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Abstract

Background: Lactation failure is common in overweight and obesewomen; however, the precisemechanism remains unknown.

Objective: We tested the hypothesis that obesity-induced inflammation in the mammary gland (MG) redistributes

subcellular zinc pools to promote cell death of mammary epithelial cells (MECs) and premature involution.

Methods: Female DBA/2J mice were fed a high-fat (obese; 45% kcal from fat, n = 60) or control diet (lean; 10% kcal from

fat, n = 50) for 5 wk and bred. MG cytokines and macrophage infiltration were determined by reverse transcriptase-

polymerase chain reaction and F4/80 staining, respectively. Zinc concentration was analyzed by atomic absorption

spectroscopy, and zinc transporters and markers of endoplasmic reticulum (ER) stress, autophagy, and involution were

measured by immunoblot. To confirm effects of inflammation, tumor necrosis factor-a (TNF) or vehicle was injected into

adjacent MGs of lean lactating C57BL/6 mice (n = 5) and cultured MECs (HC11 cells) were treated with TNF in vitro.

Results: Seventy-seven percent of obese mice failed to lactate (lean: 39%; P < 0.001). Obese mice capable of lactating

had greater macrophage infiltration (obese: 135 6 40.4 macrophages/mm2; lean: 63.8 6 8.9 macrophages/mm2; P <

0.001) and elevated TNF expression (P < 0.05), concurrent with lower zrt- irt-like protein 7 abundance (P < 0.05) and higher

ER zinc concentration (obese: 0.36 6 0.004 mg Zn/mg protein; lean: 0.30 6 0.02 mg Zn/mg protein; P < 0.05) compared

with lean mice. Heat shock protein 5 (HSPA5) expression (P < 0.05) was suppressed in the MG of obese mice, which was

consistent with HSPA5 suppression in TNF-injected MGs (P < 0.01) and MECs treated with TNF in vitro (P < 0.01).

Moreover, obesity increased lysosomal activity (P < 0.05) and autophagy in theMG, which corresponded to increased zinc

transporter 2 abundance and lysosomal zinc concentration compared with lean mice (obese: 0.20 6 0.02 mg Zn/mg

protein; lean: 0.14 6 0.01 mg Zn/mg protein; P < 0.05). Importantly, MGs of obese mice exhibited markers of apoptosis

(P = 0.05) and involution (P < 0.01), which were not observed in lean mice.

Conclusions:Diet-induced obesity created a proinflammatoryMGmicroenvironment inmice,whichwas associatedwith zinc-

mediated ER stress and autophagy and the activation of premature involution. J Nutr 2015;145:1999–2005.
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Introduction

Over one-third of women of reproductive age are overweight
(BMI: 25–29 kg/m2) or obese (BMI: $30 kg/m2) (1). Being
overweight or obese impairs mammary gland (MG)6 function
and compromises the ability to initiate and maintain lactation

[reviewed by Jevitt et al. (2), Rasmussen (3), and Stuebe et al.
(4)]; however, the biological mechanisms responsible for the
lactation defects in obese women are not well understood.
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Adipocytes secrete a number of proinflammatory cytokines,
including IL-6, IL-1b, andmonocyte chemotactic protein 1 (MCP-1).
Indeed, greater TNF and IL-6 expression is detected in the MGs
of obese rats (5). Both TNF and MCP-1 act as chemoattractants
for macrophage recruitment (6), which, in turn, secrete cyto-
kines such as IL-6, TNF, and colony-stimulating factor 1 (CSF1)
(7), perpetuating the proinflammatory phenotype. This is
particularly relevant because TNF has been shown to activate
postlactational involution (8, 9). Furthermore, both lactation
(10) and obesity (11) create physiologic states of enhanced
endoplasmic reticulum (ER) stress. ER stress signaling sets into
motion the short-term cytoprotective mechanism of the un-
folded protein response (UPR), which coordinates attenuation
of protein translation with an increase in the lysosomal-
degradation pathway known as macroautophagy (here referred
to as autophagy) and the ER-associated degradation pathway to
protect against cell death (12, 13). With prolonged ER stress, the
UPR declines and apoptotic mechanisms are activated (14).
Thus, mammary epithelial cells (MECs) can effectively manage
the ER stress and autophagy inherent to lactation but the added
physiologic stress of obesity may tip the cellular phenotype
toward death.

