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An important step in understanding minoxidil’s mechanism
of action on hair follicles was to determine the drug’s active
form. We used organ-cultured vibrissa follicles to test
whether it 1s minoxidil or its sulfated metabolite, minoxidil
sulfate, that stimulates hair growth. Follicles from neonatal
mice were cultured with or without drugs and effects were
assessed by measuring incorporation of radiolabeled cysteine
in hair shafts of the treated follicles. Assays of minoxidil
sulfotransferase activity indicated that vibrissae follicles me-
tabolize minoxidil to minoxidil sulfate. Dose-response stud-
ies showed that minoxidil sulfate is 14 times more potent
than minoxidil in stimulating cysteine incorporation in cul-
tured follicles. Three drugs that block production of intra-
follicular minoxidil sulfate were tested for their effects on
drug-induced hair growth. Diethylcarbamazine proved to be

a noncompetitive inhibitor of sulfotransferase and prevented
hair growth stimulation by minoxidil but not by minoxidil
sulfate. Inhibiting the formation of intracellular PAPS with
chlorate also blocked the action of minoxidil but not of min-
oxidil sulfate. Acetaminophen, a potent sulfate scavenger
blocked cysteine incorporation by minoxidil. It also blocked
follicular stimulation by minoxidil sulfate apparently by di-
rectly removing the sulfate from the drug. Experiments with
U-51,607, a potent minoxidil analog that also forms a sul-
fated metabolite, showed that its activity was inhibited by
both chlorate and diethylcarbamazine. These studies show
that sulfation is a critical step for hair-growth effects of min-
oxidil and that it is the sulfated metabolite that directly affects
hair follicles. J Invest Dermatol 95:553-557, 1990

inoxidil is a potent vasodilator that also induces

hypertrichosis of facial and body hair [1-4]. Stud-

ies from this laboratory show that minoxidil di-

rectly affects cultured vibrissa follicles by enhanc-

ing both proliferation and differentiation of the
epithelium that comprises the hair shaft [5]. Additional studies indi-
cate that minoxidil induces a rapid expression of genes for both c-fos
and a hair protein in vitro [6]. Although the exact mechanisms of
minoxidil’s action on hair follicles are unknown, this work suggests
that minoxidil’s action on hair follicles is direct and that vasodila-
tion or enhanced blood flow are not causal mechanisms. Under-
standing how minoxidil works will provide useful insights into the
regulation of hair growth.

Characterization of minoxidil’s vasodilator activity indicates that
it is the sulfated metabolite, minoxidil sulfate, that affects vascular
smooth muscle (see Fig 1 for structures). Both in vivo and in vitro
studies show that minoxidil sulfate and not the parent drug causes a
rapid relaxation of vascular smooth muscle [7-10]. The sulfation of
minoxidil is catalyzed by sulfotransferase. This activity has been
demonstrated in liver, platelet, skin, and coat follicles but has not
been extensively characterized [11- 13]. Minoxidil sulfate is inher-
ently unstable in an aqueous solution being hydrolyzed to the parent
drug [14].

This report describes our efforts to determine if it is minoxidil or
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Abbreviation:

PAPS: 3'-phosphoadenosine 5'phosphosulfate

minoxidil sulfate that stimulates cultured vibrissa follicles. To in-
hibit the formation of minoxidil sulfate in follicles, we used three
drugs. Two of these, chlorate and diethylcarbamazine, interfere
with the enzymes involved in intercellular metabolism of sulfate
(Fig 2). Chlorate inhibits ATP-sulfurylase, the first enzyme in the
synthesis of PAPS [15]. Diethylcarbamazine inhibits the sulfation of
protcoe,l'. cans from PAPS [16] and, as we demonstrate in this report,
is a noncompetitive inhibitor of sulfotransferase, Acetaminophen is
a competitive substrate that blocks sulfation of minoxidil by deplet-
ing intracellular stores of the activated sulfate donor PAPS [17].

