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Abstract

Mixtures of the two major conjugated linoleic acid (CLA) isomers trans-10,cis-12-CLA and
cis-9,trans-11-CLA are used as over the counter supplements for weight loss. Because of the
reported adverse effects of CLA on insulin sensitivity in some mouse studies, we sought to
compare the impact of dietary t10c12-CLA and c9t11-CLA on liver, adipose tissue, and systemic
metabolism of adult lean mice. We fed 8 week-old C57BI1/6J male mice with low fat diets (10.5%
Kcal from fat) containing 0.8% t10c12-CLA or c9t11-CLA for 9 or 38 days. Diets containing
c9t11-CLA had minimal impact on the endpoints studied. However, 7 days after starting the
t10c12-CLA diet, we observed a dramatic reduction in fat mass measured by NMR spectroscopy,
which interestingly rebounded by 38 days. This rebound was apparently due to a massive
accumulation of lipids in the liver, because adipose tissue depots were visually undetectable.
Hepatic steatosis and the disappearance of adipose tissue after t10c12-CLA feeding was associated
with elevated plasma insulin levels and insulin resistance, compared to mice fed a control diet or
c9t11-CLA diet. Unexpectedly, despite being insulin resistant, mice fed t10c12-CLA had normal
levels of blood glucose, without signs of impaired glucose clearance. Hepatic gene expression and
fatty acid composition suggested enhanced hepatic de novo lipogenesis without an increase in
expression of gluconeogenic genes. These data indicate that dietary t10c12-CLA may alter hepatic

“Corresponding authors: JCC and PVS serve as corresponding authors. Jose Cordoba-Chacon or Papasani V. Subbaiah. Department
of Medicine, Section of Endocrinology, Diabetes and Metabolism. 835 S Wolcott Ave (North Entrance) Suite E625. M/C 640.
Chicago, IL. Phone 312-355-3565. Fax 312-413-0437. jcordoba@uic.edu, psubbaia@uic.edu.

Author contributions: JCC, RDK and PVS conceived and designed the experiment. JCC performed the experiments, analyzed the
data. JCC and PVS wrote the manuscript. PCRY and SD prepared and fed the diets, performed NMR measurements, and harvested
tissue samples. ZW and AT performed experiments to determine gene expression by gPCR and fatty acid composition by GC/MS. TN
synthesized and purified the CLA isomers. All authors have discussed the results, revised and approved the final version of the
manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest: Authors do not have any conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cordoba-Chacon et al. Page 2

glucose and lipid metabolism indirectly, in response to the loss of adipose tissue in mice fed a low
fat diet.
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1. Introduction

Conjugated linoleic acids (CLA) are present in the dairy products and ruminant meats [1, 2].
Two of the majors CLA are trans-10, cis-12 (t10c12)-CLA, which accounts for <5% of total
CLA, and cis-9, trans-11 (c9t11)-CLA which accounts for up to 80% of total CLA [3].
Multiple physiological effects of CLA mixtures have been reported on atherosclerosis [4, 5],
inflammation [6], cancer [7], and body composition [8]. As reviewed earlier by Wang and
Jones [9], mixtures of dietary CLA significantly reduce fat deposition in mice by different
mechanisms, and this effect may be species-dependent since rats are less sensitive to CLA
actions [10]. However, in humans over the counter supplements that contain CLA mixtures
reduce obesity modestly [11, 12].

