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Ovarian atrophy and reproductive tract Incompetence are rec­
ognized consequences of the progressive expression of the
overt, diabetes-obesity syndrome (DOS) In C57BUKsJ (db/db)
mutant mice. The present studies evaluated the progressive
changes In ovarian cytoarchitecture, endocrine expression, and
reproductive tract cytollpldemic parameters that promote re­
productive failure and ovarian involution during the pre-onset,
initial, progressive, and chronic expression stages of the DOS.
Paired IIUermate control (normal: +17) and diabetic (mutant: db/
db) C57BUKsJ females were selected for analysis of ovarian
parameters at 2 weeks (pre-onset expression of DOS), 4 weeks
(Initial DOS expression), 8 weeks (progressive DOS: hyper­
glycemlclllpidemlc), and 16 weeks (overt/chronic DOS expres­
sion) of age. All 4- to 16-week-old (db/db) groups were obese,
hyperglycemic, and hyperinsulinemic as compared with age­
matched (+11) controls. Prior to phenotypic expression of the
DOS (2 week groups), ovarian Interstitial cytollpldemla charac­
terized the perifollicular and cortical regions of db/db tissue
samples relative to +I? indices, while comparable body weight,
blood glucose, as well as serum Insulin and ovarian steroid
hormone concentrations characterized both the +I? and db/db
groups. Overt DOS expression in the 4-week-old db/db groups
was characterized by body obesity, systemic hyperglycemia­
hyperinsullnemla, and extensive hypercytolipldemla of ovarian
folllculothecal compartments, as well as enhanced tissue lipase
activities. By 8 weeks of age, progressive hypercytollpldemia
characterized Interstitial, thecal, and follicular granulosa cell
layers of db/db tissue samples concurrent with suppressed
ovarian steroid hormone production, enhanced lipid sequestra­
tion, and exacerbation of systemic hyper-glycemlannsullnemla.
By 16 weeks of age, the chronic-DOS was characterized by ex­
tensive ovarian follicular Involution, cortical perivascular hy­
perlipidemic infiltration, thecal cell atrophy, and follicular gran­
ulosa lipid Imbibition. These data indicate that db/db mutation­
Induced ovarian structural and functional Involution Is a direct
reflection of the cellular metabolic shift towards lipogenesis,
Indicated by the progressive cytoarchitectural transformation
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Into adipocyte-like entitles. The cytological Indications of cel­
lular metabolic compromise, which precede the phenotypic ex­
pression of the DOS Indices, suggests that correction of these
abnormal shifts In ovarian endocrine and cellular metabolism
may restore, delay, or prevent the further compromise of ovar­
Ian function by db/db mutation expression. Exp Bioi Mad 228:1040­

1050, 2003
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R
eproductive tract dysfunction is a recognized conse­
quence of the overt expression of the diabetes­
obesity syndrome (DOS) (1). In both humans (2, 3)

and experimental models (4-12), utero-ovarian structural,
functional, and metabolic parameters are altered in response
to the progressive hyperglycemic-hyperinsulinemic sys­
temic conditions that characterize noninsulin dependent
(Type II) DOS (1, 13, 14). Suppression of cyclic ovarian
follicular recruitment patterns (4, 9, 13), anovulation (12,
14), acyclicity (9, 13), depressed ovarian steroid hormone
synthesis and release (16-19), hypovascularization and tis­
sue ischemia (16-20), enhanced follicular atresia (9, 13, 16,
19), and premature tissue atrophy and involution (1) have
been recognized to occur in association with overt DOS
expression. Associated alterations in uterine indices, such as
suppressed responsivity to ovarian steroid stimulation (1,
17, 21-23), depressed endometrial blood flow (16), limited
decidualization (16), and pronounced placental-fetal growth
retardation rates (3, 11, 24), have been associated conse­
quences of DOS-induced reproductive failure. These recog­
nized cytoatrophic and tissue involution changes have been
attributed to the shift in cellular metabolism towards lipo­
genesis under pronounced diabetic, hyperglycemic condi­
tions (1, 14, 17, 19, 25). The resultant lipid imbibition in
affected cells and tissues suppresses the stimulated adren­
ergic counter-regulatory mechanisms from being effective
modulators of the hyperglycemic environment (I, 25-27),
promoting metabolic homeostatic imbalance, cellular adi­
posity, and tissue involution (1, 25). As a result of the
enhanced cytolipid depositions that occur (1, 13-14), utero­
ovarian tissue involution is progressively and proportionally



promoted relative to the DOS-induced disruption of the
structural and metabolic integrity of these tissues (9, 13, 16).

