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Abstract

Purpose The deleterious effect of visceral adipose tissue accumulation is well known. However, the recent trend in liposuc-
tion is mal-directed toward easily accessible subcutaneous fat for the purpose of body shaping. The aim of the present study
is to probe the metabolic effects of subcutaneous abdominal adipose tissue lipectomy in ovariectomized obese rats as well
as the role of adipokines in these changes.

Methods The study was conducted on young female rats randomized into two main groups according to the duration of the
experiment, namely, 5-week and 10-week. Both groups were subdivided as follows: sham-operated, ovariectomized, and
ovariectomized lipectomized rat groups. The rats underwent measurement of body weight (BW) and determination of body
mass index (BMI). Fasting blood glucose, lipid profile, liver function, plasma malondialdehyde, leptin, and adiponectin were
estimated, and the content of both blood and hepatic tissue of reduced glutathione was assessed. In addition, histological
study of the liver, aorta, and perirenal fat of all rat groups was performed.

Results Ovariectomy-induced obesity is marked by a significant increase in BW and BMI. Following subcutaneous lipectomy,
the rats exhibited significant weight gain accompanied by fasting hyperglycemia, dyslipidemia, deterioration of synthetic
function of the liver, and disturbed oxidant/antioxidant status. Histological examination revealed fatty infiltration of aortic
and hepatic tissues.

Conclusion Despite the immediate positive effect of subcutaneous lipectomy for weight loss and/or body shaping, multiple
delayed hazards follow the procedure, which should be carefully considered.
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Introduction

White fat depots have been recognized to be not merely
inert lumps: besides their well-known energy storing func-
tion, these depots are actually sites in the body made up of
endocrine tissue that secretes physiologically active mol-
ecules, i.e., adipokines with their variable metabolic effects
[1]. Adipocyte-derived factors include leptin, which serves
as a peripheral signal directing the central nervous system
to adjust food intake and energy expenditure in accordance
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with the amount of energy reserve [2]. Adiponectin, the most
abundant adipokine, runs counter to leptin by exhibiting a
strong negative correlation between its plasma concentration
and body mass index; it is also known for its peripheral met-
abolic antidiabetic and anti-atherogenic effects [3]. Resistin,
omentin, and retinol binding protein-4 have all been shown
to play significant roles in obesity-induced insulin resistance
[4, 5]. Apelin is a peptide found in both the stromal-vascular
cells and in differentiated adipocytes and which stimulates
angiogenesis [6].

White adipose tissue (WAT) is distributed throughout the
body in two forms, subcutaneous adipose tissue (SAT) and
visceral adipose tissue (VAT). SAT stores >80% of total
body fat and is most commonly present in abdominal, glu-
teal, and femoral depots [7]. SAT is independently correlated
with metabolic complications of obesity and has been shown
to respond better to the antilipolytic effects of insulin and
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other hormones [8]. On the other hand, VAT, which is asso-
ciated with internal organs, is reported to represent 10-20%
of total body fat in men and 5-10% in women [9]. The dele-
terious effect of VAT is attributed to its greater expression of
proinflammatory cytokines compared to SAT [10]. Studies
in rodents have demonstrated improved glucose tolerance,
reversal of insulin resistance, and reduced adipo/cytokine
levels following the removal of visceral or intra-abdominal
adipose tissue [11]. The studies reported improvement in
insulin sensitivity and glucose tolerance with SAT trans-
plantation into the visceral cavity [12], but not with VAT
transplantation [13]. These data along with the various char-
acteristics mentioned above contrasting VAT with SAT point
to the importance of SAT.

For over four decades, due to culturally defined beauty
standards and the increasing rate of obesity, surgical removal
of adipose tissue has been ever more widely employed, with,
perhaps not surprisingly, liposuction being the most popu-
lar cosmetic procedure in the world. However, studies con-
ducted to evaluate the efficacy of lipectomy have been incon-
clusive and its effect on metabolism remains unclear. The
problem is that today liposuction surgery and/or low level
laser therapy for body contouring and reduction of cellulite
are mal-directed toward SAT, especially in the abdominal
region due to its easier access as compared to that of VAT
[14]. This trend necessitates extensive study of the conse-
quences of lipectomy, especially as obesity rates continue
to rise in young women. National surveys from a range of
countries report larger increases in weight in young women
(aged 18—35) in recent years compared to those seen in older
women [15, 16].

In the present study, we selected surgical bilateral ova-
riectomy as an experimental model of obesity to investigate
the metabolic responses toward subcutaneous lipectomy
and to probe how leptin and adiponectin could contribute to
these metabolic changes in young female rats.

Materials and methods
Experimental protocol

All experimental and surgical procedures were approved by
the Research Ethics Committee (REC), Faculty of Medi-
cine, Ain Shams University, Cairo, Egypt (protocol number
FMASU 1162/2012). The study was performed on 72 young
(3 months) female Wistar rats initially weighing 180-220
g, which were randomly allocated into two main groups,
as follows:

A) 5-week group to study the early effects of lipectomy. It
was further subdivided as follows:
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1 Sham-operated: Rats were subjected to all steps of the
ovariectomy operation without removal of the ovaries.
They were sacrificed 5 weeks later and served as the
control group (n = 10).

2 Ovariectomized (OVX): Rats were bilaterally ovariec-
tomized, then were sacrificed 5 weeks later (n = 13).

3 Ovariectomized and lipectomized (OVXL): Rats were
bilaterally ovariectomized, and then subjected to lipec-
tomy 4 weeks later. They were sacrificed 1 week follow-
ing the lipectomy operation (n = 13).

B) 10-week group to study the late effects of lipectomy. It
was further subdivided as follows

1 Sham-operated: Rats were subjected to all steps of the
ovariectomy operation without removal of the ovaries.
They were sacrificed 10 weeks later and served as the
control group (n = 10).

2 Ovariectomized (OVX): Rats were bilaterally ovariec-
tomized, then were sacrificed 10 weeks later (n = 13).

3 Ovariectomized and lipectomized (OVXL): Rats were
bilaterally ovariectomized, and then subjected to lipec-
tomy 4 weeks later. They were sacrificed 6 weeks fol-
lowing the lipectomy operation (n = 13). Bilateral sur-
gical ovariectomy (as a model of human obesity) and
subcutaneous belt lipectomy were performed according
to the steps described in our previous research [17].

