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ABSTRACT

To investigate the correlation between lactation and
thyroid hormone metabolism, the authors studied con-
centrations of total and free thyroxine (T4 and fT4),
triiodothyronine (T3 and fT3), and reverse triiodothyro-
nine (rT3) in plasma and milk, as well as liver and
mammary gland 5’-deiodinase (5’D) activity in dry,
early, middle, and late lactating dairy cows. Cows in
early lactation show lower plasma levels of T4 and rT3
than dry, middle, and late lactating animals, whereas
T3 shows the lowest plasma levels in the dry period;
free T4 and T3 show a similar pattern. In early lactation
there is a clear decrease in liver 5’D associated with a
notable increase in mammary 5’D. Concentrations of
T4 and T3 in milk drop significantly in the first few
days after delivery, whereas rT3 increases up to the
fourth month. The findings suggest a relationship be-
tween the hypothyroid status of lactating cows and the
rearrangement of organ-specific 5’-deiodinase activity
related to the maintenance of the udder’s function.
(Key words: dairy cows, mammary gland, liver, thy-
roid hormones)

Abbreviation key: T3 = 3,5,3’-triiodothyronine, fT3
= free triiodothyronine, T4 = thyroxine, fT4 = free thy-
roxine, rT3 = reverse triiodothyronine, 5’D = 5’-deiodi-
nase, D1 = type I 5’-deiodinase, D2 = type II 5’-deiodi-
nase, PTU = propylthiouracil, DTT = dithiothreitol.

INTRODUCTION

During early lactation, dairy cows show metabolic
stress, mainly due to the excessive energy demands
imposed by the lactating udder; the setting and mainte-
nance of this homeorhetic response involve many endo-
crine and neuroendocrine signals (Bauman and Currie,
1980; Aceves et al., 1985). One of these endocrine factors
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is thyroid hormones, the importance of which during
lactation in cows has long been recognized. However,
early lactation in cows is further characterized by a
decrease in thyrozine (T4) and 3,5,3’-triiodothyronine
(T3) serum concentrations, with an inverse relationship
between milk yield and circulating levels of thyroid
hormones (Vanjonack and Johnson, 1975; Hart et al.,
1979; Walsh et al., 1980; Blum et al., 1983; Bitman and
Akers, 1984; Refsal et al., 1984; Nixon et al., 1988; Kahl
et al., 1991). The physiological hypothyroid state that
characterizes lactating cows is also in contrast with the
enhancement in milk output induced by T3 (Slebodzin-
ski et al., 1999). The thyroid gland principally synthe-
sizes T4, considered a prohormone, whereas the meta-
bolically active T3 is mainly generated in extrathyroidal
tissues by enzymatic 5’-deiodination of T4 (Chopra et
al., 1978).

5’-Deiodinase is a family of selenoenzymes containing
selenocysteine at the active site, which catalyze the
deiodination of T4, T3, and reverse triiodothyro-
nine(rT3). Three different isotypes have been identified
up to now: type I (D1), type II (D2), and type III deiodi-
nase. D1 is able to deiodinate both the inner and outer
ring of T4 and is sensitive to inhibition by propylthiour-
acil (PTU); it is present predominantly in the liver,
kidney, and thyroid gland but is also detected in other
parts of the body, such as muscle tissue, the lungs, and
the pituitary gland. D2 is only an outer-ring deiodinase
and is relatively insensitive to PTU; this property is
useful for the purpose of distinguishing its activity from
the activity of D1. D2 has been found in the central
nervous system, skin, and brown adipose tissue (Köh-
rle, 1999). Type III deiodinase is only an inner-ring
deiodinase, as it inactivates the prohormone T4 and
active T3 to form, respectively, rT3 and diiodothyronine
(Köhrle, 1999).

Studies on 5’-deiodinase (5’D) have also focused on
mammary tissue in several species. 5’D activity was
first observed in the rat, with the biochemical character-
istics of D1 (Valverde and Aceves, 1989); subsequently,
5’D was found in the mammary gland of cows, and it
was primarily identified with D2 (Capuco et al., 1989;
Kahl et al., 1993). In the sow’s mammary tissue, 5’D
seems to be a mixture of D1 and D2 (Kahl et al., 1993).
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More recently D2, but not D1, was also found in the
mammary gland of mice (Song et al., 2000).

