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Abstract. An in vitro study was conducted to determine whether bovine mammary
glucose-6-phosphate dehydrogenase (G6PD) activity was regulated by palmitoyl coen-
zyme A (CoA), acetate, spermidine, and putrescine and whether these effects were
dependent upon stage of lactation. Early lactation explants incubated in media contain-
ing palmitoyl CoA or acetate had reduced (P < 0.01) G6PD activity compared with
incubated control explants. G6PD activity in early lactation explants was reduced (P <
0.05) when incubated with 5 uM palmitoyl CoA or 1 mM acetate compared with 25 M
palmitoyl CoA or 10 mM acetate. Spermidine (0.4 mM) reversed (P < 0.05) paimitoyl
CoA-induced inhibition of early lactation G6PD activity at 5 uM, but not at 25 1M palmitoyl
CoA. G6PD activity in early lactation explants was decreased (P < 0.05) when treated
with putrescine (0.4 mM) compared with explants treated with spermidine. Addition of
acetate in combination with 5 uM palmitoyl CoA reversed G6PD inhibition (P < 0.05 for
1 mM and P < 0.01 for 10 mM) while addition of either level of acetate in combination
with 25 uM palmitoyl CoA failed to reverse G6PD inhibition. G6PD activity was higher (P
< 0.01) in early lactation than mid-lactation explants. No statistical differences (P > 0.1)
were found among any treatments in explants from mid-lactation cows. We conciude
that palmitoyl CoA and acetate will inhibit G6PD activity in early lactation, but not mid-

lactation explants; addition of spermidine will reverse this inhibition.
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primarily in the form of triacylglycerides, with

palmitic acid being the primary fatty acid (1-4).
Palmitic acid can be derived from mammary uptake of
plasma-free fatty acids (3, 6) or synthesized within the
tissue from acetate (7). Synthesis of mammary fatty
acids requires a supply of reducing equivalents in the
form of NADPH (1-4). In ruminants, approximately
30-50% of the NADPH for fatty acid synthesis is

In ruminants, mammary secretion of fatty acids is
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derived from the hexose monophosphate pathway, of
which glucose-6-phosphate dehydrogenase (G6PD) is
the rate-controlling enzyme (8~11), and the remainder
from isocitrate dehydrogenase (9, 12-15). Newly syn-
thesized or preformed palmitic acid must be activated
to palmitoyl coenzyme A (CoA) before being attached
to the glycerol phosphate backbone and subsequently
secreted as triglycerides (16).

It is known that palmitoyl CoA can affect fatty acid
synthesis by acting as an inhibitor of enzymes involved
with fatty acid synthesis, such as acetyl CoA carboxylase
(16) and G6PD (17, 18). It causes dissociation of the
latter enzyme into inactive subunits (17; K. L. Barker,
personal communication).

Polyamines (putrescine, spermidine, and spermine)
are long-chain aliphatic amines which stimulate protein
synthesis (19-23), triglyceride synthesis (24), and cell
division (19-23). Polyamine levels increase in mam-
mary tissue during lactation (25, 26) and appear to
stimulate or maintain G6PD activity in mouse mam-
mary tissue (27). Spermidine, spermine, and, to a lesser
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extent, putrescine prevent or reverse palmitoyl CoA-
induced inhibition of G6PD (28, 29).

If intramammary levels of NADPH for fatty acid
synthesis are regulated by substrate availability or end
product removal, acetate or palmitoyl coenzyme A,
respectively, could act as regulators of G6PD. We also
suggest that polyamines may be involved in the control
of mammary fatty acid synthesis by exerting a permis-
sive effect on G6PD activity by removal of palmitoyl
CoA and/or a direct stimulation for increased nucleic
acid needs (protein synthesis) (30).

Therefore, our objectives were (i) to determine
whether mammary G6PD activity was regulated in vitro
by palmitoyl coenzyme A and acetate levels, (ii) that if
such a regulation were found, could polyamines reverse
this inhibition, and (iii) to determine if this regulation
changed during lactation.