Throughout the study, body weight (BW) was measured
and body mass index (BMI) was calculated. On the day of
sacrifice, fasting blood glucose (FBG) was estimated via a
tail blood sample using the OneTouch apparatus and Uni-
Check blood glucose test strips. The rats were then anesthe-
tized by intraperitoneal injection of thiopental sodium (San-
doz, Austria) at a dose of 50 mg/kg. A midline abdominal
incision was made; the abdominal aorta was exposed and
cannulated for blood sampling. The liver was then removed
and weighed and its ratio to BW was calculated. The right
lobe was washed in ice-cold saline, blotted by filter paper,
wrapped in parafilm, and stored at —80°C for later determi-
nation of reduced glutathione level. Perirenal fat pads were
dissected and weighed, and the ratio of their weight to BW
was calculated.

Biochemical studies

Reduced glutathione (GSH), plasma proteins, liver enzymes,
lipid profile, malondialdehyde (MDA), and hormonal lev-
els were measured with the enzymatic colorimetric tech-
nique using commercially available kits according to the
manufacturer’s instructions. The right lobe of the liver was



Hormones (2022) 21:421-436

423

homogenized in 5 ml cold buffer (50 mM potassium phos-
phate, pH 7.5, and 1 mM EDTA) per gram tissue using tis-
sue homogenizer (IKA-WERK, Ultra-Turrax, Germany), and
then centrifuged at 4000 rpm for 15 min. The supernatant
was used for measurement of GSH in hepatic tissue with the
same kit used for blood analysis.

Histological study

The perirenal fat pads, the left lobe of the liver and, a seg-
ment of the abdominal aorta proximal to the canulated
part were fixed in 10% formalin solution immediately
after removal. The specimens were dehydrated in ascend-
ing grades of alcohol, cleared in xylene, and embedded in
paraffin. Serial sections of 5 mm thickness were cut and
stained with hematoxylin and eosin (H&E) for evaluation of
the histological changes. The average cell size of adipocytes
was measured using image analyzer (Leica Q win V.3 pro-
gram installed on a computer connected to Leica DM2500
microscope Wetzlar, Germany). The area of individual fat
cell (pmz) was measured in ten fields of two serial sections
of VAT of seven rats of each group using X10 power lens,
and a mean value was calculated for each field. Then, a mean
value was calculated for all fields of each rat.

Statistical analysis

Results were expressed as median (minimal value; maximal
value). Percentage (%) changes of BW and BMI were calcu-
lated relative to their initial values. Statistical significance
between groups was determined by the Kruskal-Wallis test
and Mann-Whitney U test. The Wilcoxon signed-rank test
was used to detect the statistical significance of paired vari-
ables within the same group. Correlation between variables
was evaluated using Spearman’s rho correlation coefficient.
Statistical analysis was performed by using Statistical Pack-
age for the Social Sciences (SPSS) software version 20.0
(SPSS Inc., Chicago, Illinois, USA), and a probability of p
< 0.05 was considered statistically significant.

Results
Body weight and body mass index

The weekly measured BW revealed a steady increase in all
rat groups except for the abrupt decrease 1 week after subcu-
taneous lipectomy in both 5-week and 10-week OVXL rats.
Overall, the OVX rats showed a higher slope of weight gain
over time. Surprisingly, the abrupt decrease in BW observed
1 week after lipectomy in the 10-week OVXL rats was fol-
lowed by a steady increase in BW thereafter to become
unrecognizably different from the 10-week only OVX rats

(Fig. 1). The percentage increase in BW and BMI was sig-
nificantly higher in both 5-week and 10-week OVX rats
compared to their corresponding sham-operated (control)
groups (p < 0.001 for all). The percentage increase was also
higher in the 10-week OVX rats compared to the 5-week
OVX rats (p < 0.001). Upon lipectomy, these ratios were
significantly reduced in the 5-week OVXL rats compared to
the 5-week only OVX group (p < 0.001). However, 6 weeks
after lipectomy, no changes were observed in these ratios
compared to the 10-week only OVX rats, although it was
significantly higher compared to the control values and the
5-week OVXL group (p < 0.001 for all) (Table 1).

Perirenal fat mass

Only absolute perirenal fat mass was significantly increased
in the 5-week OV X rats compared to sham-operated control
group (p = 0.007). However, the 10-week OV X rats showed
significant increase in both absolute and relative perirenal
fat mass compared to controls as well as to the 5-week OVX
rats (p < 0.001 for all). Upon lipectomy, the 10-week OVX
rats showed an increase in both values when compared to
the sham-operated rats (p < 0.001), but there was no differ-
ence when compared to the 10-week only OVX group. In
addition, absolute perirenal fat was significantly higher in
the 10-week OVXL than the 5-week OVXL rats (p = 0.031)
(Table 1).

Liver weight

Both absolute and relative liver weights were significantly
increased in the 5-week OVX rats compared to their matched
controls (p < 0.001 and p = 0.017, respectively). Meanwhile,
the 10-week OVX rats showed significant reduction in both
values compared to the 5-week OVX rats (p = 0.011 and p
< 0.001, respectively). Following lipectomy, the absolute
and relative liver weights were also significantly higher in
the 5-week OVXL rats than in controls (p = 0.001 for both),
and the relative weight was higher than in the corresponding
OVX rats (p = 0.012). Notably, both values were signifi-
cantly reduced in the 10-week OVXL rats compared to the
5-week OVXL group (p = 0.002 and p < 0.001, respec-
tively) (Table 1).

Blood glucose and lipid profile

FBG level was significantly increased in the 5-week OVX
rats compared to their matched controls (p = 0.014), while
in the 10-week OV X rats, the values of FBG were similar to
those of the corresponding sham-operated group. Follow-
ing lipectomy, FBG was significantly increased in both the
5-week and the 10-week rats compared to their correspond-
ing only OVX rats (p = 0.002 and p = 0.007, respectively) as
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Fig. 1 Body weight changes
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well as the sham-operated groups (p < 0.001 and p = 0.002,
respectively) (Table 2).

