

Triglyceride content in the aortas was significantly increased

because of RAPA treatment. The low-RAPA group had

51.9% and the high-RAPA group had 41.7% higher TG

content in the aorta than the control guinea pigs (P b .001).

We also measured TNF-a, a cytokine secreted by

macrophages and adipocytes, concentrations in the aortas

of these animals. TNF-a values were significantly higher in

the 2 tested groups than in the controls (Table 7). Also, an r

value of 0.362 between TNF-a and FFA indicates a positive

correlation between this inflammatory marker and TG

metabolism (Fig. 3).
4. Discussion

Hyperlipidemia has been reported to be present in about

40% to 45% of liver and renal transplant patients receiving

RAPA treatment [10,11]. It is not clear whether therapy for

hyperlipidemia in transplant patients should follow the
guidelines recommended for the general population [31]. It

has been suggested that strategies to treat transplant

hyperlipidemia should include change in lifestyle such as

diet and exercise, reduced doses of immunosuppressive

agents and, if necessary, lipid-lowering agents. We selected

2 different doses of RAPA with the intent to study the

mechanisms of dyslipidemia associated with RAPA admin-

istration. The low dose is equivalent to 10 mg/d, a dose

used in renal transplant patients to maintain the therapeutic

RAPA (sirolimus) blood at a level of 10 to 15 ng/mL [32]

and has been reported to induce hyperlipidemia in renal

transplant patients [7,8]. The high dose (0.85 mg/d) is

consistent with doses used in animal models [17,18] to

allow us to study the mechanisms of RAPA-induced

hypertriglyceridemia.

In this study, we demonstrated that RAPA induces

hyperlipidemia by interfering/altering triglyceride metabo-

lism to a greater extent than it does cholesterol metabolism

in guinea pigs. To our knowledge, this is the first report to

document increased TG levels by RAPA administration in

the guinea pig model. Plasma TG levels were increased

significantly in only 21 days of treatment. In addition, the

increase in plasma glucose, FFA, increased deposition of

TG in the aorta, and higher concentrations of aortic TNF-a
suggest dysregulation of glucose metabolism and the insulin

pathway. The guinea pigs receiving the high dose of RAPA

(0.85 mg/d for 3 weeks) failed to gain weight, although they

consumed the same amount of food. This observation is

consistent with the role of mTOR in cell growth (size and

mass) and proliferation (cell division) and with the effects of

RAPA in reducing cell size and mass by blocking mTOR

effects on protein translation [33]. Similarly, studies of

S6K1 knockout mice, the direct downstream target of

mTOR, which is also inactivated by RAPA, showed

decreased cell size, whereas S6K1 overexpression led to

increased cell size and mass [33,34].

4.1. Rapamycin and lipoprotein metabolism

Several reports have demonstrated that plasma TG levels

increase with RAPA treatment in renal transplant patients

[7,35,36]. Similarly, in the current study, we found increases

in plasma TG in both groups of guinea pigs taking different

doses of RAPA. It has been reported that hypertriglycer-

idemia induced by RAPA is greater in a shorter period

(14 days) as compared to RAPA treatment for a longer

period of time (42 days) [7]. In the current study, high

plasma TG levels were associated with larger VLDL

particles carrying an increased amount of TG when secreted

by the liver and, subsequently, a larger LDL particle, which

was also shown to have higher TG content as compared to

the controls. Furthermore, it was observed that the increase

in the mean LDL size was mainly due to decrease in smaller,

denser fraction of the LDL. This effect of RAPA can be

considered positive because smaller LDL is more suscep-

tible to oxidation and increases the risk of coronary heart

disease by 3-fold [37].
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The increased plasma TG concentrations in the RAPA

treatment groups can be due to increased hepatic production

of TG-rich lipoproteins and/or decreased removal of these

particles. A study performed in 6 renal transplant patients

with sirolimus (RAPA) provided strong evidence that

sirolimus intake led to the increased production of TG-rich

lipoproteins, which also contributes to the observed hyper-

triglyceridemia [7]. In this same study, researchers infused
13C4-palmitate to prove that there was significant expansion

of the FFA pool in the patients taking sirolimus. Similarly,

Um et al [38] reported the presence of elevated FFA with

high fat feeding in mice lacking S6K-1, the downstream

effector of mTOR. Along the same lines, our study also

indicates increase in plasma FFA levels. This increase was

observed in the high-RAPA group and was accompanied by

an increase in glucose and IR.

Hypertriglyceridemia is a major risk factor for cardiovas-

cular disease and is often associated with insulin resistance

[39]. An elevated concentration of glucose was also observed

by RAPA treatment suggesting that when glucose uptake

by cells is not efficient, this leads to more insulin secretion by

the pancreas. Interestingly, there was a significant positive

correlation between fasting plasma glucose levels and the

concentration of TG in VLDL particles, suggesting that lipid

and carbohydrate metabolism are being affected simulta-

neously by RAPA treatment. mTOR is also known to be a key

regulator of signals from nutrients, energy, insulin, and

growth factors [40]; and RAPA, by inhibiting the activity of

mTOR, alters these pathways.