Alterations in subcellular zinc pools may underlie the activa-
tion of autophagy, ER stress, and cell death. Zinc accumulation
in lysosomes activates autophagy in cultured neurons (15) and
lysosomal-mediated cell death in MECs (9). Zinc transporter 2
(ZnT2) normally imports zinc into secretory vesicles during
lactation (16) and is not found in lysosomes in the MGs of
nulliparous or lactating mice or MECs (16, 17). However, we
recently found that TNF redistributes ZnT2 to accumulate zinc
in lysosomes and activates lysosomal-mediated cell death of
MECs during the initial phase of MG involution (9). In addition,
depletion of ER zinc activates ER stress (18–20), and loss-of-
function mutations in the ER zinc exporter Catsup [human zrt-
irt-like protein 7 (ZIP7) homolog] impairs secretory trafficking
and activates cell death (21). Here, we tested the hypothesis that
the proinflammatory microenvironment in the obese MG alters
ER and lysosomal zinc pools, resulting in secretory defects, cell
death, and premature involution.

Methods

Mouse husbandry. This study was approved by the Institutional
Animal Care and Use Committee at The Pennsylvania State University,

which is accredited by the Association for Assessment and Accreditation

of Laboratory Animal Care International. All mice were housed individ-

ually in polycarbonate cages, had free access to feed and water, and were
maintained on a 12-h light/dark cycle under controlled temperature and

humidity.

Mouse model of diet-induced obesity.Male and female DBA/2J mice
were obtained commercially (Jackson Laboratories) at 3 wk of age. At

4 wk of age female mice were randomly assigned to either a high-fat

(45% kcal from lard, n = 60) or control (10% kcal from lard, n = 50) diet
(D12451 and D12450B, respectively; Research Diets, Inc.). The diets

were similar in composition except for fat and carbohydrate content

(Supplemental Table 1) and are commonly used to generate a diet-

induced obesity model (22–25). Mice fed the high-fat diet were defined
as diet-induced obese once their body weight was >2 SDs above the mean

of the control diet-fed group (;20% heavier) (26). Female mice were

mated and allowed to deliver naturally. Mice were fed their respective

diets during pregnancy until lactation day (LD) 5. Feed intake and body
weight were measured weekly. Litters were weighed and the number of

pups per litter was counted on the day of birth and at LD 5. The study

was terminated during early lactation because of the substantial degree

of litter loss that occurred in this diet-induced obesity model.

TNF-injected mice. Mice were bred and litters were maintained at

6 pups/dam. TNF (R&D Systems) was injected into MGs of lactating

mice (n = 5) as described previously (8, 9).

Cell culture. Mouse MECs (HC11) were a gift from Jeffrey Rosen

(Baylor College of Medicine, Houston, Texas) and were used with
permission of Bernd Groner (Institute for Biomedical Research, Frank-

furt, Germany). Cells were maintained as described previously (9). To

differentiate HC11 cells into a secretory phenotype, cells were cultured

in differentiation medium (serum-free growth medium without epider-
mal growth factor supplemented with 1 mg/mL prolactin and 1 mM

cortisol) for 24 h at 37�C. After differentiation, cells were pretreated

with zinc sulfate (10 mM) for 3 h in growth medium followed by

incubation with or without TNF (15 mg/L) for 24 h in serum-free
medium at 37�C.

Milk secretion. Milk secretion was measured in lean and obese mice

(n = 5–6 mice/group) on LD 5 using the weigh-suckle-weigh technique

over 30 min (27). Mice were killed by carbon dioxide inhalation, and

MGs were fixed in 4% phosphate-buffered paraformaldehyde overnight.

Milk and tissue collection.Milkwas manually expressed (n = 6–8mice/

group) on LD 5 (28). Mice were killed by carbon dioxide inhalation.
Inguinal MGs were used for analysis. MGs used for protein analysis were

frozen on dry ice and stored at280�C until analysis. MGs used for RNA

were stored in RNAlater (Sigma-Aldrich) at 220�C until analysis.