Plasma total cholesterol (TC), LDL-C, and the calculated
atherogenic index (AI) were all significantly increased in
the 5-week OVX rats compared to the corresponding sham-
operated group (p = 0.005, p = 0.006, and p = 0.007,
respectively). With prolonged duration, the 10-week OVX
rats showed an increase in plasma HDL-C associated with
a decrease in Al compared to the 5-week OVX group (p =
0.003 and p = 0.002, respectively). Following lipectomy,
the 5-week OVXL rats showed a significant rise in plasma
LDL-C and AI accompanied by a significant decrease in
HDL-C as compared to both controls (p < 0.001 for all)
and OVXrats (p = 0.014, p < 0.001, and p < 0.001, respec-
tively), while plasma triglycerides (TG) and TC were higher
only in comparison to control rats (p = 0.001 and p = 0.006,
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respectively). Similarly, the 10-week OVXL rats showed sig-
nificant increases in levels of TC, LDL-C, and Al compared
to controls (p = 0.006, p < 0.001, and p = 0.001, respec-
tively) and to the OVX rats (p = 0.039, p < 0.001, and p <
0.001, respectively) (Table 2).

Liver functions

Plasma total proteins were significantly decreased in the
5-week OVX rats compared to the corresponding sham con-
trols (p = 0.026). After 1 week of subcutaneous lipectomy
in the 5-week OVX rats, there was significant reduction in
plasma total proteins compared to the only OVX rats and
also to the sham controls (p < 0.001 for both). Meanwhile,
in the 10-week OVXL rats, it was significantly increased
compared to the corresponding OVX rats and controls (p =
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Table 1 Body weight (BW), body mass index (BMI), perirenal fat, and liver weight in the studied groups

5-week 10-week
Control OVX OVXL Control OVX OVXL
Final BW (g) 217.5(200,230) 250 (220, 270)* 222.5 (190, 235)° 235 (190, 250) 270 (250, 305)* 260 (220, 350)**
A BW (%) 11.56 (5.00, 22.73 (18.42, 8.72 (-2.27, 19.05 (10.00, 42.11 (33.33, 34.52 (21..05,
18.92) 33.33)* 17.50)° 32.35) 47.78)" 59.09)*"
Final BMI (g/cm?) 0.52 (0.49,0.52)  0.57 (0.52,0.60)*  0.50 (0.43,0.55)® 0.53 (0.51,0.56)  0.63 (0.57,0.64)* 0.59 (0.52, 0.67)*'
A BMI (%) 1.98 (1.96, 2.08) 16.67 (14.58, 0.00 (—-10.42, 7.69 (3.77, 8.33) 27.34 (21.15, 21.15 (12.77,
21.28) 4.17)° 31.25)"" 37.50)"

Perirenal fat (g)

3.30 (1.70, 5.80)

4.50 (3.60, 6.80)*

4.35 (2.30, 6.00)
2.04 (1.05, 2.73)

6.75 (4.30, 7.90)*
2.97 (2.00, 3.63)

1.60 (1.20, 2.10)
0.68 (0.53, 0.88)

4.70 (3.60, 7.10)
2.04 (1.67, 3.02)

7.65 (5.40, 9.20)*"

278 (2.16 , 3.07)*"

5.40 (4.50, 6.40)"
1.88 (1.67,2.22)"

5.80 (3.00, 13.10)2f
2.35(1.21,4.23)

4.90 (3.70 ,7.30)"
1.88 (1.67, 2.09)*"

Perirenal fat/BW 1.46 (0.74, 2.90) 1.77 (1.46, 2.56)
(%)

Liver weight (g) 4.80 (4.10,5.40)  6.20 (5.10, 7.30)*

Liver weight/BW  2.23 (1.86,2.45)  2.67 (2.08, 2.84)*
(%)

Values are presented as median (min, max), n = 10 for controls; n = 13 for OVX and OVXL

Significance of differences between groups was calculated with the Mann-Whitney U test at p < 0.05: a, vs. corresponding controls; b, vs. cor-
responding OVX rats; *, 5-week OVX vs. 10-week OVX; f, 5-week OVXL vs. 10-week OVXL

OVX, ovariectomized rats; OVXL, ovariectomized lipectomized rats

0.001 and p = 0.006, respectively), as well as in the 5-week
OVXL rats (p < 0.001) (Table 2).

Plasma albumin showed no change in the 5-week OVX
rats compared to the matched controls; however, it was sig-
nificantly decreased in the 10-week OVX rats compared to
their corresponding controls and to the 5-week OVX rats
(p = 0.002 and p = 0.004, respectively). Upon lipectomy,
albumin level was significantly reduced in both the 5-week
and the 10-week OVXL rats compared to their correspond-
ing only OVX and sham-operated groups (p < 0.001 for all)
(Table 2).

The plasma level of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) was significantly elevated
in the 5-week OVX rats compared to the corresponding
sham controls (p < 0.001 and p = 0.001, respectively). In the
10-week OVX rats, ALT was still significantly elevated com-
pared to controls (p < 0.001), but no difference was detected
when compared to the 5-week OVX rats. AST was, however,
significantly decreased in the 10-week group compared to
the 5-week OVX group (p < 0.001). One-week OVXL rats
had lower levels of both ALT and AST compared to the
OVXrats (p < 0.001 for both), while compared to controls,
only ALT was significantly reduced (p < 0.001). Six weeks
later, ALT was significantly higher only in comparison to the
5-week OVXL group (p = 0.002), with no statistical differ-
ences in AST level compared to the corresponding controls,
the OVX group, and even the 5-week rats (Table 2).

Oxidant/antioxidant status

Plasma MDA was significantly increased in both the 5-week
and the 10-week OVX rats compared to their corresponding

control groups (p < 0.001 for both), being significantly
higher in the 10-week OVX compared to the 5-week OVX
rats (p = 0.002). Moreover, after lipectomy, it was signifi-
cantly higher in both the 5-week and the 10-week OVXL
rats compared to their corresponding only OVX rats as well
as to the sham-operated groups (p< 0.001 for all) (Table 2).