To test the hypothesis that minoxidil sulfate is the active drug for
hair growth, we first assayed follicles and demonstrated that these
organs have sulfotransferase activity. Next, we compared the po-
tency of minoxidil and minoxidil sulfate and showed that the sulfate
is more active than minoxidil in stimulating the cultured follicles.
Then, we used the three inhibitors to demonstrate that drugs that
block the production of minoxidil sulfate prevent minoxidil’s ac-
tion in follicles, but that these drugs fail to inhibit the effects of
minoxidil sulfate. Additional experiments with an active minoxidil
analog, U-51,607, showed that this analog also must be sulfated to
stimulate follicles in culture.

MATERIAL AND METHODS

Assay of Sulfotransferase Activity Measurement of minoxidil
sulfotransferase using a human-platelet homogenate as the enzyme
source has been described previously [12]. Briefly, this assay mea-
sures the amount of #S-minoxidil sulfate formed by the enzyme-
catalyzed transfer of **S-labeled PAPS (New England Nuclear, Bos-
ton, MA) to the N-oxide of minoxidil. Inhibition of sulfotransferase
by diethylcarbamazine was tested by adding different amounts of
the drug to the incubation mixture.

The minoxidil analog, U-51,607, was shown to form a sulfated
metabolite, using the same methods for measuring sulfotransferase
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Figure 1. Structures of minoxidil and minoxidil sulfate.
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described above [12]. Unlabeled drug was incubated with human-
platelet homogenate and transfer of 3S from the 3S-labeled PAPS
indicated that the analog formed a sulfated metabolite.

Minoxidil sulfotransferase activity in mouse vibrissae was deter-
mined after homogenizing 40 freshly dissected follicles in 3 ml of
cold 50-mM KPO, buffer, pH 7.3, with a Polytron (Brinkman
Instruments, Westbury, NY). The resulting homogenate was cen-
trifuged at 100,000 X g for 45 min at 4°C. Enzyme activity in
duplicate 100-ul aliquots was determined using the assay described
above.

Measurement of Follicle Stimulation Drug effects on hair
follicles were assayed by measuring incorporation of ¥S-cysteine
into the newly forming hair shafts of cultured follicles, using our
previous published methods [5,18]. Intact vibrissa follicles were
harvested from F, hybrid mice (C57BL6 X C3H) at 34 d of age.
Groups of 5-7 follicles were placed in individual wells of 24-well
tissue culture plates (Corning, Corning, NY) and incubated with
drug for 72 h at 37°C with 10% CO, in specially formulated Dul-
becco’s Modified Eagle’s Medium without cysteine (GIBCO,
Grand Island, NY). ITS, a2 medium supplement containing insulin,
transferin, and selenium, was added to the medium (Collaborative
Research, Bedford, MA). At 24 h, 10 uCi/ml of *S-cysteine
(Amersham, Arlington Heights, IL) was added to each well and at
72 h the incorporation of label into individual hair shafts was mea-
sured using a scintillation counter. Serum-free medium was used
because preliminary experiments showed that fetal bovine serum
contains sulfotransferase activity.

Potency comparisons between minoxidil and minoxidil sulfate or
the minoxidil analog, U-51,607, were done in single assays con-
taining control medium and varying dosages of each drug. The
influence of the drugs affecting sulfate production (chlorate, dieth-
ylcarbamazine, and acetaminophen) on the activity of three minox-
idils (minoxidil, minoxidil sulfate, and U-51,607) was tested in a
second set of experiments. The effects of each inhibitor were mea-
sured alone and in combination with each of the three minoxidils.
To maximize the effects of the sulfotransferase inhibitors, these
drugs were added to the follicles 1-3 h before the addition of the
minoxidils.