The C57BLlKsJ diabetes (db/db)-mutant mouse model
demonstrates severe reproductive tract alterations following
the expression of the DOS 0, 13, 14,28). In contrast with
littermate controls (+I?), the utero-ovarian tissues of db/db
females exhibit a pronounced propensity towards hypercy­
tolipidemia, characterized by massive basopolar accumula­
tions of triglyceride- and free fatty acid-inclusions within
the subnuclear regions of both endometrial epithelial tissue,
.as well as ovarian thecal and follicular granulosa cell com­
partments (1,13,14). The (db/db) mutants are recognized to
be deficient in the long-chain leptin receptor, a factor that
exacerbates the DOS complications by promoting an obese,
insulin-resistant, hypertriglyceridemic endometabolic state
that compromises reproductive tract cellular development,
maturation, and function (16, 17, 25, 26). As the severity of
the hyperglycemic-hyperinsulinemic state becomes progres­
sively manifested with age, the rate of cellular and tissue
involution in both uterine and ovarian cell types is enhanced
(1). Ultimately, cellular regression and atrophic involution
of the reproductive tract occurs (25). However, the initial
sequence of cytological, metabolic, and endocrine param­
eter alterations, which characterizes these db/db-induced
events, remains to be elucidated. The current studies were
designed to evaluate the cellular, endocrine, and related
metabolic alterations in ovarian tissue collected from ge­
netically mutant C57BLlKsJ (db/db) mice at temporal in­
tervals spanning pre-DOS expression of the mutation to the
overt/chronic phase of the expressed DOS in this model.

Materials and Methods
Animals. Adult, female C57BLlKsJ mice (Jackson

Laboratory, Bar Harbor, ME) were used in these studies.
Littermate control (+I?) and diabetes-obese (db/db) geno­
types were matched for phenotype, tissue sampling, blood
glucose, and serum insulin concentration comparisons, serv­
ing as indices for the severity of the expressed DOS. All
acyclic (13), female mice were housed, without the presence
of males, 5 per cage under controlled environmental condi­
tions (23°C), with an established photoperiod of 12 hours of
light per day (lights on: 0600 hr). Blood glucose levels
(Ames Glucometer method) (16), the radioimmunoassay
analysis of serum insulin (Novo Industries, Denmark: 17.2
IV/mg standards) (8), radioimmunoassay of serum estradiol
(E) and progesterone (P) concentrations (14), high­
performance liquid chromatography (HPLC) of tissue nor­
epinephrine (NE) concentrations (26), tissue lipoprotein and
triacylglycerol lipase activities 0, 19), and body weights
were monitored for each of the designated 2- (prepubertal,
pre-onset stage), 4- (peripubertal, initial DOS expression
stage), 8- (early adult, progressive, overt DOS stage), and
16- (adult, DOS chronic/organ regression stage)-week-old
age group experimental periods as previously described (1,
25). Animals exhibiting both obesity (:::::20 g by 4 weeks
of age; controls :517 g) and pronounced hyperglycemia

(:::::200 mg/dl) relative to controls (:5150 mg/dl) were uti­
lized (1, B), with the progressive expression of these indi­
ces observed between 4 and 16 weeks of age.

Hormone Assays. Serum insulin concentrations
were evaluated 'from duplicate pooled serum samples by
radioimmunoassay (RIA) as previously described and vali­
dated (8) using mouse insulin (17.2 units/mg: Novo Indus­
tries) standards. Assay sensitivity approximated 80 pg with
an intraassay variability of less than 10%. All serum insulin
values were expressed as pg/ml, Serum E and P concentra­
tions were evaluated by RIA as previously described and
validated (14) from duplicate or pooled groups samples,
depending on the amount of serum available. Interassay and
intraassay variability approximated 10%. All E (pg/m!) and
P (ng/m!) values were expressed corrected for procedural
loss.

Tissue Collection and Preparation. Ovaries from
2-,4-,8-, and 16-week-old control (+/?) and diabetes-obese
(db/db) matched-paired groups were collected, weighted,
and prepared for light and transmission electron micro­
scopic (TEM) examination as previously described (1, 13,
14). In brief, mice were anesthetized at the designated age­
related experimental stages of DOS (db/db) mutation ex­
pression with sodium pentobarbital and systemically per­
fused with 50 ml of physiological saline and 100 ml of
Karnovsky's fixative solution. Ovarian tissue samples were
cleaned, blotted, blocked, and embedded in plastic using
conventional techniques as previously described (13, 30)
All tissue samples were subsequently sectioned and stained
with toluidine blue for lipid polychromatic identification (1,
30) and localization by high-resolution light microscopic
(LM) examination or with osmium tetroxide (13, 14) prior
to TEM analysis.