No significant difference was detected in the level of
blood GSH among the OVX groups (5-week and 10-week)
or between them and their matched controls. However,
hepatic tissue levels of GSH were significantly reduced in
both the 5-week and the 10-week OVX groups compared to
their controls (p < 0.001). Following lipectomy, both blood
and hepatic GSH were significantly decreased in the 5-week
OVXL rats compared to their corresponding values in the
only OVX rats as well as the sham-operated controls (p <
0.001 for all). Meanwhile, only hepatic GSH was signifi-
cantly reduced in the 10-week OVXL group compared to
both only OVX rats and sham-operated controls (p < 0.001)
(Table 2).

Hormonal levels

Plasma leptin level was significantly increased in both the
5-week and the 10-week OVX rats compared to their cor-
responding sham-operated control groups (p = 0.002). At
the same time, there was no statistical difference in its level
among the two OVX groups. Following lipectomy, leptin
level was significantly reduced in the 5-week OVXL as well
as in the 10-week OVXL rats compared to the matched only
OVX rats (p = 0.006 and p = 0.002, respectively). On the
other hand, adiponectin levels were statistically indifferent
among all the studied rat groups (Table 2).
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Table 2 Biochemical parameters of the studied groups

5-week 10-week
Control OovX OVXL Control OovX OVXL
FBG (mg/dl) 70.00 (62.00, 85.00 (61.00, 102.00 (80.00, 70.00 (63.00, 67.00 (53.00, 81.00 (61.00,
76.00) 96.00)* 144.00)% 78.00) 75.00)" 135.00)*"
TG (mg/dl) 39.74 (25.12, 48.86 (25.00, 63.20 (32.85, 33.94 (21.85, 42.02 (33.61, 39.50 (25.21,
56.81) 82.13) 104.76) 49.58) 52.96)? 62.18)
TC (mg/dl) 59.44 (55.10, 78.70 (52.78, 70.91 (62.04, 71.95 (51.06, 76.60 (68.10, 88.65 (73.76,
85.19) 87.96)* 92.59) 92.91) 96.32) 121.28)27
HDL-C (mg/dl)  39.88 (30.41, 43.03 (33.33, 28.66 (20.83, 45.71 (23.97, 49.50 (41.39, 49.50 (40.32,
48.81) 49.72) 34.43y® 69.78) 64.91)" 66.02)"
LDL-C (mg/dl) 13.68 (10.66,25)  21.64 (14.13, 31.35 (21.03, 18.05 (13.38, 20.06 (13.76, 31.92 (20.32,
34.30) 53.15)%® 27.22) 28.43) 47.67)®

Al

Total proteins (g/
dl)

0.58 (0.39, 0.81)
6.53 (6.34,7.45)

0.84 (0.58, 1.00)*
6.24 (5.55,6.91)*

1.59 (1.22, 1.98)*
5.22 (4.88, 5.65)

0.57 (0.33, 0.86)
5.80 (5.44,7.09)

0.54 (0.43,0.78)"
5.94 (5.59, 6.21)"

0.79 (0.57, 1.14)1
6.72 (5.86, 7.26)1

Albumin (g/dl) 3.91 (3.01,4.62) 3.62(3.01,4.82) 2.26(2.02,3.33)® 3.56(3.21,4.18)  2.99 (2.46,3.71)* 2.36(2.10,2.51)*®

ALT (IU/1) 28.92 (24.11, 34.82 (31.25, 21.43 (16.07, 26.78 (21.88, 35.30 (28.57, 30.00 (22.32,
30.80) 44.64)* 27.68) 33.93) 42.86) 41.96)f

AST (IU/) 52.89 (44.23, 75 (63.46, 88.46)*  55.19 (48.08, 54.81 (49.62, 51.92 (48.08, 56.73 (4231, 72.12)
78.85) 69.23)° 63.46) 62.50)"

Plasma MDA 32.50 (27.00, 105.00 (64.00, 173.50 (128.00,  42.00 (26.00, 122.50 (102.00,  194.00 (166.00,

(nmol/ml) 39.00) 136.00) 229.00)* 58.00) 161.00)*" 221.00)*

Blood GSH (mg/  27.53 (25.14, 26.26 (19.86, 16.74 (10.00, 22.40 (19.46, 24.66 (20.53, 23.00 (19.46,

dl) 33.60) 30.06) 20.40) 25.53) 27.13) 25.20)F

Hepatic GSH 34.21 (29.74, 24.39 (22.08, 15.16 (10.38, 31.71 (25.19, 23.60 (20.67, 12.75 (10.55,

(mg/g) 45.23) 27.95)* 17.23) 47.59) 28.96) 18.61)®

Leptin (pg/ml) 50.75 (31.60, 179.66 (111.03,  89.35 (12.81, 37.28 (32.95, 142.55 (115.43,  29.98 (8.15,
91.39) 330.04) 238.51)" 59.47) 218.77) 135.62)°

Adiponectin (ng/  20.12 (13.18, 17.02 (13.17, 19.54 (15.09, 15.88 (13.69, 15.98 (12.70, 16.34 (11.53,

ml) 27.90) 23.47) 21.31) 17.25) 17.40) 18.48)f

Values are presented as median (min, max), n = 10 for controls; n = 13 for OVX and OVXL

Significance of differences between groups was calculated with the Mann-Whitney U test at p < 0.05: a, vs. corresponding controls; b, vs. cor-
responding OVX rats; *, 5-week OVX vs. 10-week OVX; 1, 5-week OVXL vs. 10-week OVXL

OVX, ovariectomized rats; OVXL, ovariectomized lipectomized rats; FBG, fasting blood glucose; TG, triglycerides; TC, total cholesterol; HDL-
C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; A/, atherogenic index; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; MDA, malondialdehyde; GSH, reduced glutathione

Histological study

As shown in Fig. 2a,b, perirenal fat cell size was signifi-
cantly increased in both the 5-week and the 10-week OVX
rats compared to the corresponding sham-operated control
groups (p = 0.002 for both), with no difference between the
two OVX groups. It was further increased in the 5-week and
the 10-week OVXL rats compared to both the only OVX rats
(p = 0.002, p = 0.018, respectively) and the sham controls
(» = 0.002 for both).