Minoxidil and U-51,607 [pyrimidine 2,4 diamino-6-hexla-
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mino-, 3-oxide] (The Upjohn Company, Kalamazoo, MI) were
dissolved in the culture medium at concentrations between 0.01 and
1.0 mM. Sodium chlorate (Baker Chemical Company, Phillips-
burg, NJ), diethylcarbamazine, and acetaminophen (Sigma Chemi-
cal Company, Milwaukee, WI) were also dissolved in media at
1-mM concentrations. Minoxidil sulfate (Upjohn) was dissolved in
acetone at 100 times excess and added directly to the media in the
wells; the final concentrations ranged between 0.0007 and 0.07
mM. The media in these minoxidil sulfate groups contained 2%
acetone. Acetone was also added to the media containing the other
drugs and to the control media. Previous experiments showed that
this concentration of acetone has no effect on cultured follicles.

Statistics  All experiments were analyzed using analysis of var-
iance. The dose-response comparison between minoxidil and min-
oxidil sulfate was done with a one-way analysis followed by least-
squares means tests or t tests. The effects of diethylcarbamazine,
chlorate, and acetaminophen were tested in individual experiments
and analyzed using a two-way analysis with replication. A signih-
cance level of p < 0.05 was used throughout these experiments.

RESULTS

Inhibition of Sulfotransferase by Diethylcarbamazine
Diethylcarbamazine inhibits the activity of platelet sulfotransferase
when tested at doses of 5~ 15 mM. Presentation of these data in the
form of a Lineweaver-Burk plot shows that the action of diethylcar-
bamazine is that of a noncompetitive inhibitor (Fig 3).

Sulfotransferase Activity in Follicles Freshly dissected vibris-
sac clearly have the capacity to convert minoxidil to minoxidil
sulfate. Sulfotransferase activity measured in five different groups of
mouse vibrissae formed 36 + 2 (mean £ SEM) fmoles of minoxidil
sulfate per follicle.

To localize the enzyme activity, three groups of follicles were
dissected into pieces comprised of shaft (containing the hair shaft
plus cortex, medulla, inner root sheath, and some outer root sheath)
or sheath (containing the dermal papilla, remainder of the outer
root sheath, plus the cavernous sinus and the associated connective
tissue). The process of dissection causes a loss of tissue and results in
a loss of 46% of the enzyme. After dissection, the sheath portion
contained 21.6 = 2.4 and the shaft only 2.1 % 0.8 fmoles of ac-
tivity.

Formation of the Sulfated Metabolite of U-51,607 Incuba-
tion of the minoxidil analog, U-51,607 with labeled PAPS and
platelet homogenate showed that this also is a substrate for sulfo-
transferase. The amount of labeled sulfate transferred to the analog
was 63,039 cpm at 1.5 mM substrate concentration; in comparison,
the amount transferred to 1.5 mM minoxidil was 27,368 cpm,
whereas the blank in the experiment was 769 cpm. These results are
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Figure 2. Steps at which drugs interfere with sulfation of minoxidil. Inor-
ganic phosphate (PP, adenosine 5'-phosphosulfate (APS), 3’-phospho-
adenosine 5'-phosphosulfate (PAPS), 3’-phosphoadenosine 5’-phosphate
(PAP), minoxidil (MNX), minoxidil sulfate (MNXS).

Anagen LLC Exhibit 1021 | Page 2 of 5




VOL. 95, NO. 5 NOVEMBER 1990

1/ V (pMoles)

1/ S (MNX)

Figure 3. Lineweaver-Burk plot showing the interaction of diethylcarba-
mazine on sulfotransferase activity as measured by production of minoxidil
sulfate from minoxidil (MNX). Diethylcarbamazine concentrations are 0
mM (), 5.0 mM (OJ), 7.4 mM (@), and 14.6 mM (O).

the mean of duplicate samples and are typical of several replicates of
this experiment.