Milk protein concentration. Whole milk (n = 6–8 mice/group) was

centrifuged at 20003 g for 15 min at 4�C. The cream layer was scraped

away using a pipette tip and the skimmed milk was transferred to a
clean tube. Skimmed milk was diluted in 2 vol of buffer (50 mol/L

Na2PO4, 150 mmol/L NaCl, 50 mmol/L EDTA) and centrifuged twice

at 11,600 3 g for 15 min at 4�C. Protein concentration in the super-
natant was measured by Bradford assay.

Histology. Paraformaldehyde-fixed MGs (n = 3 mice/group) were seri-
ally dehydrated in ethanol, embedded in paraffin, and sectioned (5 mm)

onto positively charged glass slides (28). Sections were stained with

hematoxylin and eosin (H&E) and evaluated using immunohistochem-

istry (28). Sections stained with H&E were used to evaluate adipocyte
number and size. The number of adipocytes in 3 random areas under 43
magnification was counted and expressed as a number of adipocytes/unit

area (mm2) 6 SD. Adipocyte size was assessed by comparing maximum

adipocyte diameter from H&E-stained images using the ruler tool on
Photoshop. Rat anti-mouse F4/80 (macrophage marker, 1:1000; MCA497;

AbD Serotech) was used for immunostaining and was detected with

biotinylated goat anti-rat IgG (Vector Labs), visualized using the ABC
Vectastain kit (Vector Labs), and counterstained with toluidine blue (EMD).

The number of cells that stained positive for F4/80 was counted in 3 random

areas under 103 magnification and expressed as a mean 6 SD/unit area

(mm2). Sections were imaged using a Leica DM IL LED microscope and
LAS V3.6 software (Leica Microsystems).

Real-time relative RT-PCR. MGs (n = 7–8 mice/group) were homog-
enized in TRIzol (Sigma-Aldrich), and RNA was isolated following the

manufacturer�s instructions (Invitrogen). Real-time PCR was performed

as previously described (16). Primer sequences were chosen using

Primer3 (Whitehead Institute for Biomedical Research; Supplemental

Table 2), and specificity was validated by assessment of single temper-

ature dissociation peak (data not shown). Each sample was measured in

duplicate and normalized to b-actin (Actb). Data were expressed as fold
of the lean group (mean 6 SD).

Subcellular fractionation. Crude membrane proteins (29) and subcel-

lular fractions (30) were isolated as described previously.

Acid phosphatase activity. Acid phosphatase activity was used as an
index of lysosomal activity and autophagy. Activity was measured using

a commercially available kit (CS0740; Sigma-Aldrich) as described

previously (9).
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Immunoblotting. Proteins (;30 mg) prepared as described previously

were electrophoresed and immunoblotted (9, 16). Antibodies used for

immunoblotting were as follows: heat shock protein 5 (HSPA5; also
known as BiP/GRP78; 1:1000; #3177; Cell Signaling), calnexin (1:1000;

ab22595; Abcam), caspase-3 (1:1000; #9665; Cell Signaling), lysosome-

associated membrane protein 1 (LAMP1; 1:1000; ab24170; Abcam),

microtubule-associated protein light chain 3 (LC3; 1:1000; #4108; Cell
Signaling), phosphorylated signal transducer and activator of transcrip-

tion 3 (p-STAT3; 1:1,000; #9145, Cell Signaling), succinate dehydro-

genase (1:1000; ab14715; Abcam), vacuolar-type H+-ATPase (v-ATPase;

1:500; A00938–40; GenScript), ZIP7 (1:1000; ab137226; Abcam), and
ZnT2 (1 mg/mL) (28). Antibodies were detected with donkey anti-rabbit

IgG-HRP (1–25,000; GE Healthcare) or IRDyes (1:20,000; LiCor).

Membranes were stripped and reprobed for b-actin (1:5000; A5441;
Sigma-Aldrich) and detected with sheep anti-mouse IgG-HRP (1:10,000;

GE Healthcare) or IRDyes (1:20,000; LiCor). Proteins were visualized

with Super Signal West Femto or Pico Chemiluminescent Substrate

(Pierce Biotechnology) and exposed to autoradiography film or imaged
using an Odyssey infrared imaging system (LiCor). Relative band density

was quantified using Carestream Gel Logic 212 Pro. Representative

immunoblots were provided. Experiments were repeated 2–3 times and

statistical analysis was performed on the signal intensity of the protein of
interest relative to b-actin (or LC3-I or total signal transducer and

activator of transcription 3 [t-STAT3]) on all protein bands from each

experiment ($3 replicates/group).