Histological examination of VAT of control rats showed
the normal appearance of white fat cells with a thin rim
of cytoplasm surrounding a large vacuole of dissolved
lipid and peripherally situated, flattened nuclei (Fig. 2c).
Five weeks after ovariectomy, large fat cells with irregu-
lar membrane appeared compared to controls. In addition,
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perivascular inflammatory cell infiltration was observed
(Fig. 2d), whereas after 10 weeks, the membranes between
the fat cells were destroyed, resulting in larger and irreg-
ular fat cells. Inflammatory cell infiltration could still be
observed around large congested blood vessels (Fig. 2e).
One week following lipectomy, distortion of membranes
occurred between most of the adjacent fat cells, giving rise
to larger irregular cells, along with a cellular inflamma-
tory infiltrate between fat cells and around the blood ves-
sels (Fig. 2f). After 6 weeks, the condition worsened, with
further distortion of the intercellular membranes and the
appearance of more large irregular fat cells with increased
vascular congestion and infiltration of inflammatory cells
(Fig. 2g).

Liver sections from sham-operated rats showed the nor-
mal architecture with a central vein surrounded by branching
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Fig.2 Visceral adipose tissue in sham-operated (controls), ovariecto-
mized (OVX), and ovariectomized lipectomized (OVXL) rats. (a) Fat
cell size presented as median (min, max), n = 7/group, significance
of differences was calculated with the Mann-Whitney U test at p <
0.05: a, vs. corresponding controls; b, vs. corresponding OVX rats;
t, 5-week OVXL vs. 10-week OVXL; (b) Adipocytes distribution
ranges; (c¢) Light photomicrographs of sham-operated controls show-
ing normal appearance of white fat cells with thin rim of cytoplasm
surrounding a large vacuole of dissolved lipid and flattened periph-
erally situated nuclei; (d) 5-week OVX rats showing larger fat cells
(thin arrow) with irregular membrane and inflammatory cellular infil-
tration around blood vessels (curved arrow); (e) 10-week OVX rats

cords of hepatocytes and portal tracts at the corners of the
hepatic lobule. The hepatocytes have central, round vesicu-
lar nuclei and acidophilic cytoplasm (Fig. 3a). The 5-week
OVX rats showed vacuolation of some hepatocytes in the

showing destruction of membranes between fat cells (thin arrow)
with appearance of larger irregular fat cells and inflammatory cellu-
lar infiltration around large congested blood vessels (curved arrow);
() 1-week lipectomized rats showing distorted membranes between
most of adjacent fat cells (thin arrow) giving larger irregular fat cells
with inflammatory cellular infiltration between fat cells and around
blood vessels (curved arrow); (g) 6-week lipectomized rats show-
ing distorted membranes between most of adjacent fat cells (thin
arrow) with large irregular fat cells and increasing congested vascu-
lature between fat cells with inflammatory cellular infiltration (curved
arrow)

branching cords between portal tracts (Fig. 3b). Ten weeks
following ovariectomy, vacuolation was found to extend to
the central veins, accompanied by an increase in inflamma-
tory cellular infiltration in the portal tracts (Fig. 3c). One
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Fig.3 Light photomicrographs
of rats’ liver sections. (a)
Sham-operated rats showing
hepatocytes with central round
vesicular nuclei and acido-
philic cytoplasm nearby portal
tract (P); (b) 5-week ovariec-
tomized rats showing swollen
hepatocytes, some with small
and others with large vacuoles
(dissolved fat droplets) around
a portal tract (P) with congested
blood sinusoids; (¢) 10-week
ovariectomized rats showing
vacuolated hepatocytes with
dissolved fat droplets around a
portal tract (P), which shows
congested blood vessels; (d)
1-week lipectomized rats
showing increased vacuolation
of hepatocytes (ballooning of
hepatocytes with dissolved fat
droplets) and inflammatory cel-
lular infiltration in portal tract
(P) with decreased size of blood
sinusoids; (e) 6-week lipecto-
mized rats showing increased
number of swollen variable
sized hepatocytes with dis-
solved fat droplets and flattened
peripherally situated nuclei
around a portal tract (P)

week after lipectomy, there was an increase in vacuolation
and ballooning of hepatocytes around the portal tracts and
their extension to central veins, accompanied by increased
inflammatory cellular infiltration (Fig. 3d). In the 10-week
OVXL group, there were still an increased number of swol-
len hepatocytes of variable size and flattened peripheral
nuclei, as well as signs of fatty degeneration around the
portal tracts (Fig. 3e).

Examination of the aorta from sham-operated rats
showed normal endothelial cells of the tunica intima,
bundles of smooth muscle cells in the tunica media
with wavy elastic lamellae in-between, and loose
connective tissue with vasa vasorum forming the
tunica adventitia (Fig. 4a). The aorta of the 5-week
OVX group exhibited vacuolation of some smooth
muscle fibers in the outer part of tunica media with
straightening of most parts of the elastic lamellae
and the appearance of round to oval vacuolated cells
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with small pyknotic nuclei, known as foam cells.
Meanwhile, the adventitia showed cellular infiltra-
tion (Fig. 4b). Ten weeks of ovariectomy resulted in
blood cells sticking to the endothelium of the tunica
intima accompanied by vacuolation of most smooth
muscle fibers in the tunica media and separation
between the elastic lamellae, which showed disconti-
nuity in some areas. In addition, the number of foam
cells was increased in the middle and outer part of
the tunica media as well as in the tunica adventitia
(Fig. 4c). One week after subcutaneous lipectomy, most of
the smooth muscle fibers were vacuolated with foam cells
in the outer part of the tunicae media and adventitia along
with increased inflammatory cellular infiltration compared
to only OVX rats (Fig. 4d). In the 10-week OVXL rats,
foam cells were distributed throughout all the thickness
of the tunicae media and adventitia, with straightening of
most parts of the elastic lamellae (Fig. 4e).