Tissue Microscopic Analysis. Tissue sections
prepared for light microscopic analysis were used for cyto­
plasmic polychromatic organelle designation, localization
of intracellular lipid inclusion accumulations, and for the
subsequent determination of cytoplasmic lipid density alter­
ations that characterize progressive DOS cytological indi­
ces, as previously described (1, 13, 14, 19). Photographic
images of ovarian interstitial. thecal, and follicular granu­
losa cell/tissue populations from the prepared tissue samples
were captured with an Olympus (Olympus Optical, Tokyo,
Japan) digital graphics camera and microscope unit, with
lipid vacuole pools digitally enhanced utilizing polychro­
matic stain identification and digital conversion for en­
hanced, chemical-specific, scale imaging for analysis of cy­
toplasmic lipid distribution and density determinations us­
ing a computer-assisted photodigital scanner as previously
described (31). All cytoplasmic lipid pool changes associ­
ated with db/db-induced, progressive cellular lipoadiposity
were analyzed by high-resolution LM and digital che­
mospectrophotographic (DCSP) analysis as described (31)
to define intercellular and intracellular lipid accumulation
patterns. Tissue sections were prepared for DCSP image
analysis of lipid-induced structural variations in cellular in-
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trast, ovarian steroid hormone levels were significantly
lower in db/db groups relative to +/? controls between 4 and
16 weeks of age, indexing the severity of the DOS-induced
progressive suppression of follicular steroidogenic function
(Fig. 2).

Alterations in ovarian metabolic lipase and carboxylase
activities accompanied the dramatic changes in the db/db
indices during the indicated DOS phases of expression (Fig.
3). Low or nondetectable levels of lipase and carboxylase
activities were observed in both +/? and db/db samples in
the pre-DOS, 2-week-old groups. By 4 weeks of age, the
initial expression of enhanced triacylglycerol (TO) lipase
activity, an index of enhanced tissue lipid imbibition, oc­
curred in db/db groups relative to +/?, in temporal associa­
tion with the noted increase in body weight and serum in­
sulin concentrations (Fig. 1). By 8 weeks of age, both TO
arid lipoprotein (LP) lipase activities were enhanced in
overt-DOS phase db/db mice relative to control indices
(Fig. 3). By 16 weeks of age, lipase as well as acetylCoA

1_ ...._. , .. _ ..

Figure 1. Age (weeks)-related changes in body weight, blood glu­
cose, and serum insulin levels in C57BUKsJ control (+17) and dia­
betic (db/db) mice are presented as group (n = 5-8/group) means (±
SEM) during the experimental period. Significant (P :5 0.05) differ­
ences between (+/?) and (db/db) groups means for each respective
parameter are denoted by asterisks (*).

Results
Temporal, Phenotypic, Metabolic, and Endo­

crine Indices Associated with (db/db) Expres­
sion. At 2 weeks of age (pre-DOS expression phase), the
body weights, blood glucose, and serum insulin levels of
both +/? and db/db groups were found to be comparable
(Fig. 1). However, by 4 weeks of age (initial phase of DOS
expression), the db/db groups exhibited significant in­
creases in body weight and serum insulin concentrations
relative to +/? groups, complicated by mild hyperglycemia.
In contrast, by the 8-week-old, overt phase of DOS expres­
sion, all db/db indices were dramatically elevated relative to
age-matched +/? parameters. These phenotypic, systemic,
and endocrine indices remained elevated through the 16­
week-old, organoatrophy phase of the DOS in the db/db
groups relative to Iittermate +/? parameters (Fig. 1). In con-

tegrity, cytoplasmic changes in organelle and lipid inclusion
density, as well as for translaminal and periepithelial stroma
(i.e., thecal and interstitial) changes associated with the (db/
db) mutation-induced cytoimbibition of interstitial lipid de­
posits during the designated, age-related stages of the DOS
(1, 13) as previously described (31).

Tissue Norepinephrine, Lipoprotein Lipase,
and Triacylglycerol Lipase Measurements. To re­
late the recognized DOS-induced changes in cellular and
tissue structural indices to concomitant alterations in cellu­
lar metabolic status, ovarian tissue samples were collected
from 2-, 4-, 8-, and 16-week-old +/? and db/db groups for
analysis of noradrenergic and lipid (triacylglycerol lipase)
uptake parameters. Homogenized, fresh tissue NE levels
were determined by high-performance liquid chromatogra­
phy (HPLC) utilizing a C-18 reverse phase uBondapak col­
umn (Waters and Associates, Milford, CA) attached to an
LC-4 electrochemical detector with a carbon electrode
coupled with a Ag+/AgCl reference electrode (Bioanalytical
Systems, LaFayette, IN) as previously described and vali­
dated (25, 27). All NE values were expressed as nanogram
per gram of fresh tissue corrected for procedural loss of the
internal standard. Final calculations of tissue NE levels were
performed using a Data Module 720 (Waters and Associ­
ates). Tissue lipoprotein and triacylglycerollipase activities
were measured as previously described (1, 19, 29) from
triplicate pools of ovarian samples collected from 2-, 4-, 8-,
and 16-week-old (+/?) and (db/db) groups. All group means
(±SEM) values were expressed as nanomoles FFNI mini
1 g tissue.