Differences in insulin levels failed to reach statistical

significance in the current study mainly because of the use of

a mouse antibody, which might not have been specific

enough for guinea pigs. Although HOMA formula was

originally validated for human studies to estimate insulin

sensitivity, use of the HOMA model was recently reported to

be a good indicator of IR in animal models [41,42]. Following

the same lines and cutoff points as humans, we calculated IR

by the HOMA equation [29] for all guinea pigs. Based on this

information, the 2 groups of guinea pigs receiving RAPA

were found to be insulin resistant. Again, glucose and insulin

levels were even higher in the high-RAPA group, indicating

that low RAPA is a better dose than high RAPA.

Elevated plasma FFA levels have a major role not only in

IR but also in type 2 diabetes [39]. Elevated plasma FFA in

obese individuals can be attributed to IR [43]. It is fair to

postulate that in the present study the increases in plasma

FFA content led to IR as reported by the HOMA equation.

Because fasting plasma glucose was also elevated by RAPA

treatment, this could be a result of IR.

4.2. Rapamycin and liver and aorta

In an attempt to further understand the mechanism by

which RAPA raises plasma TG, we explored the effects of

this drug on hepatic and aortic lipids. There were some

remarkable differences in hepatic and aortic cholesterol

accumulation between the 2 RAPA doses. The low dose of
RAPA resulted in less accumulation of free cholesterol in

both the liver and the aorta compared to the high RAPA and

the control groups. In addition, hepatic ACAT activity was

lowest in the low-RAPA group. Because hepatic ACAT

activity has been positively correlated with increased

atherosclerosis development in the African Green monkey

[44], the lower concentrations of ACAT activity and

cholesterol in the aorta suggest that the low-RAPA dose is

less atherogenic than high-RAPA treatment and provides a

better aortic cholesterol profile than the control group.

Increased hepatic ACAT activity has been postulated to

increase the concentration of CE incorporated into the

secreted VLDL, which in turn increases CE in LDL and the

potential deposition of CE in the aorta [44]. In guinea pigs,

we have also observed that increased ACAT activity is

correlated with increases in LDL-C [45]. In the present

study, we report a correlation between hepatic ACAT

activity and concentrations of CE in aorta which supports

these previous findings [44,45].

Aortic TG concentrations, however, were higher in the

RAPA groups than in the control. Triglyceride content in

aorta has been related to atherosclerosis in some studies [46]

and has been demonstrated to be related to hypercholester-

olemia. Similarly, in the present study, guinea pigs treated

with RAPA had higher TG in plasma as well as in their aorta

as compared to the control animals.

Another important parameter that was affected by RAPA

treatment was aortic TNF-a concentration, an adipokine

secreted by adipocytes and has a cytotoxic effect on tumor

cells but not on normal cells. Tumor necrosis factor-a exerts

both inflammatory and cell death activity and is also thought

to play a role in pathogenesis of atherosclerosis [47].

Although RAPA administration has been shown to decrease

TNF-a secretion as a result of inhibition of T-cell prolifer-

ation [48], our findings indicate that TNF-a levels are locally

increased in the aorta, suggesting that elevated TNF-a
concentration is secondary to increased plasma FFA and

TG content in the aorta. Similarly, Razeghi et al [49] showed

that by using atrophic heart model, TNF-a transcript

expression was elevated early and transiently by RAPA

treatment. Along the same line, TNF-a has also been detected

in human atherosclerotic plaques, and thus it is thought to

play a major role in the pathogenesis of coronary artery

disease [50]. Furthermore, studies have shown that FFA-

induced TNF-a secretion in 3T3-L1 adipocytes incubated

with a mixture of fatty acids contributed to cellular IR [51].

Tumor necrosis factor-a is considered a candidate mediator of

IR in obesity, is overexpressed in adipose tissue [52], and

blocks the action of insulin in cultured cells as well as in

humans [53]. Similarly, TNF-a–deficient mice had been

shown to have better insulin sensitivity and less FFAs

circulating in their plasma [52]. These results are in

agreement with the positive correlation found between FFA

and TNF-a in the present study.

From these studies, we conclude that TG metabolism was

clearly affected by the 2 doses of RAPA tested in guinea
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pigs. Rapamycin treatment resulted in elevated concentra-

tions of plasma TG, FFA, glucose, and increased IR. Very

low density lipoprotein and LDL particles were significantly

modified in size by the incorporation of more TG per

particle. Accumulation of TG was also observed in the aorta

by RAPA treatment as well as increased production of TNF-

a, which was correlated to the elevated FFA.

Many of the measured parameters were similar between

low and high doses of RAPA except for weight gain, FFA,

TNF-a, and cholesterol accumulation in tissue. Guinea pigs

receiving the low-RAPA dose had similar weight gain as the

control counterparts. In addition, low doses of RAPA

resulted in less aortic cholesterol accumulation compared

to high RAPA and nontreated animals, indicating that low

doses—if efficacious—present less side effects associated

with TG and insulin dysregulation.
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