Further studies performed in mice with enriched isomers of CLA have reported that c9t11-
CLA has anti-carcinogenic effects [13] and insulin-sensitizing properties [14], whereas
t10c12-CLA is the isomer responsible for weight loss, although it also promotes insulin
resistance [15]. Specifically, t10c12-CLA induces inflammation and apoptosis of adipocytes
[16-18], increases energy expenditure, inhibits lipogenesis in adipocytes, and decreases
stromal cell differentiation [6, 19]. The anti-obesity effects of “pure” t10c12-CLA may
promote fatty liver as a consequence of enhanced transport of fatty acids to the liver, reduced
adipose-tissue mediated glucose disposal and hyperinsulinemia [10, 20]. Hepatic steatosis is
commonly associated with selective-pathway hepatic insulin resistance, where the liver is
able to sustain lipogenesis but unable to suppress hepatic glucose production despite high
insulin levels [21]. However, multiple studies reported that t10c12-CLA fed mice do not
have increased blood glucose levels [16, 20, 22] and it has been proposed that their livers
remain sensitive to the actions of insulin because t10c12-CLA fed mice show reduced
hepatic Pck1 expression [20]. To date, it remains to be resolved whether t10c12-CLA and
c9t11-CLA have direct effects on the liver in vivoand if so, how they affect hepatic lipid and
glucose homeostasis. In this study, we sought to determine the time and tissue (liver and
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adipose tissue)-dependent effects induced by dietary t10c12-CLA and c9t11-CLA in chow-
fed lean male mice compared to mice fed control diet without CLA. To this end, we have
used lean mice to study the obesity-independent effects of CLA isomers on glucose and lipid
metabolism in adipose tissue and liver. Overall, our results show that while c9t11-CLA did
not have major effects in mice fed a low fat diet, t10c12-CLA had profound effects on the
adipose tissue, in which it may reduce lipogenesis and lipolysis and increase inflammation
and lipid oxidation. The effects of t10c12-CLA on the liver, which included promotion of de
novo lipogenesis (DNL) and reduction of gluconeogenesis, appear to be secondary to the
effects on adipose tissue, rather than direct effects on the liver.

2. Material and Methods

2.1 Mice

The mouse studies reported in this manuscript were approved by the Institutional Animal
Care and Use Committee of the Jesse Brown VA Medical Center. Eight week old C57BI/6J
male mice were purchased from The Jackson laboratory (Bar Harbor, ME) and housed in a
temperature controlled (22-24C) and humidity controlled, specific pathogen-free barrier
facility with a 12/12h light/dark cycle. The CLA isomers were prepared by alkaline
treatment of pure linoleic acid, followed by selective esterification with lauryl alcohol using
Candida rugose lipase, short-pass distillation and urea adduct formation, as described by
Nagao et al [23]. The isomeric purity of both CLA isomers was >95%. Mice were fed a
regular chow diet (Teklad LM-485, Envigo, Madison, WI1) for one week. Then, they were
randomly assigned to a control diet or a diet supplemented with 0.8% t10c12 CLA or 0.8%
c9t11 CLA. The CLA isomers (0.8% w/w) were mixed with 3% (w/w) Canola oil and
blended with TD.10673 diet (Envigo) (Tablel). The control diet contained linoleic acid
[18:2 (n-6)] at the same concentration as diets containing CLA. These diets provide a daily
dose of 914 mg CLA/kg which represents a human equivalent dose [24] of 74.33 mg
CLAJ/Kg, similar to the dose of CLA recommended for humans [25], and within the range
used in other CLA studies using lean mice [6, 17, 20, 22, 26-31]

Body composition in mice fed control, t10c12-CLA and c9t11-CLA diets was monitored
with nuclear magnetic resonance spectrometry (NMR, Minispec LF50, Bruker). Specifically,
we removed food from cages at 0800h and body composition was assessed four hours later,
simultaneously with the determination of blood glucose at 1200h with a glucometer
(Precision Xtra, Abbott, Columbus, OH).

We assessed glucose homeostasis with a glucose tolerance test (GTT, 2g glucose/kg body
weight, ip) in overnight fasted mice 18 days after initiation of special diets, and with an
insulin tolerance test (ITT, 1.5U insulin/kg body weight, ip) 22 days after initiation of
special diets after 4h food removal starting at 0800h. Blood glucose levels were measured
with a glucometer before injection and 15, 30, 60 and 120 minutes after injections.

Two subsets of mice were killed by decapitation without anesthesia at nine and thirty eight
days of diet. Food was removed from the cages at 0800h and mice were killed at 1200h. A
subset of mice was fasted overnight after thirty eight days of diet and killed at 0900h in the
following morning. Tissues were weighed, snap-frozen in liquid nitrogen, and stored at
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—80 °C for further analysis. Trunk blood was collected in EDTA-coated tubes, and the
plasma was separated by centrifugation, and stored at =20 °C for further analysis.

Plasma non-esterified fatty acids (NEFA) and TG were determined with colorimetric assays
(Wako Diagnostics). Plasma insulin was measured by ELISA (Mercodia).

2.2 Gene expression analysis

Liver, inguinal adipose tissue (iWAT), gonadal adipose tissue (QWAT) and brown adipose
tissue were homogenized with TRIzol Reagent (Life Technologies) according to
manufacturer’s instructions to isolate total RNA. RNA was treated with RQ1 RNase-free
DNase (Promega), and DNA-free RNA was transcribed and gPCR performed as previously
described [32], gPCR primer sequences for various genes analyzed are provided in
Supplemental Table 1.