Statistical Analysis. Values for body weight, blood
glucose, serum insulin levels, and tissue metabolic indices
were expressed as group means (± SEM) for the designated
age and genotype groups for both control (+I?) and diabetic
(db/db) mice. Intergroup differences with respect to age or
genotype comparisons were determined using the Student's
r-test, Newman-Keuls, or Analysis of Variance exams,
where appropriate, with a P =5 0.05 accepted as representing
statistical intergroup measurement differences.
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Figure 4. Alterations in ovarian norepinephrine (NE) concentrations
during the age-related (weeks) experimental periods are presented
as group (n = 6-10) means (± SEM). Significant (P :5 0.05) inter­
group differences are denoted by asterisks (*).
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Figure 3. Age (weeks)-related changes in triacylglycerol (TG) li­
pase, lipoprotein (LP), lipase, and acetyl CoA (AcoA) carboxylase
activities are presented as group (n = 5-8) means (± SEM) for con­
trol (+I?) and diabetic (db/db) ovarian tissue samples collected at the
four designated experimental phases of mutation expression. Sig­
nificant (P :5 0.05) differences between group means at the desig­
nated age groups are denoted by asterisks (*).

carboxylase activities, were dramatically elevated in db/db
groups relative to littermate (+I?) controls. During the same
timespan of DOS expression, the alterations in ovarian NE
concentrations (Fig, 4), evaluated as an index of resulting
intrinsic counter-regulatory response to db/db expression,
exhibited a sharp elevation in tissue concentrations between
4 and 8 weeks of age in temporal association with the overt
phase of the DOS. By 16 weeks of age, a significant decline
in tissue NE accompanied the tissue involution and organo­
atrophy that characterized the chronic expression of the dia­
betes (db/db) mutation.

Ovarian Tissue and Cytological Analysis of
Progressive Cytolipidemic Involution. Progressive,
cellular and interstitial, ovarian involution characterized the
db/db tissue samples between the 2- and l6-week-old
phases of the DOS mutation expression in C57BLlKs] mice
relative to +/? groups (Fig. 5). As indicated by both LM and
DCSP analysis, cytoplasmic basal pole lipid inclusions were
a constant component of follicular thecal and granulosa cel­
lular compartments, indicative of the normal cellular inclu­
sions of triglyceride and free fatty acid pools associated
with steroidal synthesis and release (Fig. 5). In +/? groups
between 2 and 16 weeks of age, interstitial and follicular
cell compartments demonstrated the consistent presence of
cytolipid pooling (Fig. 6A,C,E,G) (Table I), which exhib­
ited a dispersed, but constantly expanding presence in all
developing and stimulated follicles exhibiting normal, non-

Figure 2. Age (weeks)-related changes in serum estradiol and pro­
gesterone concentrations lor control (+I?) and diabetic (db/db)
C57BUKsJ mice (n = 5-8/group) are represented as group mean
values (± SEM) at specific experimental stages of the DOS. Aster­
isks (*) denote significant (P :5 0.05) intergroup differences at the
indicted DOS stage.

DIABETES·INDUCED OVARIAN INVOLUTION 1043



Figure 5. Photographic comparison between high resolution (x800)
LM (A) and digital chemospectrophotographic (DCSP) analysis (B)
of a representative ovarianantral folliclecollectedfrom a C57BUKsJ
(db/db)tissuesampleat 8 weeksof ageduringthe overtphaseof the
expressed diabetes mutation. By LM. interstitial perivascular lipid
densities are apparent surrounding the perithecal limitationsof the
follicle. However, following DSCPanalysisof the sample.enhanced
visualization of the triacylglycerol and free fatty acids accumulations
presentwithin interstitial. thecal.and cytoplasmic granulosa loci are
accentuated, as well as intercellular and intracellulartrafficking pat­
ternsVisibly demonstrated. Theapplication of DCSPanalysisto both
controland diabeticsamplescollected at the four designated experi­
mental periods of the expressed diabetes mutation was subse­
quently usedfor analysisof cytolipid toxicity and ovariantissue and
follicular involution resulting from the hyperglycemic metabolicstate
in this mutantmodel.

atretic, characteristics indicative of metabolic maturation
and expression. Medullary perivascular, cortical interstitial,
and cortical interthecal loci depositions of cytolipid pools
characterized the normal ovarian tissue compartments
throughout the experimental period (Figs. 6, 7A). Although
the presence of cytolipid pools within the inner granulosa
cell layers of developing follicles, or the presence of antral
lipid vacuoles within the follicular fluid compartments of
secondary follicles was rare, these sites were dominated by
hypercytolipidemic accumulations in atretic follicles (Fig.
6). Thus, the localization of nominal, low-density, lipid ac-