Statistical analysis. Results are presented as means 6 SDs. Statistical
comparisons were performed using Student�s t test (Prism GraphPad).

x2-Analysis (Fisher�s exact test) was used to compare the number of mice

able to maintain lactation. Repeated-measures ANOVA was used to
compare feed intake and body weight. A significant effect of diet was

demonstrated at P < 0.05.

Results

Diet-induced obesity suppresses the secretory capacity of

the MGs. Average weekly feed intake was similar between lean
and obese mice; however, energy intake was 20% greater (P <
0.0001) in obese mice because of the higher energy density of the
high-fat diet (Supplemental Table 3). Obese mice were >20%
heavier than mice fed the control diet after 5 wk (Supplemental
Table 3). Conception rates were ;34% lower (P < 0.05) and
litter size and offspring weight were significantly lower (P <
0.05) in obese mice than in lean mice (Supplemental Table 4).
Furthermore, significantly more obese dams (77%) failed to
nurse their offspring past LD 5 compared with lean dams (39%;
P < 0.001), resulting in decreased survival rates of offspring from
obese dams. Milk secretion did not differ between obese mice
that were capable of nursing their offspring (obese lactating mice:
0.03 6 0.01 mg of milk/dam) and lean mice capable of nursing
their offspring (lean lactating mice: 0.056 0.02 mg of milk/dam;
P = 0.29). Total milk protein concentration was significantly
lower in obese lactating mice (25.16 1.3 g protein/L) than in lean
lactating mice (32.1 6 3.2 g protein/L; P < 0.001). Collectively,
this suggests that obesity suppressed the secretory capacity of
the MGs.

Diet-induced obesity creates a proinflammatory MG

microenvironment. Consistent with previous reports (5, 31, 32),
we found that obese mice displayed hallmarks of an inflamma-
tory MG microenvironment. MG weight in obese lactating mice
(0.656 0.06 g) was significantly higher than MG weight in lean
lactating mice (0.476 0.05 g; P < 0.05). There was no significant
difference in the mean number of adipocytes in the MGs from
obese lactating mice (672 6 86.2 adipocytes/mm2) compared
with lean lactating mice (7726 53.8 adipocytes/mm2; P = 0.38).

However, adipocyte size in MGs from obese lactating mice
increased by 100% relative to the adipocytes of lean lactating
mice (Figure 1A). Macrophage abundance was significantly
greater in MGs from obese lactating mice (135 6 40.4
macrophages/mm2) than in MGs from lean lactating mice
(63.8 6 8.9 macrophages/mm2; P < 0.001). Expression of Tnf
(P < 0.05), Csf1 (P < 0.01), and Il6 (P < 0.05) was significantly
greater in MGs from obese lactating mice than in MGs lean
lactating mice (Figure 1B). These studies confirmed that obesity
creates a proinflammatory microenvironment in the MG.

Diet-induced obesity during lactation suppresses ER

stress. To assess the effects of the obese MG microenvironment
on ER stress during lactation, we first measured HSPA5 expres-
sion as a marker of ER stress. Surprisingly, we found that MGs
from obese lactating mice had a significantly lower abundance of
HSPA5 than MGs from lean lactating mice (P < 0.05), similar to
the decrease in HSPA5 abundance that occurs in involutingMGs
(Figure 2A). We next measured ZIP7 abundance and found that
ZIP7 was slightly lower in MGs from obese lactating mice than
inMGs from lean lactating mice (Figure 2B; P < 0.05), similar to
the decreased abundance of ZIP7 that occurs in involuting MGs.
Importantly, reduced ZIP7 was associated with a significant in-
crease in the zinc concentration of ER/Golgi apparatus–enriched
fractions (Supplemental Figure 1) isolated from MGs of obese
lactating mice compared with identical fractions isolated from
lean lactating mice (Figure 2C; P < 0.05). This suggests that zinc
accumulates in the ER of obese MGs, which is associated with
suppressed ER stress and is similar to what is observed in in-
voluting MGs.

FIGURE 1 Adipocyte size and cytokine mRNA expression in MGs

from lean lactating and obese lactating mice. (A) Representative images

of H&E-stained sections. Adipocyte size is shown (scale bars = 100 mm).