2.3 Hepatic lipid analysis

Neutral hepatic lipids were extracted with isopropanol, and total hepatic lipids were
extracted following the Bligh and Dyer’s method as previously described [33]. Fatty acid
methyl esters were prepared with BF3-methanol reagent as described previously [33], and
the methyl esters were dissolved in hexane, and quantified by gas chromatography/mass
spectrometry (GC/MS) as previously described [33], using 17:1 as the internal standard to
quantify the amount of each fatty acid in the sample. In addition, we used a commercial
sample of polyunsaturated fatty acid mixture (PUFA-2, Supelco) to identify the different
fatty acids in the samples.

2.4 Statistics

3. Result

Values are represented as means + standard errors of the mean (SEM). Two-way ANOVA
(Fig 1, 2, 5A-C) followed by a Tukey post-test was used. For comparison within time or
tissue group, one-way ANOVA (Fig 3,4, 5D,E, 6-8) following by a Tukey posthoc analysis
was used. Statistical analysis was performed using GraphPad Prism 7. p-values less than
0.05 were considered significant.

S

3.1 Mice fed t10c12-CLA develop lipodystrophy and fatty liver without evidence of
dyslipidemia.

Adult male C57B1/6J mice fed a t10c12-CLA diet showed a rapid reduction in fat mass after
a week of diet with minor alterations of body weight (Fig 1A,B). The effect of dietary
t10c12-CLA on weight loss was evident after two weeks of feeding, as there was almost
complete loss of fat mass, as assessed by NMR-spectrometry. However, the fat mass signal
rebounded between day 21 and 35 of diet in mice fed t10c12-CLA diet (Fig 1B). Of note,
c9t11-CLA diet did not cause weight loss or alteration in fat mass throughout the duration of
the diet. In addition, none of the diets affected the lean mass signal measured by NMR
spectroscopy (Fig 1C). We measured food intake on day 18 of diet after a glucose tolerance
test that followed an overnight fasting, and we found that control and t10c12-CLA fed mice

J Nutr Biochem. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cordoba-Chacon et al. Page 5

ate similar amount of diet whereas c9t11-CLA fed mice ate significantly more diet than
control mice (Table 1).

Mice fed t10c12-CLA did not show significant alterations in body weight in 9 days, but they
showed reduced adipose tissue weight compared to control and the c9t11-CLA fed groups
(Fig 2A-D). After 38 days of t10c12-CLA diet we could not visually detect any remaining
adipose tissue (Fig 2A-D). We found no increase in the gastrocnemius muscle mass in the
different groups after 38 days of diet (Fig 2E). However, like the other models of
lipodystrophy [34-36], t10c12-CLA fed mice developed liver steatosis that was evident by 9
days of t10c12-CLA diet and increased further after 38 days (Fig 2F,G). Surprisingly,
despite the development of lipodystrophy and fatty liver, t10c12-CLA fed mice did not
develop dyslipidemia. Plasma triglycerides (TG) levels were normal, and plasma non-
esterified fatty acids (NEFA) levels were actually reduced in the t10c12-CLA group
throughout the study (Fig 2H,1). Of note, plasma was obtained from mice that did not have
access to food for 4h, which prevented any transitory postprandial dyslipidemia in t10c12-
CLA mice, and therefore, reduced NEFA in mice with and without adipose tissue may be
related to increased lipid utilization in liver and muscle, which has been previously
suggested [37]. These mice also showed high insulin levels at day 38 of diet (Fig 2J) which
was likely due to the onset of insulin resistance.

3.2 t10c12-CLA induces rapid changes in adipose tissue gene expression associated

