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Overweight and structural alterations of the liver in
female rats fed a high-fat diet: A stereological and

histological study

Yuksek yagl diyetle beslenen disi sicanlarda agirlik artisi ve karacigerin yapisal
degisiklikleri: Stereolojik ve histolojik bir calisma

Berrin Zuhal ALTUNKAYNAK, Elvan OZBEK
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Background/aims: The aim of the present study was to investiga-
te the effects of a fatty diet on body weight and liver morphometry
in rats via modern stereological methods accompanied by a histolo-
gical evaluation. Methods: Eight female “Sprague Dawley” rats we-
re fed a diet constituted highly of fat (30%) for 3 months (the HFD
group). Eight control rats were maintained with a standard rat
chow. The naso-anal length and body weight of the animals were
measured periodically to calculate body mass index. After 3 months,
whole livers from the rats were removed, and the volume of each
fresh liver was estimated using the water immersion method. After
the histological procedure, the volume of paraffin-embedded livers
was also estimated using the “Cavalieri” method. Additionally, vo-
lumes of the sinusoids and parenchyma were separately estimated
with “Cavalieri” method. The mean numerical density, mean nucle-
ar height, and total number of hepatocytes were calculated using the
physical disector method. Liver sections were also examined at light
and electron microscopic levels. Results: The body mass indexs of
the animals in the control and HFD groups were 4.536+0.221 kg | m®
and 5.581+0.42 kg | m?, respectively (p<0.01, Mann-Whitney U test).
The mean liver volumes (LVs) measured with water immersion met-
hod in the control and HFD groups were 10.51 ml and 11.8 ml, res-
pectively. LVs estimated with “Cavalieri” method were 9.98 ml in
the control group and 11.095 ml in the HFD group. The differences
in LVs between groups were statistically significant when estimated
with both methods, indicating that the LV of the HFD group is hig-
her than that of the control group (p<0.05, Mann-Whitney U test).
There was no significant difference between LVs estimated via the
two different methods in each group (p>0.05, Wilcoxon test). The vo-
lume of sinusoids was increased in the HFD group, but the volume
of parenchyma was decreased (p<0.05, Mann-Whitney U test). The
mean numerical density, mean nuclear height, and total number of
hepatocytes were significantly decreased in the HFD group (p<0.05,
Mann-Whitney U test). However, the numerical density and total
number of binucleated hepatocytes were significantly higher in the
HFD group compared with the control group (p<0.05, Mann-Whit-
ney U test). Light and electron microscopic investigations of the
HFD group showed a prominent sinusoidal dilatation, microvesicu-
lar steatosis, and an increase in connective tissue in the livers and
highly dilated smooth endoplasmic reticulum, irregular mitochon-
dria and microvilli and necrosis in the hepatocytes. Conclusions:
We have shown that a fatty diet in rats causes obesity and may le-
ad to morphological alterations in the liver such as hepatomegaly
accompanied by histopathological changes.
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Amag: Bu ¢alismanin amac, yaglh diyetin viicut agirligi ve kara-
ciger morfometrisi iizerine etkilerini, histolojik degerlendirmeyle
birlikte modern stereolojik yontemleri de kullanarak siganlarda
arastirmaktir. Yontem: “Sprague Dawley” cinsi 8 adet disi sican 3
ay boyunca yag icerigi yiiksek (%30) bir diyetle (YYD grubu); 8 adet
kontrol sigan ise standart sican yemi ile beslendi. Hayvanlarin na-
zo-anal uzunlugu ve viicut agirligy, “viicut kitle indeksini” hesapla-
mak icin periyodik olarak olciildii. U¢ ay sonra sicanlarin karaci-
Serleri biitiin halinde ¢ikarildy ve her bir taze karacigerin hacmi,
“suya daldirma metodu” kullanilarak ol¢iildii. Histolojik takipten
sonra parafine gomiilen karacigerlerin hacmi, “Cavalieri” metodu
ile de hesaplandi. Bunun yant sira “Cavalieri” metodu ile, siniizo-
idlerin ve parankimanin hacimleri ayri ayri él¢ildii. Hepatositle-
rin toplam sayist, ortalama niikleus yiiksekligi ve ortalama sayisal
yogunlugu fiziksel disektor yontemiyle hesaplandi. Karaciger kesit-
lert ayrica 151k ve elektron mikroskobik diizeylerde incelendi. Bul-
gular: Kontrol ve YYD grubundaki hayvanlarin viicut kitle indek-
sleri sirasvyla 4,536+0,221 kg /m’ ve 5,5681+0,42 kg /m’ idi (p<0,01;
Mann-Whitney U test). Suya daldirma metodu ile 6l¢iilen ortalama
karaciger hacimleri, kontrol ve YYD gruplarinda sirasiyla 10,51
ml ve 11,8 ml idi. “Cavalieri” metodu ile hesaplanan karaciger ha-
cimleri kontrol grubunda 9,98 ml ve YYD grubunda 11,095 ml idi.
Iki grubun karaciger hacimleri arasindaki fark, her iki metotla da
hesaplandiginda, istatistiksel olarak énemliydi; yani YYD grubu-
nun karaciger hacimleri, kontrol grubundakinden daha fazlaydu
(p<0,05; Mann-Whitney U test). Her bir grup icin de iki farkli me-
totla hesaplanan karaciger hacimleri arasinda énemli bir fark yok-
tu (p>0,05; Wilcoxon test). Siniizoidlerin hacmi YYD grubunda art-
nmusty, fakat parankima hacmi azalmistt (p<0,05; Mann-Whitney U
test). Hepatositlerin toplam sayisi, ortalama sayisal yogunlugu ve
ortalama niikleus yiiksekligi YYD grubunda énemli derecede azal-
nustt (p<0,05; Mann-Whitney U test). Ancak iki niikleuslu hepato-
sitlerin toplam sayist ve sayisal yogunlugu, kontrol grubuyla kiyas-
landiginda YYD grubunda onemli derecede daha fazlaydi (p<0,05;
Mann-Whitney U test). Isik ve elektron mikroskobik incelemelerle;
YYD grubunda karacigerde belirgin siniizoidal dilatasyon, mikro-
vezikiiler yaglanma ve bag dokusunda artis gozlendi; hepatositler-
de olduk¢a genislemis diiz yiizlii endoplazmik retikulum, diizensiz
mitokondriler ve mikrovilluslar ve nekroz saptandi. Sonug¢: Biz bu
calismada, yagl diyetin sicanlarda obeziteye sebep oldugunu ve
karacigerde histopatolojik bulgularla eslik edilen hepatomegali gi-
bi morfolojik degisikliklere yol acabilecegini gosterdik.
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INTRODUCTION