D1 and D2 activity are strongly correlated with thy-
roid hormone status: D1 activity decreases in hypothy-
roidism and increases in hyperthyroidism; conversely,
D2 activity increases in hypothyroidism and decreases
in hyperthyroidism (Sharifi and St Germain, 1992). D1
is generally believed to be the major contributor to the
circulating plasma T3, whereas the catalysis of T4 by
D2 is primarily responsible for the production of T3
within specialized tissues, producing adequate intracel-
lular levels of T3 to ensure all T3-dependent cellular
functions in the tissues. Therefore, peripheral deiodina-
tion plays a primary role in regulating thyroid homeo-
stasis and concomitantly reflects the metabolic balance
of the organism (Chopra et al., 1978; Larsen et al.,
1981).

In rats it has been demonstrated that during lacta-
tion there is an opposite rearrangement of the extrathy-
roidal deiodinase activity. As lactation proceeds, there
is a decrease in liver 5’-deiodinase (Kahl et al., 1987)
and a concomitant increase in mammary gland 5’D ac-
tivity (Aceves and Valverde, 1989; Valverde and Aceves,
1989; Jack et al., 1994;). This local production of T3 is
important to support the high expenditure of energy
that characterizes lactation. To our knowledge, no data
have been published that demonstrate a similar rela-
tionship between hepatic and mammary 5’-deiodinase
in cows; hence the present study was designed to mea-
sure serum and milk T4, T3, and rT3 concentrations
and to determine mammary and hepatic deiodinative
activity at different stages of lactation in cows.

MATERIALS AND METHODS

Reagents

Nonradioactive iodothyronines, Dowex 50W-X2, PTU
and dithiothreitol (DTT) were purchased from Sigma
Chemical Co. (St. Louis, MO). [125I]T4 (1320 μCi/μg)
and [125I]rT3 (1250 μCi/μg) were obtained from Perkins
Elmer LifeSciences (Boston, MA). Sep-Pak cartridges
(C18) were obtained from Waters. Radioimmunoassay
kits for hormonal dosages in biological fluids were pur-
chased from DPC (Los Angeles, CA) for total and free
T4 and T3 and from Biodata (Rome, Italy) for rT3. All
other reagents were of the highest purity commer-
cially available.

Animals and Experimental Design

To measure the concentration of thyroid hormones
in serum and milk, we used 15 high-yielding Italian-
Friesian cows. Animals were housed in individual stalls
in a clean and temperature-controlled environment and

Journal of Dairy Science Vol. 86, No. 1, 2003

had free access to food and water. On every collecting
day, three blood samples were taken at 1-h intervals.
The days of collection were at delivery (d 0), d 5, and
15 of lactation, and then monthly until the ninth month
of lactation; one sample was also taken in the dry pe-
riod. Plasma from each animal was divided in aliquots
and frozen at −20°C until assayed.

At delivery (d 0) and until the fourth month of lacta-
tion, on the same days that blood was collected, samples
of whole milk were taken at the early morning milking
(the samples of d 0 were considered colostrum). We
recorded daily milk production once a month through-
out the experimental period. To measure changes in 5’-
deiodinase activity during lactation, liver and mam-
mary gland samples were obtained at slaughter from
six bovines for each group: early (1 to 3 mo), mid (4 to
6 mo), and late (≥7 mo) stages of lactation and dry
period (cows were chosen not pregnant, 1 mo after the
beginning of dry period). Tissues were immediately fro-
zen in liquid nitrogen and stored at −80°C until
analysis.

Radioimmunoassay

All samples (plasma, colostrum, and milk) were ana-
lyzed in duplicate by radioimmunoassay for total and
free T4, T3, and for rT3 evaluation. Parallelism with
standard curves and scalar dilution of bovine plasma
and milk were tested and for all assays showed no differ-
ence (P < 0.01). Colostrum and milk samples were defat-
ted by centrifugation before radioimmunoassay, even
though in preliminary tests we did not find any differ-
ences in the distribution of labeled thyroid hormones
in milk fractions. In other experiments we added bovine
gamma-globulins (as in colostrum) or commercial milk
to standard curves in order to exclude interference in
radioimmunoassay.

Validation parameters of the method were assay sen-
sitivity 0.13 ng/ml for T3, 0.41 pg/ml for fT3, 6.96 ng/
ml for T4, 0.17 pg/ml for free thyrozine (fT4), and 0.027
ng/ml for rT3; intra- and interassay coefficients of varia-
tion (%) were 7.08 and 11.10 for T3, 8.21 and 10.45 for
fT3, 6.44 and 10.72 for T4, 10.12 and 14.03 for fT4, and
6.48 and 7.60 for rT3.