Dose Comparison Between Minoxidil and Minoxidil
Sulfate Minoxidil sulfate is more potent than minoxidil in stimu-
lating cysteine incorporation in cultured follicles (Fig 4). Minoxidil
sulfate at 0.007 mM stimulates cysteine uptake to the same degree as
minoxidil at 0.1 mM. Similarly, the follicles were stimulated
equally by minoxidil sulfate at 0.07 mM and minoxidil at 1.0 mM.
The potency difference between the parent drug and the sulfate is
approximately 14 times. Several replicates of the experiment veri-
fied this difference in minimal effective dose.

Separate experiments showed that the relative potencies between
the minoxidil analog U-51,607 and minoxidil was about 10 times.
Mean cysteine uptake (= SEM) in groups of six to eight follicles was
897 = 61 cpm ffc))r 0.5 mM minoxidil compared to 841 £ 123 for
0.05 mM U-51,607. Both drugs increased uptake as compared to
the control group, 462 £ 68 cpm. These potency comparisons were
also replicated in other experiments.

Effect of Sulfate Inhibitors Diecthylcarbamazine blocked the
stimulatory effects of minoxidil in cultured follicles (Fig 5). How-
ever, this non-competitive inhibitor of sulfotransferase did not
block the stimulatory effects of minoxidil sulfate. Uptake of radio-
labeled cysteine was significantly stimulated by both minoxidil and
minoxidil sulfate alone, as compared to control medium without
drug. Diethylcarbamazine alone did not influence uptake of labeled
cysteine.

Addition of chlorate inhibited the minoxidil-induced stimulation
of the cultured follicles but did not affect the stimulatory activity of
the sulfate (Fig 6). Both minoxidil and the sulfate were active when
given without this PAPS inhibitor. Chlorate by itself had no effect
on cysteine uptake compared to the control medium containing no

drug.
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Figure 4. Potency comparison between minoxidil (@) and minoxidil sul-
fate (M) as measured by incorporation of 35§-cysteine. The two higher doses
of both drugs were significantly greater than the control group without drug
treatment (5847 £ 310, mean = SEM). Each group contained five follicles,
counts are per follicle; bars, mean & SEM.

Acetaminophen blocked the stimulation of cultured follicles by
both minoxidil and minoxidil sulfate (Fig 7). Control follicles cul-
tured with either minoxidil or the sulfate without acetaminophen
showed significant stimulation. Acetaminophen alone did not re-
duce cysteine incorporation compared to control follicles without
any drugs.

Similar results were obtained when testing the minoxidil analog,
U-51,607, with the drugs that interfere with sulfation. Both dieth-
ylearbamazine and chlorate blocked the activity of U-51,607.

DISCUSSION

These experiments provide the first evidence that minoxidil’s ef-
fects on hair follicles are due to the sulfated metabolite, minoxidil
sulfate. This conclusion rests on the data showing that the sulfo-
transferase enzyme is present in follicles, that minoxidil sulfate is
more potent that minoxidil in stimulating cultured follicles, and
that drugs that block formation of minoxidil sulfate block the activ-
ity of the parent drug but not of the sulfated metabolite. Results
with the active minoxidil analog suggest that the requirement for
sulfation is generalized among the minoxidil family. Experiments
to determine if the requirement for sulfation extends to non-
minoxidil-like drugs that cause hypertrichosis are in progress.
Clearly, sulfation of minoxidil is a critical step for its effects on hair
growth.

Our finding that minoxidil sulfate is the active metabolite in hair
follicles was not unexpected because previous studies showed simi-
lar results on vascular smooth muscle. Perfusion of anisolated vascu-
lar bed with minoxidil had no effect, whereas minoxidil sulfate
relaxed the blood vessels [9]. This experiment was successful be-
cause the vasculature has little sulfotransferase activity and effects
on vascular smooth muscle are rapid. Other results show that min-
oxidil-induced gene expression occurs within 2 h in cultured vi-
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Figure 5. Intluence of dicthylcarbamazine (D) on follicles treated with
minoxidil (M) or minoxidil sulfate (MS). The control (C) group received no
drug treatment. A) This representative experiment shows drug effects on
358-cysteine incorporation. Each group contains five follicles. B) A summary
of three replicate experiments with stimulation calculated as percent of
minoxidil. Bars, mean £ SEM; asterisks, significant difference from the con-

trol group, p < 0.05.

brissa [6]. Some similarity in mechanism of action must be present in
both systems beyond the requirement for the sulfation of minoxidil.