Today, the prevalence of obesity has reached epi-
demic levels in most developed countries, especi-
ally in the United States (1). Obesity is a growing
problem in modern societies due to the intensive
lifestyle, high carbohydrate or fat dietary intake,
and reduced energy consumption. More than half
of adult Americans are overweight today (2). Obe-
sity is generally responsible for many chronic di-
seases such as cardiovascular problems, hyperten-
sion, diabetes, and hyperlipidemia (1). Additio-
nally, obesity is the most important risk factor for
complex and chronic liver disorders (3). These li-
ver disorders begin as steatosis and may progress
to steatohepatitis, cirrhosis, liver failure, and he-
patocellular carcinoma (4, 5). It has been previo-
usly reported that insulin-resistant type 2 diabe-
tes and hyperlipidemia occur in most liver cases
(6). Although there are no apparent symptoms, so-
me disorders such as hepatomegalia, abnormal li-
ver biochemistry and abdominal ultrasound fin-
dings can be incidentally determined in patients
with liver diseases (7).

Stereology is a series of tools used to quantify fe-
atures of 3D objects from their 2D sections through
an object (such as microscopic slides of a solid spe-
cimen). The specialization of stereological tools
makes these estimates unbiased and reliable (8, 9).

In the practice of stereology, we place test devices
(grids, points, lines) over planes cut through our
specimens (histological or magnetic sections). The
geometric properties of the test systems are
known (10, 11). Therefore, we can get information
about unknown properties of our specimens by ob-
serving how the test devices relate to them. This
quantitative information supplies an important
contribution to biomedical research by exploiting
the constancy and integrity of results performed in
the laboratories of basic and clinical departments
and reported in scientific journals.

While various diagnostic approaches have been
used to evaluate liver diseases in obese patients
(12), very few stereological studies have been per-
formed till now to estimate the quantitative chan-
ges in the liver (13, 14). Moreover, only one of the-
se studies reported the effects of a high-fat diet on
liver stereology (15).