Hormones (2022) 21:421-436

429

Fig.4 Light photomicrographs of rats’ aorta. (a) Young control rats
showing endothelial cells (thin arrow) of tunica intima, bundles of
smooth muscle cells (S) in tunica media with wavy elastic lamellae
(arrow head) in-between and tunica adventitia (A) with loose con-
nective tissue with vasa vasorum; (b) 5-week ovariectomized rats
showing vacuolation of some smooth muscle fibers (S) with straight-
ening of most parts of elastic lamellae (arrow head) and appearance
of round to oval vacuolated cells with small pyknotic nuclei (thick
arrow) known as foam cells in outer part of tunica media with inflam-
matory cellular infiltration in tunica adventitia (A); (c¢) 10-week
young ovariectomized rats showing stickiness of blood cells to the

Correlation studies

Correlation coefficient (r) between percentage ratio of lipec-
tomized SAT/BW and other measured parameters in the
lipectomized rats (both 5- and 10-week) are portrayed in
Fig. (5). The ratio of lipectomized SAT showed significant
positive correlation with liver weight, levels of FBG, Al, and
fat cell size. On the other hand, it showed an inverse relation-
ship with the values of HDL-C and blood GSH.

endothelium of tunica intima (thin arrow) and vacuolation of most
smooth muscle fibers (S) in tunica media with separation between
elastic lamellae, which show discontinuity in some areas (arrow
head) with increased number of foam cells (thick arrow) in middle
and outer part of tunica media as well as tunica adventitia (A); (d)
1-week lipectomized rats showing vacuolation of most smooth mus-
cle fibers (S) with the presence of foam cells (thick arrow) in outer
part of tunicae media and adventitia (A) with increased inflammatory
cellular infiltration; (e) 6-week lipectomized rats showing foam cells
in all parts of tunicae media and adventitia (A) with straightening of
most parts of elastic lamellae

Discussion

The present study aimed to investigate the outcomes of
partial subcutaneous lipectomy in a model of ovariectomy-
induced obesity in young rats. The results obtained revealed
that lipectomy was followed in the long run by an increase in
VAT and weight gain with increased BMI, hyperglycemia,
dyslipidemia, disturbed redox status, and hepatic fatty infil-
tration with impaired liver functions.
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Successful induction of obesity was marked by the
significant increase in BW, BMI, and perirenal fat mass,
and was confirmed by fat cell hypertrophy seen in the his-
tological examination. Obese rats exhibited significant
hyperglycemia and dyslipidemia (manifested by elevated
plasma TC and LDL-C with increased Al), in addition
to the elevated leptin level, as a result of increased adi-
pose tissue mass. The unfavorable lipid profile was evi-
dent histologically in the liver and in aortic and perire-
nal fat tissue sections, all of which showed deposition of
fat droplets in the functioning cells and infiltration with
inflammatory cells associated with variable degrees of tis-
sue destruction. Moreover, the decreased plasma proteins
and increased liver weight of these rats are suggestive of
hepatic steatosis, particularly due to the persistent eleva-
tion of ALT, which is directly linked to liver fat content
[18]. Another major hazard of obesity is evidenced by a
significant rise in plasma MDA level accompanied by a
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decrease in hepatic tissue GSH, indicating a disturbance
of the pro-oxidant/antioxidant balance.

These results are consistent with those of our previous
study in which ovariectomy was used to induce obesity in
premenopausal rats [17]. Despite the similarity in net results
and study duration, body weight and metabolic changes were
more prominent in young rats than in premenopausal rats
(Table 3). It was obvious that the young OVX rats displayed
greater BW, BMI, and perirenal fat cell size compared to
the older rats, as well as lower levels of plasma proteins
and albumin. Conversely, aberrations in the lipid profile
were significantly lower in young OVX rats than in their
premenopausal counterparts. This could be explained by the
increased BMI and fat content in these young rats and the
possible role of adipose tissue as a source of estrogen. Ova-
riectomy has been reported to increase aromatase protein
and mRNA expression in SAT, with gradual elevation of cir-
culatory levels of estradiol [19]. Meanwhile, with age, there
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Table 3 Body and biochemical

Young Premenopausal p-value

parameters 10 weeks after

ovariectomy-induced obesity in A BW (%) 42.11 (33.33, 47.78) 23.33 (14.81, 30.36) 0.000

young and premenopausal rats - gypp gy 27.34 (21.15, 31.25) 23.73 (14.29, 29.51) 0.027
TG (mg/dl) 42.02 (33.61, 52.96) 58.41 (40.95, 84.96) 0.001
TC (mg/dl) 76.60 (68.10, 96.32) 91.04 (80.60, 105.97) 0.012
HDL-C (mg/dl) 49.50 (41.39, 64.91) 28.14 (20.48, 34.14) 0.000
LDL-C (mg/dl) 20.06 (13.76, 28.43) 55.13 (42.53, 66.09) 0.000
Al 0.54 (0.43,0.78) 2.64 (1.67,2.76) 0.000
Total proteins (g/dl) 5.94 (5.59, 6.21) 6.72 (6.09,7.76) 0.000
Albumin (g/dl) 2.99 (2.46,3.71) 3.32(2.96, 4.08) 0.042
Plasma MDA (nmol/ml) 122.50 (102.00, 161.00) 112.00 (93.00, 129.00) 0.062
Blood GSH (mg/dl) 24.66 (20.53, 27.13) 22.06 (19.06, 24.06) 0.032
Hepatic GSH (mg/g) 23.60 (20.67, 28.96) 7.03 (6.13,7.85) 0.000
Fat cell size (pm?) 7361.39 (6133.73, 8754) 5366.69 (4099.57, 7931.80) 0.035

Values are presented as median (min, max), n = 13 for young, and n = 11 for premenopausal

Significance of differences was calculated with the Mann-Whitney U test at p < 0.05

BW, body weight; BMI, body mass index; TG, triglycerides; TC, total cholesterol; HDL-C, high-density
lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; A/, atherogenic index; MDA, malondi-

aldehyde; GSH, reduced glutathione

is a greater tendency for VAT to expand and a limited ability
to increase SAT, which hinders the increase in estrogen lev-
els [20]. In addition, although MDA levels were comparable
in the two groups, both blood and hepatic GSH were higher
in young rats than in premenopausal rats, confirming that the
aging process is accompanied by reduced antioxidant capac-
ity that will exacerbate obesity-induced oxidative stress [21]