5’-Deiodinase Activity

Tissue samples were assayed for 5’-deiodinase using
a modification of published methods (Leonard and Ro-
senberg, 1980; Salvatore et al., 1996). In brief, tissues
were homogenized in ice-cold 0.25 M sucrose, 50 mM
Tris-HCl (pH 7.5) and 1 mM EDTA. Homogenates were
centrifuged at 20,000 × g for 20 min at 4°C. The 20,000
× g supernatants were centrifuged at 20,000 × g for 90
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min at 4°C to separate the supernatant fraction from
the microsomal fraction. The pellets were suspended in
the homogenization buffer and stored at −80°C until
analysis.

Deiodinase activity was assayed by incubating 300
μg of microsomal protein, 3 h for mammary tissues and
1 h for hepatic tissue, at 37°C. The incubation mixture
contained 150,000 cpm [125I]T4 (D2 activity) or [125I]rT3
(D1 activity) purified on Sep-Pak cartridges, and nonra-
dioactive thyronine (2 nM of T4 or rT3), as well as DTT
(25 and 5 mM, respectively) and PTU (only in the D2
assay, 1 mM) in a final volume of 300 μl. The reaction
was terminated by adding 50 μl of an ice-cold solution
containing 50% normal bovine serum and 10 mM PTU
and 350 μl of 10% TCA. The acid-soluble radioiodide
was isolated by chromatography on Dowex 50W-X2 col-
umns eluted twice with 3 ml of 10% acetic acid. Parallel
control tubes without homogenates were incubated in
each assay. The radioactivity was measured, and net
radioactivity was determined by subtracting the value
obtained with controls from that of enzyme samples.
Results are expressed as fmol I released/mg protein/h
for mammary tissue and as nmol I released/mg protein/
h for liver tissue. Protein concentration was measured
with the protein assay kit (BioRad) using BSA as
standard.

Statistical Analysis

The significance of differences between thyroid hor-
mone concentration and liver and mammary gland 5’-
deiodinase activity in different periods of lactation was
determined by ANOVA. Data are expressed as means
± standard deviation (X ± SD). Correlation coefficients
were obtained using linear regression models. Differ-
ences with P < 0.05 were considered statistically sig-
nificant.

RESULTS

In Figure 1 we show the mean values (X ± SD) of
total and free T3 and T4 and rT3 plasma levels grouped
in four stages of lactation: early (1 to 3 mo), middle (4
to 6 mo), late (≥7 mo), and dry period. Total and free
thyroid hormones exhibit nearly identical profiles in
response to the stage of lactation for both T4 and T3.
Total and free T4 plasma concentrations showed the
lowest value in the early stage of lactation (31.6 ± 1.4
ng/ml and 3 ± 0.3 pg/ml, respectively). Plasma concen-
trations increased in mid- and late lactation and peaked
in the dry period (43.11 ± 1.23 ng/ml and 5.17 ± 0.36
pg/ml, respectively), and a significant difference was
observed among the stages of lactation (P < 0.01), except
in the case of total T4, which showed no difference
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Figure 1. Effect of the stage of lactation–early (1 to 3 mo), middle
(4 to 6 mo), late (≥ 7 mo), and dry period–on plasma total and free
T3 and T4 and rT3 concentration in Italian-Friesian cows. Values
are means ± SD; different letters represent significant differences (P
< 0.01).

between mid- and late stages. Furthermore, there was
a significant correlation (P < 0.01) with total T4 and
milk production (r = -0.68) in the early, middle, and
late lactation periods.

Total T3 was low in early lactation (1.15 ± 0.07 ng/
ml); then its concentration increased in midlactation (P
< 0.01). In the dry period, the T3 concentrations in
plasma decreased to the lowest value (0.99 ± 0.04 ng/
ml) compared with the concentrations in lactating peri-
ods (P < 0.01). With regard to rT3 concentrations, we
saw lower concentrations in early and midlactation
(0.13 ± 0.03 and 0.15 ± 0.03 ng/ml, respectively) com-
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Table 1. Mean values ± SD of thyroid hormone concentration in colostrum (0) and milk of Italian-Friesian
cows in the first 4 mo of lactation (values in the same column bearing different letters differ significantly,
P < 0.01).