The aims of the present study were as follows: 1)
to form an obesity model by feeding rats with a
high-fat diet, 2) to evaluate possible quantitative
changes in the livers of obese rats by estimating
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the volumetric data via both the water immersion
method (WIM) and the unbiased Cavalieri method
(CM) and numerical data via the physical disector
method, and 3) to examine microscopically the
anatomy of the livers of obese rats to determine
possible histopathological changes.

MATERIALS AND METHODS
Animals and Diets

Sixteen adult female Sprague Dawley rats (150-
200 g each) from the Experimental Research and
Application Center of our university were ran-
domly allocated into two groups of equal number.
The control rats were fed a commercial rat diet (7-
10% fat, 68-70% carbohydrates, 18-20% protein, 1-
2% vitamins and minerals; 210 kcal/100 g/day) for
3 months, while rats in the treatment group (the
HFD group) were fed a high-fat diet (30% calories
as fat) for the same period of time. To prepare the
fatty diet, the commercial rat diet in powder form
was mixed with melted animal abdominal fat so as
to provide 30% of the total energy from fat. This
mixture in a dough-like consistency was given a
shape like that of the commercial rat diet, and dri-
ed, and used for feeding animals in the treatment
group.

The rats were housed in plastic cages (2 animals
per cage), maintained under standardized conditi-
ons of light (12-h light/dark cycle) and room tem-
perature (22+2°C), with free access to food and tap
water. The diet consumption of all animals was
monitored daily, and the animals were weighed at
the beginning of the study and once every 10 days
for 3 months to determine any weight increase. At
the end of the experiment, the animals were
anesthetized with Sevorane® (Abbott, Ultane; Ca-
nada), and their naso-anal length was measured
to calculate the body mass index [BMI = weight
(kg) / length (m)*]. Subsequently, the anesthetized
animals were sacrificed by intracardiac perfusion
of 10% formalin solution. Whole livers were remo-
ved from the rats and processed for stereological
and microscopic analyses (Figure 1). This study
was given ethical approval by the Experimental
Research and Application Center.

Tissue Processing for Stereological and
Light Microscopic Analyses

To detect the volume of the whole liver (LV), the
removed fresh livers were first immersed in water,
and the LVs were measured using WIM (Figures
1A and 1B). Then, livers were systematically and
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randomly sampled using fractionating knives (Fi-
gure 1C) for stereological evaluation. The livers
were cut into 5-um slices with these knives, and 6-
8 liver pieces were obtained from each liver. On
the basis of a pilot study, it was decided to select
every 5" liver piece from all the pieces (Figure 2A)
(16). Following this step, selected pieces were cut
into tissue cubes with the knives, and every 5™ tis-
sue cube was selected from all cubes. Thus, three
liver cubes at 125 mm?® were used for final estima-
tions.

Subsequently, selected liver cubes from each liver
(Figure 2B) were post-fixed in 10% formalin solu-
tion for 48-55 hours, dehydrated in graded alcohol
series, embedded in paraffin wax, and serially sec-
tioned using a Leica RM2125RT microtome (Leica;
Germany). Serial sections of 5 pm thickness were
mounted on glass slides. As the second step of the
stereological procedure, every 5* liver section was
selected through a set of consecutive paraffin sec-
tions from each selected liver piece. The first sec-
tion was chosen randomly. Fifteen to 20 sections
were sampled from each rat liver in a systematic
random manner (17). Selected sections were stai-
ned with hematoxylin-eosin (H&E), and photog-
raphed on the PC screen (Figure 2C) using a light
microscope (Olympus BH-2; Japan) with a digital

Figure 1. A. Removed whole liver, B. Volumetric estimation in water, C. Fractionating knives.
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color camera attachment (Sanyo VVC-6975P; Ja-
pan) and dial indicator. The unbiased CM was
applied to the light microscopic images for the ste-
reological estimation of LV, and the volume of the
sinusoids and the parenchyma (18, 19).