(B) Cytokine mRNA expression. Data are means 6 SDs, n = 8 (lean

lactating) or n = 7 (obese lactating). *Different from lean lactating

mice, P , 0.05. Csf1, colony-stimulating factor; H&E, hematoxylin

and eosin; Ifng, interferon-g; MG, mammary gland; Tnf, tumor necrosis

factor-a.
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TNF partially explains discoordinated ER zinc transport in

the MGs of obese mice. To determine if TNF contributes to
the suppression of ER stress, we first gently injected TNF or
saline into MG fat pads 4 and 9, respectively, of lean lactating
mice on LD 5. Offspring were returned to the dams and
offspring suckling was observed. The MGs were collected 24 h
after injection, and H&E staining confirmed that TNF activated
involution (8, 9). We found that HSPA5 expression was sup-
pressed in TNF-injected MGs compared with saline-injected
MGs (Figure 3A; P < 0.01), similar to our observations in MGs
from involuting mice and obese lactating mice. To determine
whether this was mediated by a direct effect of TNF onMECs, we
treated MECs in vitro with TNF (15 mg/L) for 24 h. Consistent
with our in vivo findings, MECs treated with TNF in vitro had
significantly reducedHSPA5 abundance comparedwith untreated
controls (Figure 3B; P < 0.01), suggesting that TNF mediates
suppression of the UPR in MECs. We next examined whether
changes in ER zinc pools were associated with this process.
Although we found a slight reduction in ZIP7 abundance in TNF-
injected MGs compared with saline-injected MGs (Figure 3C;
P < 0.05), this did not affect the zinc concentration of ER/
Golgi-enriched fractions (Figure 3D; P = 0.85). Moreover,
although we detected a slight reduction in ZIP7 abundance in
TNF-stimulated cells in vitro, this was not statistically significant
(Figure 3E; P = 0.11). Collectively, this suggests that the
proinvolution signal TNF suppresses ER stress and ZIP7 abundance
but that TNF is not the only factor involved in increasing ER
zinc pools during involution.

Obesity during lactation enhances lysosomal activity and

activates autophagy. To assess hallmarks of lysosomal
activity/autophagy, we noted that obese lactating mice had
increased acid phosphatase activity (Figure 4A; P < 0.05) (33)
and v-ATPase expression (Figure 4B; P < 0.01) (34) compared
with lean lactating mice. When autophagy is activated, the LC3-I
protein found in cytosol is lipidated and inserted into the
membranes of autophagosomes as LC3-II (35).

We detected greater protein abundance of LC3-II relative to
LC3-I in MGs from obese lactating mice compared with lean
lactating mice (Figure 4C; P < 0.05). Finally, MGs from obese
lactating mice accumulated lipid droplets (Figure 5B), a substrate
for and marker of autophagy (36). We next measured ZnT2
abundance and found that although total ZnT2 abundance was
unchanged (Supplemental Figure 2), lysosome-enriched fractions
isolated from obese lactatingmice contained greater ZnT2 (Figure
4D; P < 0.05) than similar fractions isolated from lean lactating
mice. Moreover, we found that these lysosome-enriched fractions
also had greater zinc content (Figure 4E; P < 0.05) than identical
fractions isolated from lean lactating mice. Collectively, this sug-
gests that obesity during lactation is associated with a redistribu-
tion of ZnT2 and zinc to lysosomes and increased lysosomal
activity and autophagy.

Obesity activates MG involution. Finally, to determine
whether the decrease in ER stress and activation of autophagy
observed in obese lactatingmice was associated with cell death and
premature involution, we measured the abundance of caspase-3

FIGURE 2 Markers of ER stress and zinc

metabolism in MGs from lean lactating and

obese lactating mice. Representative immu-

noblots of protein abundance of (A) HSPA5

and (B) ZIP7. b-Actin was used as a loading

control. Involuting MGs from lean mice are

shown for comparison. (C) Zinc concentra-

tion of fractions enriched in ER/Golgi appa-

ratus isolated from MGs of lean lactating and

obese lactating mice. Data are means 6 SDs,

n ¼ 5 mice/group. *P , 0.05. ER, endoplas-

mic reticulum; HSPA5, heat shock protein 5;

MG, mammary gland; MW, molecular weight;

ZIP7, zrt- irt-like protein 7.