with lipodystrophy.
An acute reduction of fat mass and the development of fatty liver in mice fed a 110c12-CLA
diet for 9 days suggested that t10c12-CLA increases the mobilization of fatty acids from
adipose tissue to the liver. However, plasma NEFA levels were actually reduced in these
mice compared to the control mice (Fig 21 and 3A), and this was associated with reduced
expression of peroxisome proliferator-activated receptor -y (Ppary), adipose triglyceride
lipase (Atgl), and hormone sensitive lipase (Hsl) in both inguinal and gonadal WAT (Fig 3B,
D, E). Fatty acid translocase (Cd36), a PPARy-target gene involved in fatty acid uptake, was
reduced in c9t11-CLA fed mice (Fig 3C). Also, we found that c9t11-CLA significantly
reduced the expression of Atgl in inguinal WAT, and Hsl in inguinal and gonadal WAT (Fig
3D,E). Expression of the lipogenic genes acetyl-CoA carboxylase (Accl) and fatty acid
synthase (Fasn) was significantly reduced in inguinal WAT of t10c12-CLA fed mice as
compared to controls (Fig 3F,G). Conversely, the expression of carnitine
palmitoyltransferase 1 a (Cptla) and uncoupling protein 2 (Ucp2), genes related to fatty
oxidation and energy expenditure was increased in both WAT sub depots, although Ucp 1
was not significantly increased (Fig 3H-J). Finally, the expression of inflammation-related
genes, monocyte chemoattractant protein 1 (Mcpl) and the macrophage marker (F4/80), was
increased in both WAT sub depots in t10c12-CLA fed mice. Our results are in line with other
studies that reported both an inhibitory effect of t10c12-CLA on the expression of adipocyte
regulatory factors, lipolytic and lipogenic genes and a stimulatory effect on the expression of
genes involved in energy expenditure and inflammation [6, 37]. “In addition, our results
confirmed by gPCR the decreased expression of PPARg, and increased expression of Ucp2
in brown adipose tissue [37, 38], while it extended these result to include the reduced
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expression of Accl, Fasn, and increased expression of Mcpl and F4/80 expression (Fig 4A-

).

t10c12 CLA promotes insulin resistance but not glucose intolerance or

hyperglycemia.

Lipodystrophy is commonly associated with high glucose levels, glucose intolerance, and
the inability to lower blood glucose after administration of an acute bolus of insulin. After
14 days, we detected elevated blood glucose levels in mice fed a t10c12-CLA diet as
compared to mice fed control diet (Fig 5A), which suggested that glucose homeostasis was
impaired. However, t10c12-CLA fed mice were able to normalize blood glucose during a
GTT at day 18 of diet (Fig 5B,D). In fact, we observed that 15 min after glucose injections,
blood glucose levels in t10c12-CLA mice were reduced as compared to those of c9t11-CLA
mice (Fig 5B). Interestingly, we noted that the blood glucose levels of mice fed a t10c12-
CLA diet were lower than in controls or c9t11-CLA mice (from day 21 to day 31) (Fig 5A).
Despite maintaining normal/low glucose levels, mice fed a t10c12-CLA diet for 22 days
were insulin resistant, as determined by ITT (Fig 5C, E).

3.4 t10c12-CLA induces changes in hepatic gene expression and fatty acid composition

indicative of

enhanced glucose and fatty acid utilization.

In order to assess if dietary t10c12-CLA or c9t11-CLA impacts hepatic regulation of glucose
homeostasis, we measured the expression of hepatic genes involved in glucose and lipid
metabolism in mice fed CLA for 9 and 38 days. c9t11-CLA did not alter the expression of
any of the hepatic genes assessed in this study, and the t10c12-CLA did not alter the
expression of genes involved in glucose utilization, namely glucokinase (Gck) and pyruvate
kinase (PkIr), or glucose production, namely glucose-6-phosphatase (G6pc) and
phosphoenolpyruvate carboxykinase (Pckl) (Fig 6A-D). However, after 38 days, the
expression of genes involved in DNL, namely Accl, Fasn, and stearoyl-CoA desaturase 1
(Scdl), as well as genes involved in the uptake and re-esterification of fatty acids, Cd36 and
monoacylglycerol O-acyltransferase 1 (Mogatl) were increased in mice fed t10c12-CLA,
compared to controls and the c9t11-CLA group (Fig 6 E-I). Also, the expression of insulin-
like growth factor binding protein 1 (Igfbpl) was significantly increased after 38 days of
t10c12-CLA diet (Fig 6 J) which suggested that the liver of t10c12-CLA fed mice was
insulin resistant. Although we did not observe an increase in hepatic Cptla expression in the
t10c12-CLA fed mice (Fig 6K), hepatic Ucp2 expression was significantly increased at 9
and 38 days (Fig 6L). In order to determine the physiological consequences of the changes
in lipogenic genes, we determined hepatic fatty acid composition by GC/MS (Tables 2,3).
Total hepatic fatty acids were increased in mice fed a t10c12-CLA diet for 9 and 38 days
(Fig 7A). These changes were associated with increased levels of hepatic saturated fatty
acids (SFA) and monounsaturated fatty acids (MUFA) but not polyunsaturated fatty acids
(PUFA) after 38 days of diet (Fig 7B-D, Table 2). Interestingly, mice fed a c9t11-CLA and
t10c12-CLA diets for 9 days showed similar changes in the percentage of SFA, MUFA and
PUFA (Fig 7E-G, Table 3). However, after 38 days of diet, only mice fed the t10c12-CLA
diet showed increased percentages of MUFA and reduced percentages of PUFA (Fig 7F,G,
Table 3). The dramatic reduction in the percentage of PUFA was not only due to a massive
increase of the main MUFA: 16:1(n-7) and 18:1 (n-9), but also due to a significant reduction
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in the absolute levels of the main PUFA subspecies: 18:2(n-6) and 20-4(n-6) (Table 2,3). Of
note, independent of the length of dietary treatment, the ratio of MUFA/PUFA was increased
in mice fed the t10c12-CLA diet (Fig 7H). This effect could be due to increased synthesis of
fatty acids by DNL, which predominantly generates 16:0, 16:1(n-7), 18:1(n-7), and
18:1(n-9) [39]. Hepatic ratios of 16:0/18:2(n-6) (DNL-index, Fig 71), [18:1(n-7)+16:1(n-7)]/
16:0 and 18:1(n-9)/18:0 (SCD-index, Fig 7J-K) are positively associated with hepatic DNL
[39-42] and they were elevated in t10c12-CLA mice.