Thus, three different point-counting test grids we-
re used to estimate the sectioned area in the liver
(Figure 2D). These grids were used to estimate the
volume of the liver (Figure 2D), the volume of sinu-
soids, and the volume of the parenchyma, respecti-
vely. The point density of the point-counting grids
was designed to obtain an appropriate coefficient
of error (CE) for an area of interest in images of
the serial sections (19, 20). The CE and coefficient
of variation (CV) were estimated according to Gun-
dersen and Jensen’s formula (21-23). The test grid
with a systematic array of points was randomly
placed on the screen of the PC, and the estimation
area was sampled in a '/, ratio according to the op-
timal CE. The volume of each area of interest (only
sinusoids or parenchyma) in all liver sections was
estimated using the following formula:

Volume =t x a/p x 2P (“t”, section thickness; “a/p”,
representing the area of each point on the point-
counting grid; “XP”, total number of the points hit-
ting the area of interest)

light microscopic image from
a selected liver section (x10 magnification). D. Light microscopic image at A after superimposing a point-counting grid (x10 magni-
fication).
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Then, the total volume of the selected sections
from each rat liver was multiplied by 125 (total
fraction ratio) to estimate LV (LV= total volume of
selected sections x 5 x 5 x 5), total sinusoid volu-
me, and the volume of the parenchyma.

Sample estimation for the LV was performed as
follows:

Volume= (t x a/p x XP) x4 (area sampling ratio) x
125 (tissue sampling ratio)

Volume= (0.0005 x 0.0625 x 620) x 4 x 125
Volume= 9.69 cm’

For light microscopic examination, sections were
stained with three different histochemical met-
hods, H-E, Oil Red O stain, and Von Gieson tech-
nique (24). Slides were covered and photographs
taken using a light microscope with a camera at-
tachment (Nikon Eclipse E600; Japan).

Number of Hepatocytes:

The sampling of physical disector pairs was done as
described previously (23). In brief, we obtained ap-
proximately 180 sections from each liver. According
to our preliminary study, the pairs from every 9™
section were chosen randomly, and in this way, ap-
proximately 15-20 section pairs were obtained. It
has been reported that this number is in an accep-
table range for stereological analysis (21-23). Disec-
tor pairs were taken from the tissue at a known in-
terval (1/5), until the tissue sample was exhausted.
Two consecutive sections were mounted on each sli-
de. Photographs of adjacent sections were taken
with a digital camera (Olympus BH-2; Tokyo, Ja-
pan) at a magnification of x400. If a hepatocyte
nucleus was seen in the reference section but not in
the look-up section, it was counted as a disector
particle (22). To increase the countable disector
particle number, i.e., the nucleus, we exchanged
the role of sections in the second step. An unbiased
counting frame was placed on the reference and the
look-up sections on the screen of the PC to perform
the counting according to the disector counting
method (8, 22). In these disector pairs, one-nuclea-
ted and binucleated hepatocytes were considered at
x20 objective and x400 final magnification. Firstly,
the numerical density of all hepatocytes (one- and
two-nucleated) was estimated, and then, the nume-
rical density of only binucleated hepatocytes seen
in the same disector pairs was estimated.

The mean numerical density of hepatocytes (one-
and two-nucleated) (NV(HC)) per cm® was estima-
ted using the following formula:
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Nvgye= 2 Q ey / tx af

Where 2Q-c is the total number of nucle-
i seen in the reference but not in the look-up secti-
on, “t” is the mean section thickness (5 um), and
“af” is the area of the unbiased counting frame.

In another step of this study, the mean nucleus
height was estimated to comment about the hepa-
tocyte size.

The mean nucleus height (H ,.4..), Which is an es-
timation of the size of the nucleus, was estimated
using the following equation (20,25).

Q nucleus,
X e [t

H (nucleus) = [Z

(nucleus)

Where 2Q e 1S the total number of nuclei seen
in the reference section, ZQ e 18 the total num-
ber of disector nuclei seen in the reference but not
seen in the look-up section, and “t” is the mean
section thickness (5 ym). The total number of HC
(TN ) in the rat liver was estimated by the follo-
wing equation:

TN yye= Nvge, x LV

Where Nv, is the numerical density of hepatocy-
tes (NV ) in ecm® and LV is the liver volume (cm?)
estimated using the Cavalieri principle.