FIGURE 3 Effects of TNF on markers of

ER stress and zinc metabolism in lean

lactating mouse MGs in vivo and differenti-

ated MECs in vitro. Representative immuno-

blots of protein abundance of HSPA5 in (A)

TNF- and vehicle-injected mouse MGs in vivo

and (B) HC11 MECs in vitro. (C) Representa-

tive immunoblot of protein abundance of

ZIP7 in TNF- and vehicle-injected MGs. (D)

Zinc concentration of fractions enriched in

ER/Golgi apparatus isolated from TNF- and

vehicle-injected MGs. Data are means 6
SDs, n ¼ 5 mice/group. *P , 0.05. (E)

Representative immunoblot of protein abun-

dance of ZIP7 in HC11 MECs in vitro. b-Actin

was used as a loading control. ER, endoplas-

mic reticulum; HSPA5, heat shock protein 5;

MEC, mammary epithelial cell; MG, mam-

mary gland; MW, molecular weight; ZIP7, zrt-

irt-like protein 7.
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and p-STAT3 as markers of apoptosis and involution, respectively,
by immunoblotting. Indeed, we found that caspase-3 expression
was greater in MGs from obese lactating mice than in MGs from
lean lactating mice (Figure 5A; P = 0.05), which paralleled the
presence of apoptotic cells shed into the alveoli lumen in obese
lactating mice (Figure 5B). Importantly, MGs of obese lactating
mice had a significantly greater ratio of p-STAT3:t-STAT3 com-
pared with lean lactating mice (Figure 5C; P < 0.01). Collectively,
our study suggests that lactation defects in obese mice are associ-
ated with a redistribution of intracellular zinc pools and the
activation of cell death of MECs and premature involution.

Discussion

Consistent with previous reports (5, 31, 32), we found that diet-
induced obesity in mice created a proinflammatory microenvi-
ronment in the MG, including increased adipocytes, macrophage
infiltration, and proinflammatory cytokines, which was associ-

ated with an increased rate of lactation failure. The relevance of
this observation reflects the fact that optimal lactation is
supported by anti-inflammatory T helper type 2 cytokines (e.g.,
IL-4, IL-13, and IL-5) (37) and that there is a ‘‘spike’’ in
proinflammatory cytokines and immune cell mediators at the
onset of involution (38). Importantly, to our knowledge, our data
show for the first time that the proinflammatory microenviron-
ment of the obese MG during lactation is associated with a
redistribution of subcellular zinc pools, suppression of ER stress
and enhanced autophagy, and the activation of premature
involution.

The metabolic demands of lactation normally result in ER
stress and the UPR, which upregulates genes in the secretory
pathway (39) to manage the massive influx of milk proteins and
lipids. Here, we provide the novel demonstration that when the
inherent ER stress of lactation is compounded by the patho-
physiologic ER stress of obesity (11), the UPR is suppressed,
which is associated with defects in protein secretion and the
activation of premature involution (10). Moreover, we provide

FIGURE 4 Markers of lysosomal activity/

autophagy and zinc metabolism in MGs from

lean lactating and obese lactating mice. (A)

Data are means 6 SDs, n ¼ 5 mice/group.

*P , 0.05. Representative immunoblots of

protein abundance of (B) v-ATPase and (C)

LC3-I and LC3-II in MGs from lean lactating

and obese lactating mice. Involuting MGs

from lean mice are shown for comparison.

(D) Representative immunoblots of ZnT2 and

LAMP1 (lysosomal marker) and (E) zinc con-

centration in lysosome-enriched fractions iso-

lated from MGs from lean lactating and obese

lactating mice. Zinc concentration data are

means 6 SDs, n ¼ 5 mice/group. *P ¼ 0.05.

LAMP1, lysosome-associated membrane pro-

tein 1; LC3, microtubule-associated protein light

chain 3; MG, mammary gland; MW, molecular

weight; v-ATPase, vacuolar-type H+-ATPase;

ZnT2, zinc transporter 2.