Materials and Methods

Animals. Lactating Holstein dairy cows were se-
lected for mammary biopsy from the Oregon State
University herd. The cows selected were in their second
or greater lactation, had no history of mastitis during
their current lactation, and were assigned to two stage
of lactation groups. Cows selected for the early lactation
group (n = 2) were 33-38 days postpartum and the
mid-lactation group (# = 4) ranged from 96-128 days
postpartum. Mammary biopsies (approximately 3-5 g)
were removed under aseptic conditions (15) using a
local anesthetic. Milk production was monitored before
and after surgery; in general, milk production decreased
for one or two milkings before returning to presurgery
levels.

Materials. All chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO) with the exception of
sodium bicarbonate, sodium acetate, KCl, MgCl,-
6H,0, and 2-mercaptoethanol from VWR Scientific
(Akron, OH), streptomycin from Grand Island Biolog-
ical Co. (Grand Island, NY), and prolactin (NIH-bPrl-
B-1) as a gift from the National Hormone and Pituitary
Program.

Tissue Incubation. Explant preparation and incu-
bation protocol were based upon the procedures of
Collier et al. (31) and Goodman et al. (32) with minor
modifications. Media for transporting the biopsy and
subsequent incubation periods contained the following
materials; M-199 medium with Hanks’ salts and L-
glutamine without bicarbonate, 4.167 mM sodium bi-
carbonate, 20 mM Hepes, and bovine insulin (5 ug/
ml); hydrocortisone (5 ug/ml); prolactin (1 ug/ml);
penicillin G (100 units/ml); streptomycin (100 units/
ml); and Amphotericin B (Fungizone) (2.5 ug/ml).

Upon removal of the biopsy, mammary tissue was
placed in ice-cold media and transported to the labo-
ratory on ice (approximately 10 min) where it was diced
into 1- to 2-mm? explants, washed five to seven times

in ice-cold media, and placed upon lens paper rafts
(31). The raft and explants (approximately 10-30 mg
wet wt) were then placed in incubation wells (Falcon
24-well Multiwell tissue culture plate; VWR Scientific)
containing 1 ml of medium and placed in a humidified
Modular Incubation Chamber (Billups-Rothenberg,
Del Mar, CA), gassed with 95% 0,-5% CO,, and incu-
bated for 1.5-2 hr at 37°C. After this equilibration
period, the following treatment or treatment combina-
tions were given: 5 uM palmitoyl CoA alone or in
combination with 1 mAM acetate, 10 mA/ acetate, or
0.4 mM spermidine; 25 uM palmitoyl CoA alone or in
combination with 1 mAf acetate, 10 mAM acetate, or
0.4 mM spermidine; | mM acetate alone or in combi-
nation with 0.4 mAM spermidine; 10 mA/f acetate alone
or in combination with 0.4 mAf spermidine; and 0.4
mAM spermidine or 0.4 mAM putrescine given alone. A
10-ul aliquot of each treatment stock solution gave the
desired final concentration in 1 ml of incubation me-
dium. At 30, 60 or 120 min after addition of the
treatments, the contents from duplicate wells of each
treatment were removed, frozen on dry ice and stored
until assayed for G6PD activity and protein content.

Enzyme and Protein Assays. Homogenization
buffer consisted of 0.052 M Tris base, 0.1 M KCI, 7.2
mM MgCl,. 6H,O, 10 mM 2-mercaptoethanol, and
20% glycerol (pH = 7.4). Frozen explants were prepared
for enzyme assay by homogenization (Tekmar Tissum-
izer, model SDT, setting 30; Tekmar Co., Cincinnati,
OH) in 1.5 ml of cold homogenization buffer for two
bursts of 15-sec each with a 15-sec rest between. Ho-
mogenates were centrifuged at 85,000g for 35 min in a
Beckman Ultracentrifuge (model L5-50B; Palo Alto,
CA). After centrifugation, samples were kept on ice and
assayed immediately for G6PD activity. Assay buffer
consisted of 0.0466 A Tris base and 7.14 mM MgCl,-
6H,O (pH = 7.4).