Correction for Tissue Shrinkage:

Shrinkage will affect all stereological size estima-
tors including volume (26, 27). Measurements we-
re made to quantify shrinkage caused by fixation
and histological procedures. For this purpose, the
volume of removed fresh liver was calculated by
WIM. After processing and exhaustively cutting,
the LV was estimated with the CM (21). The volu-
me shrinkage was then calculated as follows:

) volume after
volume shrinkage = [ volume befor e]

Stereo Investigator:

The physical disector was used to estimate the nu-
merical density of hepatocytes and the CM to esti-
mate the LV by means of a workstation, made
with a microscope (Olympus BH-40; Tokyo, Japan)
equipped with a matching condenser, a microcator
(LEP Electronic Products Ltd; Hawthorne, NY,
USA) to control the movements in z-axis (accuracy
0.5 um), a motorized stage for stepwise displace-
ment in the x—y axis (accuracy 1 pm), and a CCD
video camera (Sony; Tokyo, Japan) connected to a
21-inch PC monitor (Philips). The whole system
was controlled by the software Stereo Investigator
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(MicroBrightField Inc.; Wiliston, VT, USA; versi-
on 6.0).

Electron Microscopic Procedure:

For the electron microscopic examination, livers
were fixed in 3% glutaraldehyde in 0.1 M phospha-
te buffer, post-fixed in 1% osmium tetroxide in 0.1
M phosphate buffer, dehydrated in a graded aceto-
ne series, and transferred to propylene oxide. Af-
ter dehydration, specimens were embedded in
Araldite CY 212. Sections were cut using an ultra-
microtome (LKB NOVA, Bromma, Sweden). Then,
ultra-thin sections were stained with uranyl ace-
tate and lead citrate. Finally, sections were exami-
ned under a Jeol 100 SX electron microscope (Jeol;
Tokyo, Japan).

Histopathological examinations were carried out
on the images of the same sections at both light
and electron microscopic levels.

Statistical Analyses:

Microsoft® SPSS Version 13.0 for Windows was
used for statistical analyses. The Mann-Whitney
U test was applied to compare the control and tre-
atment groups with respect to BMIs, volumes of
the liver and the sinusoids, the mean volume of
the hepatocytes and the mean numerical density,
and the total number and mean nuclear height of
the hepatocytes. Differences between the two met-
hods used for estimating LVs were analyzed in
each group and between groups using the Wilco-
xon signed-ranks test. All statistical values under
0.05 were considered significant.

RESULTS

In the present study, no animals died in either
group during the experiment. The BMI results are
summarized in Figure 3. The mean BMI was 4.536
+ 0.221 kg/m® in the control group and 5.581 + 0.42
kg/m® in the HFD group. The difference between
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Figure 3. BMI (body mass index) values of animals in both
groups (Mean + SEM).

the BMI values of the two groups was statistically
significant (p<0.01, Mann-Whitney U test).

The LVs of the control and HFD groups were sig-
nificantly different from each other when estima-
ted with both WIM and CM, suggesting that the
LV of the rats in the HFD group is higher than
that in the control group (p<0.05, Mann-Whitney
U test) (Table 1). However, there was no statisti-
cally significant difference between LVs estimated
via the two different methods in each group
(p>0.05, Wilcoxon test), indicating that CM is as
safe as WIM for estimations. Also, the volumes of
the sinusoids in the two groups were different
(p<0.05, Mann-Whitney U test) (Table 1). The vo-
lume of the parenchyma in the control rats was
higher than in the HFD group (p<0.05; Mann-
Whitney U test) (Table 1).

The tissue shrinkage ratio was estimated as 5.1%
in the control group and 6% in the HFD group, and
the shrinkage ratios were not significant in either
group (p>0.05; Mann-Whitney U test). Also, there

Table 1. Morphometric evaluations performed in this study

Measurements Control Group (=x SEM) CE HFD Group(x SEM) CE
LV via WIM (cm?®) 10.51+1.3 - 11.8+1.77 -
LV via CM (cm®) 9.98+1.21 0.002 11.095+3.11 0.002
Volume of parenchyma (cm?) 6.702+1.34 0.012 5.408+1.17 0.023
Volume of sinusoids (cm?®) 3.278+0.87 0.031 5.687 +1.76 0.029
MND of hepatocytes (cell/cm?) 204,820,000 1,428,406 0.012 177,750,000+1,297,210 0.017
MND of binucleated hepatocytes (cell/em®) 23,523,000+832,145 0.042 32,540,000+643,890 0.038
TN of hepatocytes 2,044,103,600+123,425,678 0.029 1,772,136,250+109,247,689  0.046
TN of binucleated hepatocytes 234,759,540+17,178,912 0.021 361,031,300+28,790,121 0.032
NH of hepatocytes (um) 6.34+0.81 0.037 5.22 £0.44 0.043

LV: Liver volume. WIM: Water immersion method. CM: Cavalieri method. MND: Mean numerical density. TN: Total number. NH: Nuclear height.