1044 DIABETES-INDUCED OVARIAN INVOLUTION

Figure 6. Representative DCSP (x80Q-1000) analysis of ovarian
tissue samplescollectedat 2 weeks [(A.B) pre-mutation expression
phase]. 4 weeks [(C.D) initial expression phase]•.8 weeks [(E.~)
overt expression phase]. and 16weeks[(G,H)chronicorganotrophic
phase] of age from matched control (left column) and diabetic (right
column) C57BUKsJ mice. At 2 weeks of age (A.B), perivascular,
interstitial, thecal. and dispersed granulose cytolipid deposits were
noticeablyelevatedin (db/db)samples(B) relative to the low-density
dispersionof interstitial lipid pools present in (+/?) tissues (A). By 4
weeks of age (C,D). the enhanced density and distribution of lipid
depositshad expanded to all ovariantissuecompartments in (db/db)
samples (D) relative to (+/?) samples (C). By 8 weeks of age, the
uniform distribution of ovarian lipid deposition throughout the tissue
compartments in (+I?) specimens was observed to be relatively uni­
form, whereasthe densityof lipid depositions was enhanced in both
interstitial and follicular compartments in (db/db) samples. By 16
weeks of age (G,H). the constant distribution of low-density lipid
pools in (+I?) ovarian samples (G) contrasted with the dominant
elevation of compartmental lipid pools dispersed throughoutall in­
terstitial and cytoplasmic compartments of (db/db) follicles (H).

cumulations within interstitial and follicular cellular com­
partments characterized all normal ovarian tissue samples
during the 2- to 16-week-old experimental analysis period,
and contrasted within the atresia-associated massive imbi­
bition of intracellular lipid pools observed in C57BUKsJ
(+/?) samples (Fig. 6).

, The progressive nature, influence, and severity of the
db/db mutation on hypercytolipidemia-induced ovarian in­
volution was dramatically expressed between 2 and 16



Table I. Progressive Ovarian Hypercytolipidemia: Compartmental Distribution Analysis of Diabetes-Induced
Follicular Involution

Ovarian compartment
Age Group

Control (C)
Medullary Cortical Cortical Follicular Follicular Follicular(weeks) or DOS phase

perivascular interstitium interthecal thecal granulosa antrum

2 (+/?) C (Fig. 6A) Absent Absent Absent Absent Absent N/A
(db/db) Pre-DOS Minor Minor Nominal Absent Absent N/A

(Fig. 68) accumulation accumulation
4 (+17) C (Fig. 6C) Minor Minor Nominal Nominal Nominal Rare

accumulation accumulation
(db/db) Onset DOS Present Present Present Present Present Rare

(Fig. 60) dense dense dispersed dispersed basal cells
8 (+/?) C.(Fig. 5A;6E) Present Present Present Present Present Rare

dispersed dispersed dispersed dispersed basal cells
(db/db) Overt DOS Dense Dense Dense Dense Dense Present

(Fig. 58;6F;9) dominant dominant dominant dominant dispersed
16 (+17) C (Fig. 6G;7A) Constant Constant Present Present Present Rare

dispersed dispersed dispersed dispersed basal cells
(db/db) Chronic DOS Dense Dense Dense Dense Dense Constant

(Fig. 6G;78) dominant dominant dominant dominant dominant

weeks of age in association with the pronounced metabolic
shifts towards cellular lipogenesis (Figs. 5, 6B,D,F,H). In
the 2- to 4-week-old db/db groups, ovarian medullary in­
terstitial and perivascular regions demonstrated enormous
lipid depositions (Fig. 6B,D), characterized by progressive
accumulations of interstitial tissue lipid pools and the pres­
ence of interthecal adipose depositions (Figs. 7B,D, 8). In
addition, the prominent and persistent presence of enhanced
cytolipid accumulations was a dramatic contrast with the
nominal cytoplasmic lipid pool densities demonstrated by
comparable +/? age groups (Table I) (Fig. 6). By the
8-week-old, overt DOS phase of the expressed (db/db) mu­
tation, hypercytolipidemia dominated all medullary, inter­
stitial, interfollicular, and follicular (thecal-granulosa) ovar­
ian cellular compartments (Table I, Figs. 6, 7B,D). From
LM, DCSP (Fig. 6), and TEM (Figs. 7, 8) analysis of db/db
samples, all cellular cytoplasmic compartments were domi­
nated by the enhanced interstitial lipid concentrations, in­
ducing tissue and follicular atresia, as indexed by follicular
resorption and concurrent ovarian tissue involution. The se­
verity of the lipid imbibition resulted in the appearance of
massive antral fluid depositions being detected within fol­
licles that were succumbing to the metabolic shifts induced
by the progressive expression of the (db/db) mutation (Figs.
6H, 9). Ultimately, ovarian tissue involution resulted from
the massive cellular and interstitial accumulation of lipid
depositions, which compromised the cytointegrity and
metabolic maintenance of follicular function (Table I)

(Figs. 7D, 9, 10).