T3 fT3 T4 fT4 rT3
Days of lactation ng/ml pg/ml ng/ml pg/ml ng/ml

0 2.02 ± 0.29 a 3.54 ± 0.81 a 1.9 ± 0.96 a 0.70 ± 0.1 a 0.57 ± 0.06 a
5 1.09 ± 0.15 b 1.35 ± 0.28 b 0.3 ± 0.1 b 0.20 ± 0.1 b 0.75 ± 0.07 b
15 0.94 ± 0.13 b 0.80 ± 0.23 bc 0* 0* 1.14 ± 0.37 bc
30 0.45 ± 0.18 c 0.49 ± 0.21 c 0* 0* 1.37 ± 0.24 c
60 0.28 ± 0.10 c 0.33 ± 0.14 c 0* 0* 2.03 ± 0.22 d
90 0.33 ± 0.14 c 0.13 ± 0.06 d 0* 0* 1.58 ± 0.46 abcd
120 0.41 ± 0.10 c 0.43 ± 0.14 c 0* 0* 3.48 ± 0.44 e

*Values under the method’s detection sensitivity.

pared with the concentrations in late lactation and in
the dry period (0.19 ± 0.05 ng/ml and 0.20 ± 0.05 ng/ml,
respectively), with significant changes between early to
midlactation and late to dry stages (P < 0.01). Mean
values (X ± SD) for total and free T3 and T4 and rT3
concentrations in milk in the early stage of lactation
are presented in Table 1.

T3 milk concentrations showed a downward trend as
lactation advanced: it was high in colostrum (day 0:
2.02 ± 0.29 ng/ml), had halved by d 5 and continually
decreased during the first month (P < 0.05). From the
end of the first month to the end of the experimental
period, T3 milk concentrations did not show any statis-
tical variation. The same pattern was observed in fT3.
Total and free T4 were present in a very low concentra-
tion in colostrum, and in the subsequent samples the
value was below the method’s detection limit. Low con-
centrations of rT3 were detected in colostrum (0.57 ±
0.06 ng/ml), but the levels increased until the end of
the experimental period.

Figure 2 shows 5’-deiodinase activity in the mam-
mary gland and liver of Italian-Friesian cows during
different stages of lactation. Results are expressed as
the mean ± SD of six cows per experimental group.
Liver D1 activity was significantly lower in early lacta-
tion than in other periods. As lactation proceeded, 5’D
in liver increased, reaching the highest activity in late
lactation and during the dry period (555.16 ± 10.08 and
725.85 ± 23.60 nmol/mg proteins per h, respectively).
On the contrary, mammary gland D2 activity showed
a downward pattern from the highest value in early
lactation (46.54 ± 1.99 fmol/mg proteins per h) to the dry
period (P < 0.0001). A significant (P < 0.001) negative
correlation exists between 5’-diodinase activity in the
liver and mammary gland (r = −0.86); moreover, as
depicted in Figure 3, daily milk yield exhibited a sig-
nificant correlation (P < 0.001) with liver and mammary
gland enzymatic activity (r = −0.77 and 0.83, respec-
tively).
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DISCUSSION

To our knowledge, the results of this study provide
the first evidence of a negative correlation between he-
patic and mammary 5’-deiodinase activity in cows. In

Figure 2. Type II 5’-deiodinase activity in mammary tissue (upper
panel) and Type I 5’-deiodinase activity in the liver (lower panel) of
Italian-Friesian cows at different stages of lactation: early (1 to 3
mo), middle (4 to 6 mo), late (≥7 mo) and dry period. Values are means
± SD; bars bearing different letters differ significantly (P < 0.05).
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Figure 3. Relationship between milk production and 5’-deiodinase
activity in the liver and mammary gland of Italian-Friesian cows in
different stage of lactation (early, middle, and late lactation, and dry
period). Milk production shows a direct correlation with mammary
enzyme activity (Type II isoenzyme) and an indirect correlation with
liver enzyme activity (Type I isoenzyme); both correlations are sig-
nificant (P < 0.001).

the literature there are many reports on peripheral
deiodination in lactating rodents, and a correlation be-
tween peripheral 5’D activity, circulating thyroid hor-
mones, and intensity of lactation has already been es-
tablished (Aceves and Valverde, 1989; Valverde and
Aceves, 1989; Kahl et al., 1997). In rats, peripheral
thyronine metabolism shows an opposite re-
arrangement of the extrathyroidal deiodinase activity,
which is probably associated with organ-specific de-
mands. In fact, a significant rise in mammary 5’-deiodi-
nase activity appears only during the functional period
of the gland when the liver has the lowest 5’D activity
(Valverde and Aceves, 1989).

This article also demonstrates that in dairy cows
there is an opposite reorganization in liver and mam-
mary gland 5’-deiodinase activity. Bovine mammary
gland type II 5’-deiodinase activity during early lacta-
tion, when the mammary gland produces high quanti-
ties of milk, was significantly higher than in the dry
period, and there was a significant correlation between
milk yield and mammary gland 5’D. An opposite trend
was demonstrated in liver type I 5’D activity; the lowest
value was detected in early lactating cows, and then,
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as lactation proceeded, it increased to reach a peak in
the dry period. The same pattern has been observed in
rodents, which demonstrate a clear decrease in liver
5’D at the peak of lactation (Valverde and Aceves, 1989).