CE: Coefficient of error. SEM: Standard error mean.
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was no significant difference in terms of tissue
shrinkage between the two groups (p>0.05, Mann-
Whitney U test).

The mean numerical density of hepatocytes in
each group is shown in Table 1. The numerical
density of hepatocytes in the livers of the HFD
group was significantly decreased (about 13.3%) in
comparison to the control group (p<0.001). Howe-
ver, the mean numerical density of binucleated
hepatocytes was significantly increased (about
38.33%) compared to the control group (p<0.0001)
(Table 1).

The total number of hepatocytes in the livers of the
control and HFD groups is shown in Table 1. The to-
tal number of hepatocytes in the livers of the HFD
group was significantly decreased compared to the
control group (p<0.001). However, the total number
of binucleated hepatocytes was significantly increa-
sed (p<0.001) in the livers of the HFD group compa-
red to those of the control group (Table 1).

The mean nuclear height of the hepatocytes of the
HFD and control groups is shown in Table 1. The-
re was a significant difference between the mean
nuclear heights of the hepatocytes of the HFD and
control groups (p<0.001). The mean nuclear height

Figure 4. A,B,C,D,E and F:
tral vein; CT, connective tissue; Asterisks indicate a necrotic focus containing fibrotic areas and mononuclear cells; Black arrows,
connective tissue enlargement at perivascular areas; White arrows show microvesicular lipid droplets within the hepatocytes. Insets
in B show fibrotic (on left) and necrotic (on right) areas with mononuclear cell infiltrations. Insets in F reveal macrophages (on left)
and hypertrophied hepatocytes undergoing ballooning degeneration (on right, arrow head). Stains: Hematoxylin-eosin (A, B); Von
Gieson (C, D); Oil Red O (E, F). Magnification Bars: 60 pm.

micrographs of livers from th
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of the hepatocytes in the HFD group was 17.7% lo-
wer than the mean nuclear height of the hepatocy-
tes in the control group.

By light microscopy of the livers from the HFD gro-
up, prominent dilatations were observed in the si-
nusoidal capillaries and central veins and branc-
hes of the portal vein (Figures 4B, 4F). In the Oil
Red O-stained slides of the HFD livers, many mo-
re red droplets within the cytoplasm of hepatocytes
were present in comparison with the control livers
(Figures 4A, 4C, 4E), indicating microvesicular ste-
atosis in the livers of the HFD group (Figure 4F),
and many hypertrophied hepatocytes containing
large cytoplasmic vacuoles were found (Figure 4F
right inset). Additionally, there were red-colored
areas around the portal triad in the Von Gieson-
stained liver sections of the HFD group, showing
an increased fibrosis (Figure 4D). Cell plates con-
sisting of eosinophilic hepatocytes with dense
cytoplasm and dark nuclei were also seen, sugges-
ting a cellular degeneration leading to necrosis (Fi-
gure 4B). Necrotic foci (Figure 4B and right inset
in 4B) accompanied by mononuclear cell infiltrati-
ons and fibrotic areas (Figure 4B and left inset in
4B), and many macrophages (Figure 4F) were fo-
und in the liver sections of the HFD group.
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Figure 5.A énd.B: Electro micrographs of livérs from the HFD group; N, condenséd nuclei of endothelium; ly, lysosomes; L, lipid
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droplet; m, mitochondrion; N, nucleus of hepatocyte; v, vacuole; a Kupffer cell filled with lysosomes and vacuoles is seen in B. Stains:

Uranyl acetate and lead citrate. Magnification Bars: 1 ym.

In the electron microscopic sections of the livers
from the HFD group, chromatin condensation of the
endothelial cell nuclei (Figure 5A) and numerous li-
pid droplets within the hepatocytes (Figures 5A,
6B) were observed. In both hepatocytes and Kupffer
cells, abundant lysosomes were present (Figures
5B, 6A). The boundaries of mitochondria were irre-
gular, and the mitochondrial contents were disper-
sed in the cytosol (Figures 6B, 6B-inset, 7A-inset).
The smooth endoplasmic reticulum was dilated and
enlarged, and the microvilli were irregular and

Figﬁre 6. A and B: Electron micrographs of livers from the HFD group. M, mitochondrion (giaﬁt ones in A); sk, ile canaliculi; j,

smooth and abnormally protruded in some spots in
the hepatocytes of the HFD group (Figure 7B).