To determine the effect of fasting, a subset of mice fed the special diets for 38 days was
killed after an overnight fasting, and their hepatic gene expression was determined.
Overnight fasting resulted in increased expression of hepatic Gek and Pkir and reduced
expression of G6pc and Pckl (Fig 8A-D) in mice fed t10c12-CLA. Hepatic Accl, Fasn,
Scdl, Cd36 and Mogatl expression was also increased in the fasted livers of t10c12-CLA
fed mice (Fig 8E-1). Interestingly, the expression of 1gfbpl was not increased in mice fed a
t10c12-CLA after an overnight fasting (Fig 8J) despite high plasma insulin levels of fasted
t10c12-CLA mice: 0.56+/0.21 ng/ml [control], 2.68 +/- 0.55 ng/ml [t10c12-CLA], 0.76+/
-0.13 ng/ml [c9t11-CLA]. Finally, we observed that expression of hepatic Cptla was
reduced (Fig 8K), and Ucp2 expression was increased in the fasted mice treated with
t10c12-CLA (Fig 8L).

4. Discussion

We have shown that a low-fat diet containing t10c12-CLA rapidly induces a lipodystrophic
phenotype in adult male mice with the subsequent development of insulin resistance and
fatty liver. However, compensatory changes take place in the liver of the mice fed t10c12-
CLA, following the development of lipodystrophy, which prevent glucose intolerance and
maintain normal blood glucose levels. Previous studies in diet-induced obese Ld1r-/- mice
[37, 43] showed that 1% t10c12-CLA diets reduce body weight and select-depot fat mass
and exacerbate steatosis. Our studies in wild-type lean mice showed time- and tissue-
dependent effects of pure CLA-isomers that affect body composition and metabolic
function. Although t10c12-CLA diet showed anti-adiposity properties, we did not observe
changes in total body weight or lean mass. The reduction in adipose tissue and the
subsequent development of insulin resistance promoted by t10c12-CLA led to an excessive
accumulation of fat in the liver that was detectable by whole-body NMR-spectrometry.
Interestingly, insulin resistance in mice fed a t10c12-CLA was not associated with glucose
intolerance or high levels of blood glucose. The reduced effect of t10c12-CLA on hepatic
gene expression and fatty acid composition after 9 days of diet strongly suggests that
t10c12-CLA diets may impact indirectly hepatic lipid and glucose metabolism upon the
development of lipodystrophy. In the absence of adipose tissue, the liver becomes the major
center processing and storage of dietary carbohydrates and lipids. The changes observed
hepatic gene expression and fatty acid composition strongly suggest an increase in the
utilization of glucose to synthetize fatty acids by DNL and an increase uptake and re-
esterification of NEFA from circulation to prevent dyslipidemia.