FIGURE 5 Markers of cell death and invo-

lution in MGs from lean lactating and obese

lactating mice. (A) Representative immunoblots

of protein abundance of caspase-3. Involuting

MGs from lean mice are shown for compar-

ison. b-Actin was used as a loading control. (B)

H&E-stained MG sections from lean lactating

and obese lactating mice at low (left) and high

(right) magnification. Arrows point to apoptotic

cells shed into the lumen (scale bars = 100 mm).

(C) Representative immunoblot of protein abun-

dance of p-STAT3 and t-STAT3. Involuting MGs

from lean mice are shown for comparison. H&E,

hematoxylin and eosin; MG, mammary gland;

MW, molecular weight; p-STAT3, phosphory-

lated signal transducer and activator of transcrip-

tion 3; t-STAT3, total signal transducer and

activator of transcription 3.
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novel evidence that this effect is associated with alterations in
ER zinc management. Others have shown that zinc is required
in the ER as a cofactor for many different proteins that function
in quality-control mechanisms (18, 40, 41) and that low zinc in
the ER (18–20) upregulates UPR target genes such as karyogamy
2 (KAR2), the yeast homolog of the mammalian HSPA5 gene
(18), and inositol-requiring 1 (IRE1) (42), activating ER stress.
Consistent with reports in other systems (21, 43), our data
suggest that attenuation of ZIP7-mediated zinc release may be
an important component in ER zinc management and the
suppression of ER stress in the MGs of obese mice and the
activation of involution. However, whether the suppression in
the UPR was a result of premature activation of remodeling
mechanisms or was responsible for premature involution is not
currently understood. Another novel finding from our study is
that TNF suppresses ZIP7 and the UPR. However, ER zinc
concentration was not affected in TNF-injected mice, suggesting
that the suppression in ZIP7 in the complex context of obesity
may not be a direct effect of TNF, but rather an indirect
effect. Alternatively, the suppression in ZIP7 may be caused by a
decrease in the proportion of secretory epithelial cells because of
cell death. Regardless, our data suggest that aberrant inflam-
mation in the MGs of obese mice may contribute to the
suppression in ER stress and decreased secretory capacity of
MECs through zinc-mediated mechanisms.

Emerging data demonstrate that ER stress activates autoph-
agy as a cytoprotective mechanism (13) and thus protects the
integrity of the lactatingMG. The induction of autophagy by ER
stress serves multiple purposes. First, it provides a means for
unfolded proteins that escape ER-associated degradation to be
sent to lysosomes or vacuoles for degradation (44) and, second,
it maintains energy homeostasis to curb cell death (45). More-
over, recent evidence suggests that increased autophagy in the
involuting MG functions to mediate dead cell clearance (35).
However, sustained autophagy can lead to cell death (46). In
the present study, we found increased lysosomal zinc content
in the MGs of obese mice, which was associated with increased
lysosomal activity and augmented autophagy. Many reports
show that zinc is an underlying regulator of lysosomal activity
and autophagy [reviewed by Lee and Koh (15)]. Moreover, we
recently demonstrated that TNF stimulates ZnT2-mediated zinc
accumulation in lysosomes, which is required for increased
lysosomal activity in MECs during involution (9). This suggests
that the augmented production of TNF in the obese MG
microenvironment may drive ZnT2-mediated zinc accumulation
in lysosomes, increasing lysosomal activity and autophagy.
However, sustained autophagy can induce cell death after
lysosomal membrane permeabilization and the release of lyso-
somal proteases. Collectively, this suggests that obesity-induced
inflammation may alter subcellular zinc pools, affecting ER
stress, autophagy, and cell death of MECs, resulting in prema-
ture involution and impaired secretory capacity.

Ultimately, our study illustrates that during lactation, the
added pathophysiologic ER stress associated with obesity tips
the phenotype toward cell death, predisposing MGs in obese
mice toward lactation failure. Because we find increased
lysosomal activity and autophagy, the suppression in ER stress
is likely a result of feedback, because of the activation of
remodeling mechanisms in the obese MG. Importantly, our
mechanistic studies provide a novel association between obesity-
induced inflammation, altered subcellular zinc pools, and the
activation of premature MG involution. Consistent with our
results, others have demonstrated that obesity-induced MG
inflammation is reversed in response to caloric restriction (47).

Future studies should determine whether resolution of inflam-
mation before or during pregnancy is an effective strategy to
increase the likelihood of lactation success.
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