DISCUSSION

Weight gain and obesity are major risk factors for
conditions and diseases ranging from insulin resis-
tance and type 2 diabetes mellitus to atherosclero-
sis (28). The prevalence of liver disorders is high in
obese people, and in patients who have type 2 dia-
betes-mellitus, insulin resistance is one of the key
elements leading to liver disease in obese people

intercellular junction; inset in A shows a secondary lysosome; gER, rough endoplasmic reticulum; L, lipid droplet; inset in B reveals
mitochondria; black arrows show degenerated mitochondria. Stains: Uranyl acetate and lead citrate. Magnification Bars: 1 ym.
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Figure 7. A and B: Electron micrographs of livers from the HFD group. N, hepatocyte nucleus; m, mitochondrion; L, lipid droplet; in-
set in A shows mitochondria with irregular boundaries (arrow heads) at high magnification of boxed area in A; mv, microvillus; inset
in B reveals an irregular protrusion of microvillus. Stains: Uranyl acetate and lead citrate. Magnification Bars: 0.8 ym.

(29). These are often asymptomatic in the absence
of decompensated cirrhosis, but should be suspec-
ted in patients with elevated aminotransferase le-
vels or radiological evidence of a fatty liver or he-
patomegaly (30). Liver biopsy is the only way to as-
sess the histological features of necrotic inflamma-
tion and fibrosis that define nonalcoholic steatohe-
patitis and to determine its probable prognosis
(31).

Stereological procedures are efficient methods, if
you want to obtain quantitative analyses and inte-
resting volume of objects in any biological tissue or
organ. However, stereological procedures can of-
ten be boring, complex, and confusing. Thus, ste-
reological studies are not easy at all times. If ste-
reological software such as Stereo Investigator is
used, it gives more dependable results by elimina-
ting the confusion and renders the complex parts
of the stereological methods for the user so that
significant analyses can be done quickly and ea-
sily. The stereological methods and Stereo Investi-
gator used in our study involve a hierarchy of
systematic random sampling combined with the
Cavalieri and physical disector methods (13, 20)

Although much useful information has been obtai-
ned to date from different types of studies, such as
structural (32), ultra-structural (33) and clinical
(29), about the effects of a high-fat diet on the rat
liver, there is only one study in the literature
using stereological methods (15).

In this study, the effects of a high-fat diet on the
morphometry and histology of the liver were detai-
led in a female rat model.

The difference between the WIM-calculated liver
volumes of the control and HFD groups was signi-
ficant (p<0.05, Mann-Whitney U test). The WIM-
measured values have undoubtedly indicated a
hepatomegaly in the HFD group. They are certain
results, not estimated because they were calcula-
ted by overflowing water. The difference between
the CM-estimated liver volumes of the control and
HFD groups also suggested a hepatomegaly
(p<0.05, Mann-Whitney U test) and has thus sup-
ported the WIM results. According to the statisti-
cal analyses, tissue shrinkage was not important
in either the control or the HFD group (p>0.05,
Wilcoxon test).

It was clearly defined that volumetric calculations
using WIM give the closest results to real volumet-
ric values. In experimental studies, the liver is ea-
sily removable from animals. But in human sub-
jects, it is impossible, and liver volume can be un-
biasedly estimated by using CM on either biopsy
materials or magnetic resonance (MR) images.
The results of this study suggest that volumetric
estimations using CM are obviously reliable, and
similar to those using WIM.

When these results were evaluated from different
aspects to take into account the mean liver volume
/ mean body weight, more dramatic data were ob-
tained. There was a significant difference
(p<0.001, Mann-Whitney U test) between the “me-
an liver volume / mean body weight” values of the
control and HFD groups, indicating that it may be
more useful to evaluate volumetric changes in the
liver and body weight together.



Overweight and hepatomegalia in fatty diet-fed rats

The volume of sinusoids was significantly increa-
sed in the livers of the HFD-fed rats. The reason
for this increase may be the sinusoidal dilatation
observed histologically. However, the volume of
the parenchyma was significantly decreased due
to necrosis. The numerical density of hepatocytes
was decreased in the HFD group, and the total
number of hepatocytes was lower in the HFD gro-
up than in the control group because of the pa-
renchymal loss following the necrosis.