G6PD activity was determined as described by
Smith and Barker (33) with 1 enzyme unit equal to the
amount of activity that reduces 1 uM NADP*/min.
Briefly, the assay consists of simultaneously running
two cuvettes in which one cuvette measures combined
NADPH formation from both glucose-6-phosphate de-
hydrogenase and 6-phosphogluconate dehydrogenase
whereas the second cuvette measures only 6-phospho-
gluconate dehydrogenase activity. The difference be-
tween the two slopes represents G6PD activity/ml. The
reaction mixture for the first cuvette contained 2.7 ml
of assay buffer, 50 ul of NADP* (11.1 mM), 50 ul of
solution containing glucose-6-phosphate (41.8 mM)
plus 6-phosphogluconate (22.9 mM) and 200 wl of
supernatant containing the enzyme. The second cuvette
contained identical ingredients except for glucose-6-
phosphate. The change in formation of NADPH from
NADP* was measured spectrophotometrically (model
DU:; Beckman Instruments, Palo Alto, CA) at 340 nm.
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Protein determination was according to the method of
Lowry et al. (34). Enzyme activity was expressed per
mg protein.

Statistical analysis (35) was carried out by a square-
root transformation of the data (average of duplicate
samples for each time period per treatment), then ana-
lyzed by split-plot analysis of variance with treatments
within stage of lactation as factor A and incubation
time periods as factor B. Time of incubation was not
significant (P > 0.1) for G6PD activity in early or mid-
lactation explants; therefore, treatment means were av-
eraged over all time periods (six values for early lacta-
tion and eight values for mid-lactation explants) and
analyzed for differences among treatments. Differences
among treatments were determined by orthogonal con-
trasts. Differences between early and mid-lactation con-
trol means were determined by Student’s ¢ test.

Results

Treatment means for G6PD activity in explants
from early lactation cows are listed in Table I. The
main effects due to treatments and animal variation, as
measured by analysis of variance, were significant (P <
0.05) in early lactation. However, no differences (P >
0.1) in G6PD activity were found among any of the
treatments in mid-lactation explants although animal
variations did differ (P < 0.005). Control values for
G6PD activity were significantly (P < 0.01) higher in
early lactation explants than in explants taken from
mid-lactation cows (7.4 + 1.2 units X 107> vs 3.6 = .46
units X 1073/mg protein).

Early Lactation Effects. Palmitoyl CoA and ace-
tate decreased (P < 0.01) G6PD activity during early
lactation (Table II). Mammary G6PD activity was de-
creased (P < 0.05) when treated with 5 uM palmitoyl

CoA or | mM acetate when compared with 25 uM
palmitoyl CoA or 10 mAM acetate. Addition of spermi-
dine reversed (P < 0.05) palmitoyl CoA-induced inhi-
bition of G6PD activity when treated with 5 uM pal-
mitoyl CoA. Putrescine alone reduced (P < 0.05) en-
zyme activity while spermidine alone had no effect
The addition of acetate to palmitoyl CoA (5 uM)
increased (P < 0.05 for | mAf acetate and P < 0.01 for
10 mAM acetate) G6PD activity compared with each
given alone. Neither of the two acetate levels, when
combined with the higher level of palmitoyl CoA (25
uM), affected the depressed G6PD activity. Although
it is obvious that palmitoyl CoA had an effect on G6PD
activity, we do not know how much was taken up by
the cell (intracellular effect) or if it bound to the cell
surface and had an effect after homogenization.

Discussion

Early Lactation. In mammary explants from early
lactation cows, palmitoyl CoA decreased G6PD activity
and spermidine reversed the inhibition, in agreement
with changes in veast G6PD activity (28, 29). Contrary
to previous studies (17), however, we found that 5 uM
palmitoyl CoA caused a greater inhibition of G6PD
activity than did 25 uM palmitoyl CoA. Addition of
0.4 mAM spermidine to the incubation media prevented
G6PD inhibition by 5 uM palmitoyl CoA, but not by
25 uM palmitoyl CoA. This may be due to cationic
interactions of spermidine and palmitoyl CoA which
prevents binding of palmitoyl CoA with G6PD. The
reduced effect with 25 uAM may be due to more available
palmitoyl CoA than can be bound by the fixed level of
spermidine.