Discussion

The results of the present studies demonstrate that the
progressive accumulation of medullary, interstitial, and fol­
licular triglyceride pools from ovarian perivascular com­
partments induced a dramatic alteration in folliculo-thecal

cellular integrity, culminating in the demise of ovarian func­
tion and pronounced premature organotropy (Fig. 10). Rec­
ognized to occur in the pre-overt phase of the DOS condi­
tion, initial increases in body weight and serum insulin lev­
els denote the first indices, which are detectable markers of
the expressed (db/db) mutation, accompanied by the overt
hyperglycemic state by 4 weeks of age (Fig. I). The pro­
gressive exacerbation of these endocrine and metabolic
shifts promoted the cytopathological changes, as denoted by
the enhanced cellular hyperlipidemic condition and progres­
sive loss of structural and functional integrity within the
described ovarian cellular compartments of db/db groups
(Fig. 10). The promotion of the DOS-associated cellular
hyperlipidemia occurred in the leptin-receptor deficient (db/
db) mutants under exaggerated hyperglycemic-glucotoxic
indices, which are recognized to exacerbate the resultant
nonregulated metabolic shift towards lipotoxicity (25-27,
31, 32). The dramatic elevations in tissue lipase activities
and suppressed ovarian steroidogenesis, demonstrated that
the cellular metabolic shifts towards lipogenesis were asso­
ciated with the demise of cellular function. Ultimately,
ovarian involution resulted from the combined actions of
these indices, which induced the fatty-follicular syndrome
(FFS) in db/db mutants (19), allowing for a lipid-induced
demise of normal homeostatic metabolism (I, 13, 14, 17)
and, progressively, the structural involution of all ovarian
compartments.

The presence of cytolipid pools is a characteristic of all
ovarian compartments, in both normal and DOS states, and
is required to support normal endocrine steroid production
responsible for the promotion of cellular maturation and
metabolic stability in reproductive tract tissues (13, 15).
However, the dramatic enhancement of cytolipid pools in
db/db ovarian compartments serves as an index of how ag­
gressive and progressive lipoatrophy becomes manifested

DIABETES-INDUCED OVARIAN INVOLUTION 1045



under hyperinsulinemic-hyperglycemic conditions in the
absence of leptin-rnediated modulation. In the pre­
expressed phase of DOS (2 weeks of age), both +I? and
db/db groups demonstrated comparable lipid depositions
within the interstitial, thecal, and follicular ovarian com­
partments. However, by the 4-week-old, DOS-onset phase
of the mutation, cortical perivascular and interstitial ovarian
lipid depositions were dramatically elevated in db/db mice
relative to +I? littermates (Fig. 10). Associated with the
initial elevation in tissue lipase activities, insulin levels,
glucose concentrations, and body weight, ovarian cellular
compartments were subjected to lipogenic metabolic shifts
(1, 25). Instead of maintaining a maturation-associated, ste­
roidal production of ovarian hormones, the functional de­
cline in steroidogenesis was accompanied by the dramatic
structural transformation into adipocyte-like cells (13).

1046 DlABETES·INDUCED OVARIAN INVOLUTION

Figure 7. Contrasting TEM photo­
graphic (x7600) analysis of interfollicular
regions from control (A) and diabetic (B)
4-week-old ovarian tissue samples indi­
cate the remarkable tissue and cellular
disruption that accompanies the expres­
sion of the (db/db) mutation in C57BU
KsJ mice. The isolated presence of
small, localized lipid pools (open arrow)
within interthecal ovarian compartments
of (+I?) specimens characterized the
functional maturation of these follicular
loci. In contrast, the density of perivascu­
lar (closed arrow) and intracytoplasmic
stromal (open arrow) lipid accumulations
in (db/db) tissue (B) occurred as eleva­
tions in TG- and LP lipase activities (Fig.
3) increased under hyperglycemic­
hyperinsulinemic (Fig. 1) metabolic influ­
ences. By 16 weeks of age, the granulo­
sa cells (C) of normal follicles from (+17)
samples demonstrated the constant
presence of cytoplasmic lipid pools (open
arrows) dispersed within the normal or­
ganelle profile of mature cells. In con­
trast, granulosa cells from 16-week-old
(db/db) exhibited marked cytolipid atro­
phy (0) and tissue involution resulting
from the hyperlipidemia, which domi­
nated the tissue profile. Although some
nuclear and organelle compartments
were visible in (db/db) follicles at this
DOS phase, the vast majority of follicular
sites demonstrated cytolipid toxicity and
dissolution as a result of the chronic ex­
posure to the existing hyperlipidemic
environment.