c9t11-CLA isomer does not have the same effect as t10c12-CLA on adipose tissue and
metabolic function. Previous studies showed that four week feeding with 0.4% c9t11-CLA
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diet did not reduce fat mass or body weight in wild-type and obese db/db mice [44].
Similarly, eight week feeding with 0.5% or 1% c9t11-CLA diet did not reduce fat mass or
body weight in diet-induced obese Ld1r-/- mice [37]. However, in these studies, 0.4%
t10c12-CLA diet reduced fat mass in obese and lean mice in all fat subdepots [44] as
supported by earlier studies [8-10], while 1% t10c12-CLA diet was required to reduced
inguinal fat mass in diet-induced obese Ld1r—/— mice [37]. It is possible that inguinal WAT
is more sensitive to the actions of t10c12-CLA since, we have observed that after 9 days of
t10c12-CLA feeding in lean mice, inguinal but not gonadal WAT showed reduced Fasn,
Acc-1 (lipogenesis) and increased Cptla (fatty acid oxidation) expression. Overall, our data
are in agreement with previous studies that report the anti-adipogenic actions of t10c12-CLA
and we extend these observations to BAT. As previously reported by others, the actions of
t10c12-CLA are clearly involved in the loss of adipocyte differentiation, reduction of
lipogenesis, and increase in fatty acid oxidation and inflammation [6, 16, 37, 45] which may
be directly associated with apoptosis-mediated cell death induced directly by t10c12-CLA
[16-18] that produces lipodystrophy.

Mice fed t10c12-CLA or a mixture of c9tl 1-CLA and t10c12-CLA are known to develop
steatosis and insulin resistance [10]. In our study, however, mice fed 0.8% t10c12-CLA
showed normal blood glucose levels and glucose tolerance. This led us to question how they
could control glucose levels in the circulation despite impaired insulin-mediated glucose
disposal in muscle and adipose tissue, and hepatosteatotis. One possible explanation may
reside in improved hepatic glucose utilization. Insulin increases glucose utilization in the
liver by inhibiting glucose production and promoting DNL, which in turn reduces fatty acid
oxidation [46]. Of relevance for this study, we observed that while hepatic MUFA levels
were increased, hepatic PUFA levels were reduced in mice fed t10c12-CLA, which was in
agreement with other reports [26, 28, 29]. Of note, a reduction in hepatic PUFA in mice fed
t10c12-CLA may be due to increased lipid peroxidation [47] and decreased PUFA
biosynthesis [48, 49], but apparently not due to B-oxidation [30]. A decrease in PUFA leads
to stimulation of carbohydrate-responsive element binding protein, a key nuclear factor
which enhances DNL, through increased glycolytic flow [50]. In t10c12-CLA treated mice,
upon development of lipodystrophy, enhanced glycolytic flow and associated DNL may
offset the activation of glucose production [51], and this may contribute to normalization of
plasma glucose levels. On the other hand, the stimulation of expression lipogenic genes by
t10c12-CLA appears to conflict with the reported negative effects of t10c12 CLA on SCD
activity. Thus while several /n vitro studies reported that the expression and activity of
Scd-1, an enzyme strongly associated with DNL, is inhibited by t10c12 CLA [5254], our
current study, as well as previous reports by others [20, 27, 28, 31] showed that, /n vivo,
Scd-1 activity and expression was actually increased by t10c12-CLA. A possible
explanation for this contradiction may lie in the fact that hepatic PUFA levels are
significantly reduced upon development of lipodystrophy and consequently hepatic DNL is
increased as discussed above. However, the exact mechanism by which t10c12-CLA reduces
hepatic PUFA levels requires further investigation. Nonetheless, the positive effect of
t10c12-CLA on hepatic DNL is also supported by studies /n vitro that used linoleic acid
(PUFA) as control [55], and /n vivo studies that reported an insulin-dependent t10c12-CLA-
mediated upregulation of hepatic DNL [20, 27, 31]. In addition, the effects of t10c12-CLA
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in vivo may be diet-dependent, since high fat diet-induced obese Ld1r-/- mice do not show
changes in insulin resistance, insulin levels, or expression of genes involved in DNL but
have worse steatosis than obese controls [37].

Although the induction of hepatic DNL seems to be one of the more significant effects of
t10c12-CLA in lean mice, it remains to be determined why the liver of mice fed t10c12-
CLA does develop severe hepatic insulin resistance and shows reduced expression of
gluconeogenic genes. In this regard, it should be noted that lipodystrophic models with
steatosis display dyslipidemia due to WAT lipolysis [34—-36] which leads to hepatic insulin
resistance and glucose intolerance [56]. However, based on our results and previous studies,
it is likely that mice fed t10c12-CLA show increased lipid utilization [37] associated with
increased expression of Ucp-2 in multiple tissues [57] rather than increase WAT lipolysis.
This may represent a discrepancy between the lipodystrophic models and the phenotype
observed in t10c12-CLA fed mice.