Cell size is related to ploidy because a polyploid
cell has more chromatin and thus is larger than a
diploid cell (34). Also, the number of binucleated
hepatocytes increases in conjunction with age (35,
36). However, the high population of binucleated
hepatocytes is one criterion for chronic liver disea-
se, including hepatitis, cirrhosis, diabetes or can-
cer (37). In this study, we estimated that the nu-
merical density of binucleated hepatocytes was
approximately two times higher in the livers of
rats from the HFD group than in those of the con-
trol rats. The total number of binucleated hepa-
tocytes was also higher in the HFD group than in
the control group. In the present study, we tho-
ught the higher number of binucleated hepatocy-
tes observed in the HFD group might have been
the result of a compensatory mechanism in res-
ponse to the decreased number and size of hepa-
tocytes in that group due to necrotic changes.

Mean nuclear height was decreased in the HFD
group compared with the control group. During
the histological evaluation of the liver sections
from the HFD group, many necrotic hepatocytes
possessing low nuclear height were observed. This
finding is also very important because this is the
first study estimating the nuclear height of hepa-
tocytes.

Our microscopic analyses indicated microvesicular
fat in the livers of the HFD-fed rats. In previous
studies, microvesicular steatosis was found follo-
wing high methionine-containing diet (38). As
shown in our light and electron microscopical fin-
dings, after feeding with HFD, mitochondrial alte-
rations in addition to microvesicular steatosis in
hepatocytes were determined. Many researchers
reported that microvesicular steatosis occurred
due to changes in enzyme levels of hepatocytes.
They emphasized that it was caused by oxidative
stress resulting in mitochondrial degenerations
(39). Furthermore, high blood levels of steroids af-
ter HFD may have caused microvesicular steatosis
in this study.
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In the slides of the HFD group, the orientation of
the hepatocyte plates was not regular. This event
may have occurred as a result of oxidative dama-
ge in hepatocellular proteins or necrotic changes
in hepatocytes. Abraham et al. (40) (2002) also
mentioned a similar finding in their study.

As proved in the present study, we suggest a new
finding that notes that feeding with a fatty diet
may cause a vascular dilatation in the liver. This
dilatation may be caused by inflammatory chan-
ges. Similarly, Dai and Chen (41) (2006) reported
expanded sinusoids in the livers of HFD-fed rats.
This dilatation may also be caused by ischemia
and hypoxia following HFD (42, 43). According to
different views, vascular dilatation may occur due
to developing hypertension after obesity induced
by HFD (44, 45).

There are few studies about the effects of a high-
fat diet on liver ultrastructure in the literature. In
one of these, Dai and Chen (41) (2006) showed that
the mitochondria and rough endoplasmic reticu-
lum (RER) expanded and their number increased.
This is the first mention in the literature of our ul-
trastructural findings, such as smoothed or prot-
ruded microvilli, irregular degenerated mitochon-
dria, abundant lipid droplets and lysosomes in the
hepatocytes and nuclear condensation of endothe-
lial cells in the livers of the HFD group.

Our data suggest three important points: i) Fee-
ding with a high-fat diet (30%) causes obesity, he-
patomegaly, and histopathological changes in the
liver in female rats. ii) In spite of hepatomegaly, a
decrease in the number of hepatocytes in the HFD
group was found. iii) In this situation, hepatome-
galy in obese rats may be caused by sinusoidal di-
latation (increase in volume of sinusoids), micro-
vesicular steatosis, or fibrosis resulting from an
increase in connective tissue following hepatocel-
lular necrosis. In this point decreasing nuclear vo-
lume sign that cell death, as light microscopically
shown.

Today MR- or tomography-based stereology is be-
ing used for diagnosis and determining treatment
procedure in liver diseases (46, 47). According to
our findings, evaluation of volumetric changes
with modern stereological methods on serial MR
or tomography images obtained from obese pati-
ents (BMI>30) can be useful for early diagnosis of
non-alcoholic fatty liver disease (NAFLD), which
is associated with obesity (19, 23). Thus, before
examining the biopsy specimen of the liver, the li-
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ver volume of the patients may be estimated on
their serial MR or tomography images using the
Cavalieri method in terms of both early determi-
nation of hepatomegaly and efficiency of the treat-
ment procedure. If it is not possible, physicians
must consider hepatomegaly, decreasing hepa-
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