From elevated interstitial deposits, thecal and follicular
compartment lipid pools increased dramatically (Fig. 10). In
rapid succession, perithecal follicular granulosa cell com­
partments demonstrated enhanced lipid imbibition, which
progressively migrated throughout the follicular granulosa
cell layers into the antral fluid compartment (Fig. 10). Sub­
sequently, the lipid transfer promoted the pronounced invo­
lution and atresia of the follicular population, allowing for
the premature onset of organotropy (Fig. 10). Within 12
weeks of the onset of the DOS (i.e., 16-week-old db/db
mice), virtually the entire ovarian follicular population ex­
hibited cytohyperlipidemic atresia and tissue involution
(Fig. 10).

It is well recognized that the noradrenergic counter­
regulatory influences, as indexed by tissue norepinephrine
(NE) and adrenergic receptors levels (25-27, 33, 34), are



remarkably enhanced in response to DOS metabolic param­
eters in db/db mice. In addition, it is recognized that NE
enhances leptin-modulated influences on fatty-acid oxida­
tion (35). Due to the lack of intrinsic leptin receptors in the
(db/db) mutants, the lipid-regulating influences of endog­
enous NE is compromised. Initial diabetes-stimulated eleva­
tions in tissue NE (26), a-adrenergic receptors (27), and the
histofluorescent localization of NE fibers (25) all eventually
succumb to the hyperlipidemic state. In db/db mice, the
noradrenergic response to the insulin-resistant, hyperglyce­
mic state becomes progressively suppressed as the lipogenic
shift in ovarian metabolism compensates for the enhanced
interstitial TG depositions (25). As such, with the exacer-

Figure 8. A dramatic contrast in the ap­
pearance and integrity of interstitial stro­
mal cells was obvious from TEM
(x10500) analysis of control (A) and dia­
betic (B) ovarian tissue samples col­
lected from 8- to 16-week-old C57BUKsJ
mice. While stromal cell profiles of con­
trol samples (A) demonstrated intact and
organized cytoplasmic nuclear and or­
ganelle compartments, the loss of inter­
cellular organization and cytoplasmic or­
ganelle dissolution was characteristic of
(db/db) follicular samples.

Figure 9. A high magnification (x1000)
DCSP image analysis of a (db/db) antral
follicle and surrounding thecal, intersti­
tial, and perivascular ovarian tissue com­
partments at 8 weeks of age demon­
strates the massive distribution of inter­
cellular and intracellular lipid pools,
which dominated the cellular profile fol­
lowing the overt expression of the (db/db)
mutation. The noted trafficking patterns,
which are indicated by lipid density accu­
mulations migrating from peripheral fol­
licular compartments into and through
successive granulose layers, are dis­
tinctly visible. The eventual exocytosis of
hypercytolipid granulosa pools into the
antral fluids and cumulus cell clusters of
follicular cores suggest the cytotoxic
mechanism through' which chronic ex­
pression of the (db/db) mutation ulti­
mately induces ovarian follicular atrophy
and tissue involution to become manifest
under the existing hyperglycemic­
hyperinsulinemic and hyperlipidemic
metabolic conditions.

bation of the hyperlipidemic state, the expected regulatory
efficacy of noradrenergic maintenance of cellular metabo­
lism is compromised, allowing for a lipogenic dominance of
cellular metabolism and the resulting induction of cellular
atrophy and organ involution. The reduction of extracellular
lipid depositions hasbeen demonstrated to maintain cellular
integrity in utero-ovarian tissues (I) in db/db mice and
maintain noradrenergic efficacy (27). The specific mecha­
nisms of action and effectiveness of enhanced lipid mobi­
lization and clearance on maintaining ovarian structural
and functional capacities in db/db mice is currently under
investigation.

Various reports have indicated that the DOS has dra-
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Figure 10. Graphic summary of the sequential events associated
with the expression of diabetes-induced, progressive ovarian adipos­
ity and atrophy in C57BUKsJ (db/db) mutant mice is presented as a
graphic timeline of lipid pool progression through recognized ovarian
tissue compartments following the onset of the diabetes-obesity syn­
drome (DOS). By 2 weeks of age (l.e., pre-onset of DOS phase), the
migration of circulating triglyceride-based lipid pools from the ovarian
medullary perivascular stromal compartment into cortical interfollicu­
lar stromal regions has occurred. With the initial expression (4 weeks
of age: initial DOS phase) of the (db/db) mutation, lipid migration and
density accumulations have invaded the interfollicular stroma and
perifollicular thecal layer compartments of the ovary. With the exac­
erbation of the systemic hyperglycemic-hyperinsulinemic metabolic
state at 8 weeks of age (Le., overt DOS phase), progressive accu­
mulations in lipid pool densities and area expansion occupied have
increased within the ovarian cortical regions, including the prominent
appearance of lipid depositions and progressive migration through
follicular granulosa cytoplasmic compartments. By 16 weeks of age,
the chronic exposure to the DOS induced pronounced follicular and
ovarian atrophic involution, promoted by the extensive cytoplasmic
Iipotoxicity and interstitial adiposity, which characterized C57BUKsJ
(db/db) ovarian compartments.