The opposite course shown by mammary and liver
5’-deiodinase activity in lactating animals could depend
on the different regulation of the two isoenzymes, due
either to the plasma concentrations of thyroid hormones
or to the presence of liver steatosis, which is characteris-
tic of cows in this phase of lactation. As a consequence
of steatosis, fatty acids accumulate in the liver paren-
chyma, and it has been demonstrated that some fatty
acids inhibit type-I liver 5’-deiodinase activity (Romo
et al., 1997).

The increased exploitation of thyroid hormones by
the lactating mammary gland or the altered 5’D activity
in liver (the main plasma-T3-producing tissue) could
be among the causes of the functional hypothyroid state
in early lactating animals. In fact, the hypothyroid state
enhances mammary D2 activity and inhibits liver D1
activity. T4 produced by the thyroid gland is normally
transformed into T3 by 5’-deiodination in the liver, but
the deiodinating system is also present in other periph-
eral tissues that produce T3 for local needs. Therefore,
the mammary gland’s T3 production could be an im-
portant factor for milk production, considering the fact
that early lactation in dairy cows is characterized by a
negative energy balance and that the thyroid hormone
has a known role in maintaining energy expenditure
for high-priority functions (Bauman and Currie, 1980).

Results from the current study have shown that
plasma T4, T3, and rT3 concentrations were low in
early lactation and then continued to rise until the end
of lactation, with a significant negative correlation with
milk production. In the dry period we found high con-
centrations of T4 and rT3 and low levels of T3. It is
very difficult to compare our findings with those of other
authors given that there is a great disagreement among
data and experimental procedures. In agreement with
Tiirats (1997), the present study shows low T3 concen-
trations in early lactation and in the dry period, low
T4 and rT3 concentrations in early lactation, and high
concentrations in cows during the dry period. It should
be pointed out that the rT3 serum concentration pattern
is not clear, since some authors (Akasha et al., 1987)
have found no difference during lactation, whereas
other studies (Aceves et al., 1985) reported a high value
in early lactation and a decrease in the other stages,
that is, opposite results from our own.

In dry-period animals, the thyroid hormone’s pattern,
characterized by high T4 and rT3 and low T3, could be
due to an increase in thyroid secretion, which is in
turn induced by the high energy consumption typical
of pregnancy (Tiirats, 1997) and fetal development
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(Strbak and Tomsik, 1988). Furthermore, an activation
of the deiodinating system degrading T4 and T3 to rT3
may take place to balance for elevated thyroid secretion.

In conclusion, we can affirm that in early lactation,
dairy cows are in a hypothyroid state, but the question
remains open as to whether the hypothyroid state in
lactating animals is the cause or the consequence of
diminished liver 5’D activity. One of the possible expla-
nations of this hypothyroid state of lactating cows is
the secretion of thyroid hormones into milk. Certainly
thyroid hormones are present in milk, as confirmed by
other authors (Magdub et al., 1979; Thompson-Ball and
Anderson, 1980; Akasha and Anderson, 1984; Akasha
et al., 1987); however, the concentrations are low. In
this study we found that thyroid hormone concentra-
tions in milk exhibited variations opposite of plasma
concentrations. In fact, the highest T3 and T4 concen-
trations were in colostrum (sample 0), when the thyroid
hormone plasma levels were the lowest. On d 15, T4
milk concentrations were undetectable, and T3 was
similar to plasma concentrations; then the T3 value at
1 mo remained stable until the end of the experimen-
tal period.

Judging from the low concentrations of T3 and the
lack of T4 in milk even after 1 mo of lactation, the
thyroid hormone’s pattern in blood at the beginning of
lactation cannot be due only to transport of the thyroid
hormone from plasma through the mammary gland.

The rT3 showed a trend opposite to T3 and T4 in
milk. It was present at low levels at delivery, and subse-
quently, its concentration increased up to the end of
the experimental period, showing a pattern similar to
the plasma concentrations. A possible explanation of
this rT3 milk-concentration pattern is the presence of
a deiodinase enzyme in cow’s milk, which converts thy-
roid hormones coming from the blood or from intra-
mammary production to form the inactive thyronine
metabolite rT3 (Slebodzinski et al., 1998).

The evidence provided by this experiment suggests
an important role of 5’-deiodinase in regulating the
needs and functions of lactating mammary glands in
cows. However, some further studies are necessary to
clarify the role of the main galactopoietic hormones in
controlling 5’-deiodinase during lactation.
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