Acetate (1 mAM, but not 10 mA/) also reduced (P
< 0.025) GO6PD activity, similar to the effects of pal-

Table I. G6PD Activity in Mammary Explants Taken from Cows in Early Lactation®

Units/mg protein

Treatment?® (x1079) % Control
Control 74+12 100
Palmitoyl CoA (5 uM) 52+0.6 70
Palmitoyl CoA (25 uM) 6.0+ 0.7 81
Acetate (1 mM) 54+12 73
Acetate (10 mM) 6.3+12 85
Spermidine (0.4 mM) 7.0£09 95
Spermidine (0.4 mM) + palmitoyl CoA (5 uM) 6.7+1.1 91
Spermidine (0.4 mM) + palmitoyl CoA (25 uM) 6.4+13 87
Spermidine (0.4 mM) + acetate (1 mM) 5.9+ 14° 80
Spermidine (0.4 mM) + acetate (10 mM) 7.3+36" 99
Putrescine (0.4 mM) 54+09 73
Palmitoyl CoA (5 uM) + acetate (1 mM) 6.6+1.2 89
Palmitoyl CoA (5 uM) + acetate (10 mM) 75+1.1 102
Palmitoyl CoA (25 uM) + acetate (1 mM) 6.1+1.0 83
Palmitoyl CoA (25 uM) + acetate (10 mM) 59+07 80

@ Activity for each treatment is averaged over all incubation times (mean = SE) and is computed from actual values. See table of orthogonal

contrasts for comparison of treatment effects.

® These treatments were averaged for the +120-min incubation period only.
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Table Il. Table of Orthogonal Contrasts for
Differences between G6PD Activity in Early Lactation
Mammary Explants when Treated Alone or in
Combination () with 5 or 25 uM Palmitoyl CoA (P5
or P25), 1 or 10 mM Acetate (A1 or A10), Spermidine
(8), and Putrescine?®

Contrast® F value P value
1: Control vs P5 + P25 + A1 + A10 645 <0.01
2: 8 versus putrescine 6.9 <0.025
3:P5vs(P5+8)+S 8.5 <0.025
4:P25vs P25+ S)+ S 1.3 NS
5: P5, P25 vs A1, A10 <1 NS
6: P5, A1 vs P25, A10 8.8 <0.025
7: P25, A10 vs (P25 + A10) <1 NS
8: P25, A1 vs (P25 + A1) <1 NS
9: P5, A10 vs (P5 + A10) 10.0 <0.01
10: P5, A1 vs (P5 + A1) 56 <0.05

*Mean SE = 0.000049; six observations/mean. F value (1,12 df)
P (0.05) = 4.75; P (0.025) = 6.55; P (0.01) = 9.65.

b Contrast 1—Enzyme activity in control tissue compared with mean
of enzyme activities in treatments P5, P25, A1, and A10, each given
alone. Contrast 3—mean enzyme activity in treatment P5 compared
with mean of enzyme activities in treatment S (given alone) and
treatment P5 + S. Contrast 5—mean enzyme activity in treatment
P5 and treatment P25 compared with mean enzyme activity in
treatment A1 and treatment A10, each given alone.

mitoyl CoA. Addition of spermidine prevented G6PD
inhibition by 10 mAM acetate. These data suggest that
polyamine regulation of protein synthesis (22, 25) may
have a permissive effect on fatty acid synthesis by
preventing negative feedback on G6PD activity and
hence decreased NADPH formation. This is consistent
with data which demonstrate that polyamines increase
triglyceride synthesis in adipose tissue (24). These data
are surprising considering that maximal mammary fatty
acid synthesis occurs at 10 mAM acetate (36, 37).