Effects of subcutaneous lipectomy

One week following partial subcutaneous lipectomy, the %
change in BW and BMI was significantly decreased. How-
ever, this reduction was associated with significant increase
in perirenal fat cell size compared to both sham-operated
and OVX rats (Fig. 2a), pointing to the triggering of body
compensatory mechanisms. This compensation was evident
6 weeks after lipectomy, where the rats gained weight and
their BMI became statistically indistinguishable from that
of the corresponding only OVX group. It was also accom-
panied by both an increase in perirenal fat mass and fat cell
size. Several studies have reported a compensatory increase
in VAT following the removal of SAT in humans [22, 23].
It was postulated that when body fat is surgically removed,
it will be recovered by compensatory expansion at intact
depots rather than regrowth of the fat mass in aspirated
depots, with a predominant hypertrophy of the retroperito-
neal pad of fat [24, 25]. This might explain the significant
increase in perirenal fat mass and fat cell size observed in the
present study. It also matched the significant positive cor-
relation encountered between the percentage of the excised
SAT and fat cell size of remaining VAT (Fig. 5d).

Lipectomy resulted in a significant drop in plasma leptin
reaching the level of that in sham-operated rats. Leptin levels
have been documented to be correlated with the amount of
body fat mass, and it is known to be preferentially secreted
from SAT compared with VAT [26]. Thus, the decrease in
leptin level in the present study corresponds to the removal
of SAT, with a subsequent decline in its secretion. Inter-
estingly, leptin levels failed to increase 6 weeks following
lipectomy despite the increase in BMI and regeneration of
body fat. This may be due to failure of regrowth of SAT with
regeneration of adipose tissue occurring in other areas, as
manifested by increased fat cell size in perirenal fat. Adi-
ponectin is another adipocyte-derived hormone whose level
was comparable in all the studied groups whether before or
after lipectomy. Reports about changes in adiponectin level
after lipectomy are controversial, with some studies report-
ing no change [27] and others reporting its increase [28], or
decrease [29].

Ovariectomized lipectomized rats exhibited significant
hyperglycemia, which could be explained by the increased
proportion of VAT relative to SAT and, hence, increased
rate of lipolysis, providing a continuous substrate for glu-
coneogenesis [8, 30]. The removal of SAT was reported to
enhance ectopic fat deposition in liver and skeletal muscles,
which is associated with insulin resistance [31]. This was
confirmed by the presence of significant positive correlation
between the percentage of the excised SAT and levels of
FBG (Fig. 5b). Moreover, the lower leptin levels in lipec-
tomized rats could indicate another mechanism to explain
the increased FBG. Leptin was documented to improve
glucose tolerance via reduction of fat deposited ectopically
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[32], exerting insulin-like effects on skeletal muscles [33]
and inhibiting glucagon secretion from pancreatic cells [34].
However, this concept is not entirely valid as, despite the
high leptin levels following ovariectomy, it did not correct
the hyperglycemia or protect against the deterioration in
lipid profile.

Subcutaneous lipectomy seems to cause further worsen-
ing of the atherogenic lipid profile encountered in the only
OVX rats. The TC, LDL-C, and AI were all still elevated
in addition to the significant rise in plasma TG and reduc-
tion of HDL-C levels. It was also found that the ratio of the
excised SAT was positively correlated with the calculated Al
and inversely correlated with the plasma levels of HDL-C
(Fig. 5c,e). This could possibly be attributed to lack of the
protective effect of SAT, which is dubbed the “metabolic
sink” for dietary fat [35]. In the current study, the acute
removal of subcutaneous fat and the disturbed subcutaneous/
visceral fat ratio resulted in a rebound increase of visceral
fat, manifested by accumulation of fat in the perirenal adi-
pocytes. The larger perirenal adipocytes observed in lipec-
tomized rats suggest another explanation for the worsened
lipid profile. It has been postulated that when adipocytes
enlarge, the activity of lipoprotein lipase increases in paral-
lel, which further increases fatty acid delivery to the circula-
tion [36]. Adipocyte hypertrophy is also linked to impaired
adipose tissue function, including high responses to lipolytic
agonists and lower diacyl glycerol synthase activity [37].

Six weeks following lipectomy, the atherogenic lipid pro-
file and hyperglycemia still persisted, with the exception of
TG and HDL-C levels which were significantly improved.
The significant reduction of HDL-C after 1 week of lipec-
tomy could be explained by the observed upregulation of
enzymes involved in HDL-C catabolism following lipectomy
[38]. Interestingly, Catapano et al. [39] reported that dur-
ing infections or acute medical conditions, HDL-C levels
decrease very rapidly and the particles undergo profound
changes in their composition and function. In the present
study, we might consider the lipectomy surgery as having
been an acute medical condition, constituting a second surgi-
cal intervention within a month. Meanwhile, the significant
decrease in TG level compared to its value in 1-week lipec-
tomized rats could be attributed to the buffering of excess
free fatty acids in plasma by the compensatory increase in
adipose tissue and total body fat in this group, with subse-
quent lowering of circulating TG level [40].

The impact of lipectomy on the liver is marked by
increased liver weight and reduction in albumin level, point-
ing to deterioration of hepatic function. The presence of this
effect was supported by the fact that reduction of a signif-
icant amount of SAT was associated with a trend toward
increased fatty infiltration of the liver and enhancement of
ectopic lipid deposition due to removal of the natural store
[31, 41]. The effect was also confirmed by the significant
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positive correlation detected between the ratio of excised
SAT and hepatic weight in the OVXL groups (Fig. 5a). The
drop in the level of hepatic enzymes in OVXL rats, though
an abnormal histological picture, probably indicates severe
liver affection resulting in fewer liver cells that can leak
these enzymes [42].

Subcutaneous lipectomy resulted in more disturbance
of redox status, manifested by the continuous increase in
plasma MDA level and reduction in both blood and hepatic
tissue GSH. The increased oxidative stress with lipectomy
could be, in part, explained by the removal of SAT, which
enhances ectopic fat deposition and is known to be associ-
ated with inflammation [31]. The link between lipectomy
and oxidative stress was demonstrated by a significant nega-
tive correlation between the ratio of excised SAT and values
of blood GSH in the OVXL groups (Fig. 5f).