matic consequences on ovarian capacity to develop into
functional reproductive tract tissue (1, 9, 11, 18,28,36). In
both experimental and clinical studies, ovarian reproductive
failure has been characterized by anovulation (12, 14), de­
pressed follicular development (9, 13), suppressed ovarian
steroid synthesis and release (13-16), limited corpus luteum
formation and function (8), lack of uterogenic stimulation,
and the incomplete support of decidua/placental formation
(16). The recognized suppression of ovarian function results
in the premature induction of reproductive tract tissue in­
volution (1, 13, 14, 28). In the present studies, the uptake
and deposition of lipid within the cytolipid compartments of
all ovarian cell types appears to be uniquely associated with
the leptin receptor defect, since previous reports using al­
ternative models have failed to describe the apparent exces­
sive lipo-imbibition that characterizes the tissue involution
process in the db/db mutant (28). However, regardless of the
exact mode by which ovarian tissue succumbs to the del­
eterious influences of the db/db mutation, the pronounced
cyto-involution and organoatrophy are common and char­
acteristic effects of the DOS state.
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The recognized progression of hypercytolipidemia­
induced organoatrophy presented in the current studies ex­
tends the recognized reproductive tract dysfunctions previ­
ously reported in both Type-I (IIDM) and other Type-Il
(NIDDM) experimental models (1, 8-10, 17-19) in which
the causal relationships between hyperglycemia, hyperinsu­
Iinemia, and ovarian compromise have been recognized. In
addition, several studies have reported similar, stage-like,
progressive influences of DOS-related hypercytolipidemia
on cellular structural and functional demise in pancreatic
islet cells (37, 38), cardiomyocytes (39), hepatocytes (40),
and other nonadipocytic cells (41) in a variety of experi­
mental models. Although the correction of leptin-receptor
deficiencies or response suppression (38, 41), as well as the
effectiveness of lipolytic drugs (42), etiocholanolones (43),
and ovarian steroid hormone replacement therapies (1, 22),
have been reported to restore or maintain cellular and struc­
tural indices related to the obesity component of the DOS in
some experimental models, specific modulation of the ac­
companying diabetes-related, hyperglycemia-induced, cel­
lular complications remains to be realized. To date, neither
leptin nor lipolytic drug therapies have proven to be effec­
tive in reversing the (db/db)-mutation induced changes in
the female reproductive tract of the C57BL/KsJ model.
When expressed on alternate genomic background strains,
the expressed severity of the DOS indices in (db/db) mu­
tants are moderated, in part due to the leptin modulating
efficacy of the obesity, but not diabetes, component in these
models (44). However, in metabolic situations where both
obesity and hyperglycemia are presented during hyperlip­
idemic metabolic states, the severity of the cellular involu­
tion appears to be related to the induced glucotoxicity, and
complicated by the progressive cytolipotoxicity (1, 8, 13,
14). This is supported by the observations that obese (ob/ob)
mutation-related changes in cellular structure and function
(45) may be modulated by activation of leptin-influenced
cellular metabolism (45-47), but (db/db) mutation-induced
cytoatrophic parameters are less responsive. Current studies
focus on the therapeutic activation of alternative cellular
metabolic pathways to combat the recognized hyperglyce­
mia-induced demise of cellular function to prevent, delay,
or modulate the severity of diabetes-induced cytoatrophy in
reproductive tract tissues that demonstrate a severe and pro­
gressive tissue involution response to the expression of the
(db/db) mutation.

In summary, the results of the present studies demon­
strate that enhanced lipid deposition and cellular metabolic
indices promote a very nonhomeostatic, hyperlipogenic
metabolic environment within all ovarian compartments of
the C57BL/KsJ (db/db) mutant relative to controls. The pro­
gressive deposition of enhanced interstitial and follicular
lipid pools (Fig. 10) compromises the functional and struc­
tural characteristics of all ovarian cellular and tissue com­
partments, ultimately inducing a hypercytolipidemia, which
contributes to premature tissue involution and ovarian fail­
ure. The efficacy of therapeutic lipolytic agents to prevent,



delay, or modify the severity of the hypercytolipidemia on
ovarian competency is currently under investigation.
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