Our data showing minoxidil sulfotransferase activity in mouse
vibrissa follicles confirms a recent report showing sulfotransferase
activity in isolated coat follicles and cultured keratinocytes from rats
[13]. We found the majority of the activity in the sheath part of the
vibrissa. Other efforts are underway to obtain histochemical evi-
dence for localizing minoxidil sulfotransferase in hair follicles.

Several types of agents that interfere with the in vivo transfer of
sulfate have Eccn identified. Various phenols, including acetamino-
phen and chlorophen, have been used as competitive substrates and
are effective in reducing the availability of the active sulfate through
PAPS [17]. Other drugs, including 2,6-dichloro-4-nitrophenol and
pentachlorophenol are effective competitive inhibitors of sulfo-
transferase and are not sulfated in vivo. We chose not to use the
latter set of drugs due to their reported toxicity.
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Figure 6. Effects of chlorate (CL) on follicles rreated with minoxidil (M) or
minoxidil sulfate (MS). The control (C) group received no drug trearment.
A) This representative experiment shows drug effects on 33S-cysteine incor-
poration. Each group contains five follicles. B) A summary of two replicate
experiments with stimulation calculated as percent of minoxidil. Bars,
mean + SEM, asierisks, significant difference trom the control group, p <
0.05.
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Figure 7. Acetaminophen’s (A) effects on follicles treated with minoxidil
(M) or minoxidil sulfate (MS). The control (C) group received no drug
treatment. A) This representative experiment shows drug effects on 35S-cys-
teine incorporation. Each group contains five follicles. B) A summary of
duplicate experiments with stimulation calculated as percent of minoxidil.
Bars, mean £ SEM; asterisks, significant difference from the control group,
p < 0.05.

The data obtained using the sulfontransferase inhibitors supports
the hypothesis that minoxidil sulfate is active in hair follicles. Both
chlorate and diethylcarbamazine block the transfer of sulfate
through the PAPS system by different methods. Chlorate inhibits
the formation of PAPS, whereas diethylcarbamazine is a noncom-

etitive inhibitor of the sulfotransferase enzyme [15,16]. Both
Elockcd follicle stimulation by minoxidil but not by minoxidil sul-
fate.

Our data with acetaminophen also support the hypothesis that
minoxidil sulfate is the acrive agent, even though it blocked the
action of the sulfate in our studies. Because acetaminophen is a
sulfate scavenger, it accumulates sulfate directly from PAPS but
would also be expected to remove sulfate directly from minoxidil
sulfate [17]. Thus, acetaminophen eliminates both the minoxidil
sulfate generated within the hair follicle and the exogenously ad-
ministered drug.

Knowing that minoxidil sulfate is the active metabolite in hair
follicles has several implications. First, it provides a specific chemi-
cal tool for examining the biochemical mechanisms that regulate
hair follicles. We can now design further studies to understand how
this sulfated metabolite of minoxidil works on the follicular cells.
Second, because the sulfate is active, variations in the clinical re-
sponse to minoxidil between individuals may be due to differences
in endogenous production of minoxidil sulfate. Differing amounts
of sulfotransferase or differences in isoenzymes may explain why
topical minoxidil works better in some patients than in others. Veri-
fication of this hypothesis is underway. Finally, our data suggest
that other drugs that can be metabolized to an active sulfate might
be expected to directly affect hair follicles.
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used in these studies, We also thank Marshall N. Brunden and R. John Weaver for
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