Subcutaneous lipectomy in young
versus premenopause rats

The present data extend and confirm our previous research
on the impact of subcutaneous lipectomy in obese premeno-
pausal rats [17]. The results demonstrated that lipectomy
surgery, whether in premenopausal or in young rats, has
unfavorable outcomes, including fasting hyperglycemia, dis-
turbed lipid profile associated with atherosclerotic changes
in the wall of the abdominal aorta, and impaired liver func-
tions coupled with hepatic cell vacuolation and inflamma-
tory cell infiltration. Furthermore, there was an increase in
the level of MDA with decreased antioxidant capacities and
an increase in the size of visceral fat cells. The increased
liability for atherosclerotic changes, together with enhanced
ectopic fat deposition in the liver and the wall of the aorta
could be related to the drop of leptin level observed in these
rats.

Furthermore, subcutaneous lipectomy appears not to
be effective in combating ovariectomy-induced obesity in
young rats, the unfavorable effects on both metabolic and
hepatic functions seeming to be more pronounced at young
ages. Compared with premenopausal rats, young rats appear
to have compensated for the removed fat tissue as evidenced
by the percentage increase in BW [34.52 (21.05, 59.09) vs.
10.34 (-3.57, 16.67), p < 0.001, Fig. 6a] and BMI [21.15
(12.77, 37.50) vs. 9.09 (—3.45, 16.13), p < 0.001, Fig. 6b],
as well as increased perirenal fat cell size [8504.87 (8089.34,
10037.91) vs. 6402.19 (5110.61, 7654.64), p = 0.002,
Fig. 6c]. In premenopausal rats, the limited ability of adi-
pose tissue to regenerate could be correlated to the decline
in preadipocyte replication and adipogenesis and, moreover,
in adipocyte ability to synthesize and store neutral fat with
aging [43]. This limited capacity hindered the compensatory
increase in body fat content and body weight of aged rats
following lipectomy.



Hormones (2022) 21:421-436

433

Fig.6 Body responses 6 weeks (a) (b)
after subcutaneous adipose
tissue lipectomy in young and ABW A BMI
premenopausal rats. Values 6ol 40
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In young rats, subcutaneous lipectomy was followed by
significant reduction in plasma albumin level compared to
premenopausal rats [2.36 (2.10, 2.51) vs. 2.60 (2.04, 3.00),
p = 0.009, Fig. 6d]. Albumin is the most important plasma
protein synthesized by the liver and is believed to be a useful
indicator of hepatic function; therefore, a low level provides
evidence of deterioration [44]. Elevated levels of plasma
MDA [194.00 (166.00, 221.00) vs. 106.00 (93.00, 119.00),
p < 0.001, Fig. 6e] and hepatic tissue GSH [12.75 (10.55,

18.61) vs. 6.61 (6.26, 7.03), p < 0.001, Fig. 6f] in young
rats compared to premenopausal ones indicate high redox
status after lipectomy. The low levels of hepatic GSH in
premenopausal rats could be explained by the aging process.
It has been reported that aging is characterized by increased
intracellular oxidative stress due to the progressive decrease
in intracellular scavenging of reactive oxygen species [45].

In fact, studies involving surgical manipulation of adi-
pose tissue by removal or partial lipectomy have inconsistent
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outcomes. There is some debate as to whether lipectomy itself
is ineffective, or whether there is an underlying problem of
energy imbalance that has not been corrected. Despite the vari-
able results obtained after lipectomy, most experimental stud-
ies demonstrated body fat compensation and weight recovery,
suggesting that biological feedback mechanisms act to resist
long-term changes in body weight/fat [46]. This is because
the body aims to maintain an energy balance that requires a
complex integration of energy stores, energy expenditure, and
energy intake. However, in the long term, it is now clear that
surgically eliminating fat stores without correcting the energy
balance simply results in regrowth of fat mass either at the
excision site or (more commonly) in other depots.

In this context, partial lipectomy was found to increase lipo-
genesis and adipocyte differentiation in non-excised depots in
a model of obesity induced by monosodium glutamate (MSG)
treatment [25]. Recently, though using the same model of obe-
sity (i.e., MSG treatment), lipectomy in obese animals resulted
in significantly higher visceral fat accumulation in female than
in male rats, pointing to a gender-dependent difference [47].
In another study, the effect of partial lipectomy on high fat
diet-induced obesity in rats was evaluated. The results showed
that although there was no significant difference in food intake
among all groups, the lipectomized animals had higher weight
and greater fat accumulation in the liver than the control group
[48]. These data indicate that lipectomy tends to enhance the
anabolic pathways but leaves the catabolic pathways unaf-
fected. Meanwhile, Habitante et al. [49] have shown that exer-
cise training after partial removal of fat pads modifies adipose
tissue metabolism, impairs adipose tissue regeneration, and
reduces body adiposity.

Although lipectomy models offer some insights into how
lipid (energy) stores and body composition are regulated,
the interactive effects of other factors have not been well
defined. For a better understanding, more empirical studies
in different contexts such as genetic factors, different diets,
exercise, and environmental conditions (e.g., photoperiod
and temperature) are needed. The novelty of the present
study, in the absence of adequate number of research in
female animals, is the reporting of significant changes in
metabolic parameters in lipectomized young obese female
rats compared to non-lipectomized ones. It is the effect of
the sudden shortage of energy storage on the metabolic
profile that leads to metabolic reprogramming in the liver,
which is the most important organ responsible for regulating
energy metabolism.

Conclusion
Subcutaneous lipectomy appears to be ineffective in combat-

ing obesity at young ages. Despite the rapid and significant
loss of BW immediately after lipectomy, this outcome was
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found to be temporary and was followed by compensatory
expansion of visceral adipose tissue in multiple areas as well
as in different non-adipose tissue organs. This ectopic fat
deposition is thought to be responsible for the deleterious
metabolic effects of lipectomy. It is thus evident that more
attention must be paid to the removal of this easily acces-
sible subcutaneous fat while bearing in mind the unfavorable
outcomes of lipectomy.
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