Our results also suggest a coordinated effect be-
tween de novo fatty acyl synthesis and palmitoyl CoA
levels in control of G6PD activity. Acetate (fatty acid
synthesis) alone is inhibitory, but addition of 5 uM
palmitoyl CoA to 10 mM acetate totally abolishes
G6PD inhibition. Addition of increasing levels of ace-
tate stimulates fatty acid synthesis and the need for
NADPH subsequently overrides the inhibitory effect of
5 pM palmitoyl CoA. The coordinated effect may be
that removal of long-chain free fatty acids by attach-
ment to the glycerol backbone acts to inhibit G6PD
activity in the presence of only 5 uM palmitoyl CoA
(38, 39), but G6PD levels return to normal when in-
creasing acetate levels are given in combination with 5
uM palmitoyl CoA to stimulate de novo fatty acid
synthesis (need for NADPH). At higher palmitoyl CoA
levels the activity of glycerolphosphate acyl transferase
is decreased (40), and long-chain fatty acyl CoA build-
up could act as direct negative feedback signal on G6PD
or acetyl CoA carboxylase levels. This direct effect
cannot be overcome regardless of acetate level. Regard-

less of whether palmitoyl CoA acts directly on G6PD
or on acetyl CoA carboxylase to reduce fatty acid
synthesis, NADPH production via G6PD will decrease
in the mammary gland. In addition, it may be advan-
tageous to reduce the glucose-6-phosphate drain
through the pentose phosphate pathway and redirect it
through glycolysis for glycerolphosphate synthesis (41).
Under these situations, NADPH production by isocit-
rate dehydrogenase, the other principle NADPH gen-
erating enzyme in ruminant mammary tissue, may be
adequate to supply cellular needs and possibly to spare
glucose for glycerol production. Finally, the ruminant
has devised a method for sparing glucose by recycling
it through the pentose phosphate pathway (9, 11). This
has the effect of obtaining a greater quantity of NADPH
from the same quantity of glucose. This also suggests
that small changes in G6PD activity (i.e., 30%) may be
magnified when coupled with recycling,

Mid-Lactation. Contrary to results found in early
lactation explants, no differences were found among
any treatments in explants from mid-lactation. It is
possible that because the nutritional status of the cow
has reached a point where food intake is equal to or
greater than mammary gland needs, the uptake of long-
chain fatty acids more closely matches an optimal
balance with cellular de novo fatty acid synthesis. This
may also reflect changes in how the cell controls G6PD
activity. Furthermore, G6PD activity may already have
been maximally inhibited at mid-lactation and there-
fore nothing else could happen when compared with
control values.

In early lactation explants, addition of putrescine
significantly decreased G6PD activity compared with
control values or explants treated with spermidine. The
reason for this decrease is unknown and requires further
investigation.

We conclude that palmitoyl CoA and acetate will
inhibit G6PD activity in bovine mammary explants
from cows in early lactation, but not mid-lactation. The
level of inhibition was greater after addition of 5 uM
palmitoyl CoA or 1 mM acetate than after 25 uM
palmitoyl CoA or 10 mAM acetate. We also conclude
that treatment with spermidine will reverse palmitoyl
CoA or acetate inhibition. Our data suggest that reversal
of palmitoyl CoA-induced G6PD inhibition (5 uM, but
not 25 uM palmitoyl CoA) by addition of acetate may
have a role in regulation of fatty acid and triglyceride
synthesis in early lactation bovine explants. These re-
sults may contribute toward understanding the relation-
ship of long-chain fatty acids and NADPH synthesis in
the development of fatty acid-related metabolic disor-
ders, such as bovine ketosis (42-44). We suggest that
there may be other factors which regulate G6PD activity
in the cell in addition to NADPH levels. If NADP/
NADPH ratios are the driving force behind G6PD
activity, then the total amount of both together should
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remain constant while their ratio changes. This clearly
does not happen (43, 45). Other metabolites such as
glucose-6-phosphate, as well as the factors we have
looked at in this study, are also important. It is obvious
that many factors regulate G6PD activity in the mam-
mary gland; our results suggest that there is still much
to learn regarding this important enzyme in the mam-
mary gland.
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