Taken together, the data presented here suggest that t10c12 CLA has differential effects on
adipose tissue and liver. Our data are in line with those published by others that support a
rapid effect of t10c12-CLA on macrophage infiltration and apoptosis in the adipose tissue,
resulting in rapid loss of adipocytes, and consequent development of hyperinsulinemia.
However, in the liver, t10c12-CLA may have indirect effects dependent of the massive loss
of adipose tissue and reduction in PUFA levels that eventually worse steatosis mainly due to
increased de novo synthesis of lipids but keep the liver sensitive to the actions of insulin to
prevent glucose intolerance.
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- t10c12-CLA, but not c9t11-CLA, has significant effects on the physiology of

- Dietary t10c12-CLA has differential effects on liver and adipose tissue
- Hepatic actions of t10c12-CLA are dependent of loss of adipose tissue.

- Alterations of hepatic metabolism by t10c12-CLA may regulate glucose

Highlights

lean mice.

homeostasis.
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Figure 1. Dietary t10c12 CLA induces a transitory reduction of body weight and fat mass

without alterations in lean mass.

A) Body weight, B) NMR-based fat mass, and C) NMR-based lean mass of mice fed a
control diet (open circle, discontinuous line), a t10c12-CLA diet (black squares, black line),
or a c9t11-CLA diet (grey triangles, grey line). Data are represented as means +/— SEM, and
analyzed by two-way ANOVA followed by a Tukey posthoc analysis. a, indicates significant
differences between mice fed a t10c12-CLA diet with mice fed a control or a c9t11-CLA
diet within time points. a, p<0.05. N= 6-12mice/group.
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Figure 2. Dietary t10c12-CLA promotes lipodystrophy and fatty liver.
A) Body weight, and relative B) inguinal white adipose tissue (iWAT), C) gonadal WAT

(QWAT), D) brown adipose tissue (BAT), and E) gastrocnemius. F) Liver weight. G) Liver

TG, and plasma H) TG, I) NEFA, and J) insulin. Open columns (control diet), black columns
(t10c12-CLA diet), grey columns (c9t11-CLA diet). Data are represented as means +/-
SEM, and analyzed by two-way ANOVA followed by a Tukey posthoc analysis. Different

letters indicate significant differences between groups within time point. p<0.05. N=

5-6mice/group.
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Figure 3. Dietary t10c12-CLA for 9 days reduces the expression of lipogenic genes and increases
the expression of fatty oxidation and inflammatory genes in a tissue-specific manner.

A) Plasma NEFA, and expression of B) PPARy, C) Cd36, D) Atgl, E) Hsl, F) Accl, G)
Fasn, H) Cptla, 1) Ucpl, J) Ucp2, K) Mcpl, and L) F4/80 in inguinal WAT (iWAT) and
gonadal (QWAT). Open columns (control diet), black columns (t10c12-CLA diet), grey
columns (c9t11-CLA diet). Data are represented as means +/— SEM of relative values of
controls (set at 100%, B-L), and analyzed by one-way ANOVA followed by a Tukey posthoc
analysis. Different letters indicate significant differences between groups within fat sub
depot. p<0.05. N= 4-6 mice/group.
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Figure 4. Dietary t10c12-CLA for 9 days reduces the expression of lipogenic genes and increases
the expression of fatty oxidation and inflammatory genes in brown adipose tissue.

Expression of A) PPARy, B) Cd36, C) Accl, D) Fasn, E) Cptla, F) Ucpl, G) Ucp2, H)
Mcpl, and 1) F4/80 in BAT. Open columns (control diet), black columns (t10c12-CLA diet),
grey columns (c9t11-CLA diet). Data are represented as means +/— SEM of relative values
of controls (set at 100%), and analyzed by one-way ANOVA followed by a Tukey posthoc
analysis. Different letters indicate significant differences between groups. p<0.05. N=
5-6mice/group.
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Figure 5. Mice fed a diet containing t10c12-CLA show normal glucose levels and clearance of
circulating glucose, but develop insulin resistance.

A) Blood glucose was assessed in mice at 1200h, food was withdrawn at 0800h. B) Glucose
tolerance test, 2g/kg ip was performed in overnight fasted mice at 0900h. C) Insulin
tolerance test, 1.5U/kg ip was peformed in mice at 1200h, food was withdrawn at 0800h.
Open circle, discontinuous line (control diet), black squares, black line (t10c12-CLA diet),
grey triangles, grey line (c9t11-CLA diet). Data are represented as means +/— SEM, and
analyzed by two-way ANOVA (A-C) or one-way ANOVA (D-E) followed by a Tukey
posthoc analysis. Letters indicate significant differences between groups within a time point:
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a, control vs t10c12-CLA; b, control vs c9t11-CLA, c, t10c12-CLA vs c9t11-CLA. p<0.05.
Asterisks indicate differences between control and t10c12-CLA, **, p<0.01. N= 6-12mice/

group.
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Figure 6. Dietary t10c12-CLA increases expression of hepatic lipogenic genes.

Hepatic expression of A) Gck, B) Pklr, C) Gépc, D) Pckl, E) Accl, F) Fasn, G) Scdl, H)
Cd36 1) Mogatl, J) Igfbpl, K) Cptla, and L) Ucp2 of mice after 9 and 38 days of the special
diets. Open columns (control diet), black columns (t10c12-CLA diet), grey columns (c9t11-
CLA diet). Data are represented as means +/— SEM of relative values of controls (set at
100%), and analyzed by one-way ANOVA followed by a Tukey posthoc analysis. Different
letters indicate significant differences between groups within time point. p<0.05. N= 5-6
mice/group.
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Figure 7. Dietary t10c12-CLA induces significant changes in the hepatic fatty acid composition.
Hepatic levels of A) total fatty acids (FA), B) saturated FA (SFA), C) monounsaturated FA

(MUFA), D) polyunsaturated FA (PUFA), E) MUFA/PUFA ratio, F) percentage of SFA, G)
percentage of MUFA, H) percentage of PUFA, I) de novo lipogenesis index (DNL:
16:0/182:2(n-6), J) SCD-index (18:1(n-7)+16:1(n-7)/16:0), and K) J) SCD-index (18:1(n-9)/
18:0) of mice after 38 days of the special diets. Open columns (control diet), black columns
(t10c12-CLA diet), grey columns (c9t11-CLA diet). Data are represented as means +/—
SEM, and analyzed by one-way ANOVA followed by a Tukey posthoc analysis. Different
letters indicate significant differences between groups within time point. p<0.05. N=

4-6mice/group.
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Figure 8. Dietary t10c12-CLA increases expression of hepatic glycolytic and lipogenic genes and
reduces gluconeogenic genes in fasted mice.

Hepatic expression of A) Gek, B) Pklr, C) Gépc, D) Pckl, E) Accl, F) Fasn, G) Scdl, H)

Cd36, 1) Mogat1, J) Igfbpl,

K) Cptla, and L) Ucp2 of overnight fasted mice after 38 days of

the special diets. Open columns (control diet), black columns (t10c12-CLA diet), grey
columns (c9t11-CLA diet). Data are represented as means +/— SEM of relative values of
controls (set at 100%), and analyzed by one-way ANOVA followed by a Tukey posthoc
analysis. Different letters indicate significant differences between groups within time point.

p<0.05. N= 5-6 mice/group.
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Composition of the diets used in this study and food intake.

Table 1.

Page 23

Diets are nutrient matched and isocaloric (3.6 Kcal/g). Different letters indicate significant differences in food
intake between groups. p<0.05. N= 12 mice/group.

g/kg

Casein
L-Cystine
Corn Starch
Maltodextrin
Sucrose
Cellulose
Canola Oil
Linoleic acid
t10c12-CLA
c9t11-CLA

Control
200

3
427.392
132

100

50

30

Mineral Mix, AIN-93G-MX (94046) 35
Vitamin Mix, AIN-93-VX (94047) 10

Choline Bitartrate
TBHQ, antioxidant
% Kcal from fat
Protein
Carbohydrate

Fat

Food intake

g/4h (mean + SEM)

25
0.008
Control
19.7
69.8
10.5
Control

1.322+0.14

t10c12-CLA
200

3

427.392

132

100

50

30

0

8

0

35

10

25

0.008
t10c12-CLA
19.7

69.8

10.5
t10c12-CLA
1.372£0.13

c9t11-CLA
200

3

427.392
132

100

50

30

0

0

8

35

10

2.5

0.008
c9t11-CLA
19.7

69.8

10.5
cot11-CLA
1.83°+0.11
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